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Dear Colleagues, Dear Friends,
On behalf of the Scientific Committee of the 5th International Conference on Renewable Energy Sources and
Energy Efficiency – New Challenges it is my great pleasure to welcome everyone to the event.
The scientific committee has worked for almost a year towards laying the foundations for this scientific feast
in Nicosia, Cyprus. More than 80 papers were received, reviewed and revised so that 55 were finally selected
to be presented.
The focus is on showcasing the original research work carried out by senior and young scientists in universities,
research centers, pubic authorities and private enterprises all over Europe, covering a wide spectrum from state
of the art renewable energy technologies to the energy refurbishment of buildings and from the implementation of policies to meeting new challenges in the environmental and economic field.
I am confident that in addition to actively listening to the interesting presentations there will be ample opportunities of exchanging our views and discussing ideas for future projects.
I would like to thank all the members of the scientific committee who contributed their valuable time and
hereby welcome all of you to this scientific extravaganza.
Professor Agis M. Papadopoulos
Chairman of the Scientific Committee

2

5th International Conference on
Renewable Energy Sources
& Energy Efficiency
Dear Colleagues,
It gives me great pleasure to welcome you to the 5th International Conference on Renewable Energy Sources
and Energy Efficiency - New Challenges. To our eminent speakers and all participants who have come from all
over the world, I am greatly honored and pleased to welcome you to Nicosia. We are indeed honored to have
you here with us.
The theme that we have chosen for this conference - Renewable Energy Sources, Energy Efficiency, New Challenges - is as much local as it is global. Energy is about light and cooking, heating and cooling; about reading,
learning and communicating; about jobs, growth and prosperity. In sum, energy is about decent living conditions. Without affordable energy, there is less hope, fewer economic prospects, and no sustainable development.
This conference takes place during an extremely challenging time for our energy strategy which should seriously consider energy efficiency and exploitation of renewable energy sources in parallel with the exploitation of natural gas reserves. According to the International Renewable Energy Agency (IRENA), renewable
generation capacity increased by 8,3% during 2015, the highest annual growth rate on record. This impressive
growth, in an era of low oil and gas prices, sends a strong message to investors and policymakers that renewable energy is now the preferred option for new power generation capacity around the world. I am sure that
our distinguished speakers will tell more about the latest developments and they will refer to success stories
during these two days.
In addition to the plenary sessions and the scientific paper presentations, the conference includes a special
session devoted to “Promoting Energy Efficiency”, followed by a panel discussion hosted and moderated by
DELOITTE. The Conference will also host an info-day that will present an overview of CSP/CST technologies.
This event gathers scientific and administration authorities, as well as industrial sector representatives from a
dozen of European and non-European countries, which are partners in the EU-SOLARIS project.
I would like to thank the Minister of Energy, Commerce, Industry and Tourism of Cyprus, Mr Yiorgos Lakkotrypis,
firstly for kindly accepting to put the conference under his auspices and secondly for taking time out of his
busy schedules to grace the Opening Ceremony.
My thanks are also extended to the members of the Organising Committee for their continuous support and
their valuable contribution. My deep appreciation goes to the Scientific Committee for preparing a dynamic
scientific programme including an impressive roster of highly respected and internationally renowned speakers to lead it.
We are looking forward to have a very constructive discussion during these two days. Your presence in the
conference is indeed an opportunity to establish new scientific and professional bridges with all geographical
realities. I welcome you all once again and I wish you a fruitful Conference ahead. Thank you!
Prof. Ioannis Michaelides
Conference Chairman
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Scope of the Conference:
This international conference is organized for the 5th time with great success and it is a very important venue of exchange
of experiences, transfer of new knowledge and information. The Conference aims at bringing together all the key stakeholders interested in renewable energy sources, energy efficiency and conventional fuels: industrial experts, academic
researchers, policy makers, regulators etc. The thematic areas of the Conference cover all topics of renewables, energy
efficiency in all sectors as well as oil and gas technologies.

Who should attend?
• Decision makers, including managers and policy makers, interested in exchanging idea, experiences and learning about
new intitiatives.
• Representatives of international organizations or other organisations willing to share relevant experience on renewable
energy exploitation, energy efficiency techniques and developments of conventional technologies.
• Private companies interested in investing on renewable energy and energy efficiency equipment.
• Individuals who wish to be informed on new developments, tools and techniques.
• Members of the research and academic communities aiming at exchanging results, sharing similar experiences or new
applications.
• Regulators, utilities and operators enriching the conference with their views on the changing needs of systems in
delivering the quality of supply that everybody expects.
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Paper No 1601

New Challenges in Solar Energy Resource and Forecasting at
Different Temporal and Spatial Scales
A. Kazantzidis, E. Nikitidou, P. Tzoumanikas, V. Salamalikis, M.C. Kotti. A. Zagouras
Physics Department, University of Patras, Patras, Greece
akaza@upatras.gr, pnikit@upatras.gr, tzoumanik@ceid.upatras.gr, vsalamalik@upatras.gr,
mxkoti@upatras.gr, thzagouras@gmail.com

KEYWORDS – solar energy, forecast, resource, all-sky camera, satellite.
ABSTRACT
Aerosols and clouds are the most important constituents in the atmosphere that affect the
incoming solar radiation, either directly through absorbing and scattering processes or indirectly by
changing the optical properties and lifetime of clouds. Under clear skies, aerosols become the
dominant factor that affect the intensity of solar irradiance reaching the ground. It has been shown
that the variability in direct normal irradiance (DNI) due to aerosols is more important than the one
induced in global of diffuse horizontal irradiance (GHI, DHI), while the uncertainty in its
calculation is dominated by uncertainties in the aerosol optical properties. Under cloudy skies, the
highly variable temporal and spatial distribution as well as the effect of cloud types are key factors
for the estimation of solar irradiance reaching the ground.
In this study, an overview of recent research activities related to the
climatology/measurements and the prediction of solar energy are presented. The results presented
are based on two on-going research projects: the «Hellenic Network for Solar Energy» and the
«Direct Normal Irradiance Nowcasting Methods for optimized operation of concentrating solar
technologies» (DNICast, http://www.dnicast-project.net) and are related to:
 The climatology of solar energy in Greece and clustering into areas with different solar
energy variation characteristics
 The evaluation from ground measurements and the induced uncertainties in direct normal
irradiance calculations under cloud-free conditions due to aerosol optical depth
 The use all-sky imagers for the detection of aerosol optical properties, cloud coverage, type
for solar resource and forecasting.
 The short-term (0-240 minutes) forecasting of solar irradiance with the collaborative use of
neural networks and satellite images.
1

INTRODUCTION

Energy production from solar energy systems has fundamentally different characteristics than
with conventional energy sources. The availability of solar energy is largely determined by weather
conditions and is therefore extremely variable. Depending on the application and the corresponding
time, different prediction approaches have been introduced. Many studies are focused on calculating
the surface global horizontal irradiance (GHI), as well as the direct normal irradiance (DNI)
received on a plane normal to the sun, as related by the equation: GHI=DHI +DNI*cosθ, where
DHI is the diffuse horizontal irradiance and θ is the solar zenith angle. As a result, radiative transfer
and decomposition models are employed [1,2]. The interannual variability observed in DNI is
13

higher than GHI [3]; this parameter is more sensitive to aerosol uncertainties [4.5]. However, the
accurate assessment of DNI reaching the earth’s surface is necessary for several applications related
to the design, simulation and performance assessment of several solar energy systems and plants but
also passive solar buildings. Depending on the application and the corresponding time, different
approaches have been introduced. This paper provides a brief description of the various applications
that are used to measure and predict the solar radiation and energy in Greece.
2

SOLAR RESOURCE ASSESSMENT

2.1

Satellite-derived climatology of GHI and validation of results

Cloud properties derived from the Spinning Enhanced Visible and Infrared Imager (SEVIRI)
instrument, on board the Meteosat Second Generation (MSG) satellite, have been used to retrieve
the surface global solar irradiance incident on a horizontal surface (GHI) and the direct normal
irradiance (DNI) for every day with a temporal resolution of 15 minutes [6]. The daily amount of
solar energy as well as the monthly and annual sums are estimated. Based on the 6-year study
period (2008 – 2013), a monthly climatology is derived. The highest values are found during
summer months, in Southern Peloponnese, Crete and the Cyclades islands, and exceed 250
kWh/m2. The annual solar energy from GHI ranges around 1400-1500 kWh/m2 in Northern Greece
to 1800-1900 kWh/m2 in Southern Peloponnese, Crete and Cyclades islands. Having solar panels
collecting energy from DNI, will increase the amount of energy by about 9% in Northern Greece
and about 15% in Southern Greece, Crete and the islands, where the solar availability is already
high. As a result, solar energy available from DNI in Northern Greece increases to around 1600
kWh/m2, while the most Southern areas provide annual solar energy over 2000 kWh/m2. Figure 1
presents the climatological annual values of the available solar energy due to GHI (A) and DNI (B).
The results of this study have been validated with irradiance measurements from
pyranometers located at ground stations in Greece, which are part of the Hellenic Network for Solar
Energy. The stations are all equipped with Kipp & Zonen CM11 pyranometers and transmit the data
in real time to a central server. The data are recorded every 1s and stored as one minute mean values
with the corresponding standard deviation. The model performance is presented in Table 1: overall,
the mean and median biases are 1.88 and 1.44% respectively. Notably however, these metrics, at
some sites (Finokalia, Ioannina, Preveza and Xanthi), are considerably higher reaching values up
11.39% (for the mean bias) and 6.79% (for the median bias). At all sites, there is a very good
agreement between the satellite and stations measurements, with the slopes close to unity and
ranging from 0.96 (Thessaloniki) to 1.08 (Orestiada). The satellite-based methodology can well
reproduce the daily received solar energy and the intercepts at all sites are lower than 0.5kWh/m2.
Overall, the average slope and intercept values are 1.03 and -0.05 respectively, a clear linear
relationship is exhibited and there is no dependence on the day of year and consequently on the
solar zenith angle.
The determination of measuring sites for the newly established Hellenic Network of Solar
Energy is based on the fact that the surface solar irradiance is dominantly affected by the clouds
among all the atmospheric constituents, while the clouds are also responsible for its high spatial and
temporal variability. Estimated values of the cloud modification factor (CMF) during local noon
time with spatial resolution of 0.05o, derived from the SEVIRI instrument on-board MSG satellite
for the 2009–2010 time period, were used for cluster analysis with the k-means algorithm [7].
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Figure 1: Annual climatological solar energy values, for GHI (A) and DNI (B). Units are
given in kWh/m2.
Table 1 Statistics of the percentage (%) differences between modeled and measured values of daily
solar energy (kWh/m2) at the ground stations of the Hellenic Network for Solar Energy.
Standard
Mean Median
Standard
Site
Error of the slope intercept
bias
bias
Deviation
mean
-3.07
-0.66
13.60
0.86
1.05 -0.32
Argos
11.39
3.13
38.31
2.90
0.99 0.18
Finokalia
-6.71
-5.62
17.72
1.35
1.02 -0.27
Ioannina
0.46
2.37
16.07
1
1.07 -0.18
Kozani
0.03
0.46
11.50
0.84
1.04 -0.17
Mitilini
3.60
2.97
21.65
1.46
1.08 -0.26
Orestiada
0.93
-1.71
18.78
1.08
0.97 0.05
Patras
6.24
6.79
6.53
0.59
0.99 0.47
Preveza
-1.71
0.99
11.44
0.82
1.07 -0.39
Pylos
1.45
11.61
0.88
0.96 0.32
Thessaloniki 2.59
0.84
1.24
17.91
1.20
1.03 -0.12
Volos
8.03
5.84
22.88
1.56
1.06 0.03
Xanthi
All sites
1.88
1.44
17.33
1.21
1.03 -0.05
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According to our results, the variability of surface solar irradiance due to the cloudiness over
Greece could be sufficiently monitored with the establishment of 22 ground-based instruments. A
conducted correlation analysis indicates good spatial intra homogeneity of the proposed clusters.
The proposed number of stations could be considered as a minimum to capture the cloud variability
and the basis to build the climatology of surface of solar irradiance over Greece, since the high
spatial and temporal variability of surface solar irradiance is very difficult to be captured from a
ground-based network. This is the first time that a method for determining monitoring ground-based
sites for solar irradiance is presented. A novelty of the method, relatively to others used for weather
or generally environmental stations, is that it takes advantage of the high spatial resolution of a
geostationary satellite. The optimal clustering scheme of 22 spatial numbered clusters is shown in
Figure 2.

Figure 2: An optimal spatial partition of the area over Greece into 22 clusters. Some domains are
presented with the same color, although they are classified differently.
2.2

Estimation and variability of DNI

The Hellenic Network for Solar Energy does not provide DNI measurements. DNI can be
calculated from global and diffuse horizontal irradiance measurements. However, the diffuse
irradiance values need to be corrected because the pyranometer’s shadowband does not obstruct
only the solar disk but also a larger part of the sky vault. We used four diffuse correction models
[8,9,10,11] and, considering the importance of DNI for several solar energy projects, we try to
assess the performance of the models when the calculated DNI is compared to the measured one by
the pyrheliometer. Based on one-minute averaged measurements covering a one-year period, it is
concluded that the empirical approach of [10] performs best. The absolute and percent (%)
differences between the calculated and measured values of the annually integrated DNI are
presented in Figure 3. The annual DNI is overestimated by 7.7% (363MJ/m2) when calculated from
the global and diffuse measurements (Gbu). The calculated DNI using the Drummond (GbD) and
Muneer-Zhang (GbM) models is also higher than the measured DNI by 4.0% and 4.7%
respectively. However, the calculated DNI using the Lebaron (GbL) and Batlles (GbM) models is
slightly lower (-0.8% and -0.4% respectively) than the measured one. The corresponding absolute
differences are -36.3 MJ/m2 and -19.4 MJ/m2.
16

Figure 3 The absolute and percentage (%) differences between the calculated and measured values of the
annually integrated direct normal irradiance.

DNI is primarily affected by aerosol optical properties. Meteorological conditions can
induce a variability of up to 100% in the monthly mean of the aerosol load over an area. In addition,
as a result of legislations regarding atmospheric pollution, negative trends in aerosol amounts have
been observed during the last years in many areas of Europe, the so-called “brightening effect”. The
effect of spatial and temporal variability of aerosol optical depth (AOD) on DNI under clear skies is
studied, with the synergetic use of satellite and ground-based data as well as calculations from a
radiative transfer model [5]. The area of interest is Europe; data from May to September during 13
years (2000-2012) are analyzed. The aerosol effect on DNI is high in areas influenced by desert
dust intrusions and intense anthropogenic activities, such as the Mediterranean basin and the Po
Valley in Italy. In May, the attenuation of DNI from aerosols, over these areas, can reach values up
to 35% and 45% respectively, which corresponds to 4 and 6 kWh m-2 per day. In most areas, even
for periods with lower values of AOD, the attenuation of DNI is found to be around 20%, which
corresponds to about 2-3 kWh m-2 less received DNI per day, compared to the corresponding value
on an aerosol clean day. However, the DNI has increased during the recent years, due to the
decreasing tendency of AOD over most areas of Europe. The increase is around 6-12%, which
corresponds to an amount of 0.5-1.25 more kWh m-2 received per day, compared to a clean day.
The percentage differences of daily DNI from the corresponding monthly climatological value
reveals that day-to-day differences (due to AOD changes) from the monthly mean by ~20% can
occur. The above mentioned differences in DNI, averaged over each of the five different areas in
Europe (Central-Western Mediterranean, Eastern Mediterranean-Black Sea, Central-Western
Europe, Eastern Europe and Northern Europe. The percentage differences of the annual mean DNI
values, from the climatological values over the whole period (2000-2012) were calculated for each
area and for the May-September period and are presented in Figure 4. Over all regions, the decrease
during the beginning of the examined period and the increase at the end is evident. With the
exception of Northern Europe, all areas received around 3% (0.3 kWh m-2 per day) less DNI during
2000 and 2001. In 2002, the highest decrease is revealed in Eastern Europe (-10%, 0.9 kWh m-2 per
day). The differences are moderate for all regions in the following years but increased DNI values
are found after 2009. During the end of the examined period, an increase in the received DNI of 46% (0.4-0.6 kWh m-2 per day) can be observed in all regions, except Northern Europe.
3

SOLAR ENERGY FORECASTING

Currently, several forecasting techniques are used depending on the spatial (local-regional) and
temporal (1 minute – 3 days) forecasting needs. Instruments as all-sky imagers which are cameras
equipped with a fish-eye lens looking upwards can acquire information of the cloud and aerosol
conditions directly from the ground with a high sampling rate and local resolution. By using various
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Figure 4: Difference (%) between the mean DNI value for each year (2000-2012) and the average
for the 13-year period for the 5 areas of interest.
cameras and additional ceilometers the cloud position and the resulting DNI can be determined
more accurately. The movement of the clouds in the last minutes can be used to forecast their
position and the corresponding solar energy. Satellite data also enable solar energy forecasting since
images from geostationary satellites clearly depict clouds which can be identified at a high time
frequency, one image every 15 min over Europe and Africa, or every 5 min if limited to Europe.
Cloud movements can be deduced from a series of such images by the means of optical flow
techniques. A simple scheme that describes the way of calculating the solar irradiance components
is presented in Figure 5: apart from climatological values and vertical profiles for the basic gases
and surface albedo, the optical characteristics for aerosols and clouds are needed as input in a
radiative transfer model to calculate DNI, DHI and GHI.

3.1

Figure 5: A simple scheme that describes the way of calculating the solar irradiance
components
Cloud and aerosols from all-sky imagers

An all-sky imaging system, based on a commercial digital camera with a fish-eye lens and a
hemispheric dome, is used for the automatic estimation of total cloud coverage and classification
[12]. Our methodology to detect the cloud-free or cloudy pixels is based on Blue (B), Red (R) and
Green (G) value of each pixel. This multi-color criterion is applied on sky images, in order to
improve the accuracy in detection of broken and overcast clouds under large solar zenith angles.
The performance of the cloud detection algorithm is successfully compared with ground based
weather observations. A simple method is presented for the detection of raindrops standing on the
perimeter of hemispheric dome. Based on previous works on cloud classification, an improved kNearest-Neighbor algorithm is presented, based not only on statistical color and textural features,
but taking also into account the solar zenith angle, the cloud coverage, the visible fraction of solar
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disk and the existence of raindrops in sky images. The successful detection percentage of the
classifier ranges between 78 and 95% for seven cloud types. Classification of cloudiness at sky
segments is also provided (Figure 7). The identification of different cloud types in concomitant
images taken by a pair of all-sky imagers leads to the estimation of cloud height and velocity and
the short-term forecasting of solar irradiance at the ground.

Figure 6: Typical examples of original images (left) and cloud-free and cloudy pixels (right, cloudfree pixels are in black color) for cirrus (up) and cumulus (down) clouds. (Photos courtesy of Stefan
Wilbert, DLR, Plataforma Solar de Almeria, Spain).

Figure 7: Typical example of cloud classifications at sky segments. The photo is divided in 36
sectors. The numbers appeared correspond to cumulus cloud (1) cirrus cloud (2) and cloud-free/Sun
(5) sectors. (Photos courtesy of Stefan Wilbert, DLR, Plataforma Solar de Almeria, Spain).
In the frame of DNICast project, we develop and provide AOD as intermediate product of
cloud camera images as a basis for an AOD nowcasting scheme. For the AOD estimations from the
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all sky cameras, training algorithms are being developed, based on collocated aerosol
measurements. Our main purpose is to analyze sky images being created and produced in order to
estimate the AOD at different wavelengths from RGB intensities. Images of a standard exposure
time (640μs) were used in order to achieve a good correlation between the change in brightness and
the change in radiance for different solar zenith angles. For the training of the algorithm, we use
~3500 AOD values in synergy with the closest in time images for the period 1/6 – 21/10/2014. The
statistical results from this comparison at three wavelengths (440, 500 and 675nm) are presented in
Table 2. In all cases, the mean and median differences are lower than 0.01 and the standard
deviation is ~0.03.
Table 2 The statistical results of the differences between the estimated AOD values from the sky
camera and the corresponding measurements. The results are presented for 440, 500 and 675nm.
440nm
500nm
675nm
Mean differences
-0.009
0
-0.01
Median differences
-0.004
0
-0.01
Standard deviation
0.03
0.02
0.02
3.2

Satellite-derived cloud forecasts

A new method for the short-term (0-240 minutes) forecasting of GHI in Greece has been developed
taking into account that cloudiness is the main atmospheric factor for the spatial and temporal
distribution of GHI [13]. The satellite-derived cloud modification factor (CMF) data for the period
2009-2011 was obtained from SEVIRI on MSG satellite. In this study, we use a back-propagation
multi-layer feed (ANN) for predicting CMF from satellite-derived data. The implemented neural
network follows the typical structure of the three layers; one as an input, the intermediate hidden
one and the output layer. The neural network of each individual spatial cluster was trained with
input data from the training dataset that represent the CMF values for each pixel along with its
surrounding 8 pixel values at time t-3 to t, where t is the 8:45 UT. The output consists of 17
consecutive single-valued predictions representing the CMF values of each location at a future time
every 15 minutes ahead. Next, the 22 full-trained ANNs, based on the classification presented in
[7], are used to generate the output values for the total days of the test set. We measure the
performance of the simulation process by calculating the Mean Standard and Absolute Errors (MSE
and MAE) between the output and target values. The seasonal spatial average errors per 15 minutes
time step of the forecast horizon is displayed in Figure 8. Adequate small errors for both the
measures indicate a good performance of the proposed system.

Figure 8: Spatial average measured errors between the actual and forecasted CMF values during
summer (left) and winter (right). The errors increase with the time horizon. Note that the error
values are dimensionless as the CMF index values.
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4

CONCLUSION

In this study, an overview of recent research activities related to the
climatology/measurements and the prediction of solar energy are presented. The results presented
are based on two on-going research projects: the «Hellenic Network for Solar Energy» and the
«Direct Normal Irradiance Nowcasting Methods for optimized operation of concentrating solar
technologies» (DNICast, http://www.dnicast-project.net).
 GHI and DNI over Greece estimates at the surface were performed with a high temporal
resolution of 15 min. The daily available solar energy was calculated by integrating the
diurnal values. For a 6-year study period, monthly climatic data of the available solar energy
were derived. The results were compared with the ground measurements showing a general
good agreement between satellite and ground-based data.
 DNI is of vital importance to solar power systems. A detailed study of the changes in DNI
over Europe due to the variability of AOD was performed and the DNI “brightening” effect
was highlighted and the uncertainties induced from the use of an aerosol monthly
climatology instead measurements were provided. The decreasing tendency of AOD over
Europe caused significant changes in DNI.
 Considering the importance of DNI for several solar energy applications, we tried to assess
the performance of the four diffuse correction models by comparing the calculated DNI with
simultaneous pyrheliometer measurements, aiming to the more accurate estimation of DNI
at stations where GHI and DHI are measured simultaneously. It was found that the estimated
DNI values using the DHI corrected by the Batlles model are closer to the pyrheliometer
measurements.
 The presented all-sky imaging algorithms seem to provide valuable results for scientific
purposes. The use of whole sky cameras in meteorology and atmospheric sciences opens an
interesting field of research that in the automatic cloud coverage and type recognition as
well as the estimation of aerosol optical properties and direct and diffuse components of
solar radiation.
 A novel method for the short-term (0-240 minutes) forecasting of GHI in Greece was
developed, based on satellite-derived CMF values for 3 years for the training and testing of a
neural network and taking into account that cloudiness is the main atmospheric factor for the
spatial and temporal distribution of surface solar irradiance. Based on the ANN results, the
estimated and the measured values of CMF are in good agreement: the maximum average
MSE after 4:15 hours is 0.06 and 0.1 during summer and winter respectively and
corresponds to an error of 6 and 10% in GHI.
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ABSTRACT
The present study is part of a wider research program, which aims at the development of an
innovative modular masonry construction system that integrates environmental passive strategies,
as well as high energy efficiency. The paper focuses on the parametric numerical study of the
proposed construction component. Within this context, the energy performance achieved by
alternative geometries of the masonry unit, as well as the use of different constituent materials and
insulation fillings, are examined. Through the parametric analysis of alternative proposals, arising
from the combination of the above features, reaching to the optimum solutions, in terms of energy
efficiency, was achieved. For the above study, computational models were developed and analysed
using Matlab R2014a. Furthermore, the environmental impact, associated with the material used for
the fabrication of the masonry construction component, was assessed through the environmental
analysis of the embodied energy and CO₂ emissions of the proposed component. It is concluded
that the proposed system’s thermal performance relies primarily on the characteristics of the
constituent material composing the modular masonry unit, the geometry of the unit and the use of
insulation. In terms of environmental impact, both the constituent material used, and the type of
insulation material installed, have a considerable effect on the end-product’s total embodied energy.
1

INTRODUCTION

The built environment is responsible for 40% of the total energy consumption in Europe. Of
that amount, 80% is consumed by buildings with floor areas not exceeding 1000 m2, while 65% is
associated with the buildings’ needs for heating and cooling. Masonry walls in particular, account
for 29%-59% of the thermal loss occurring in buildings and are thus, responsible for increased
energy use and greenhouse gas emissions [1]. Moreover, 13% of the energy consumed by buildings
results from masonry manufacturing and construction processes (e.g. transportation of products, on
site equipment and human resources and on-site waste materials).
In light of the above, and considering the importance of the construction sector in
international economy and development, there is a need for developing improved masonry building
systems that will be efficient in terms of energy performance and will require reduced natural and
human resources for their production and construction. Within this context, Michael et al [2] have
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conceived the idea of an innovative masonry component that offers customization potentials and
can be used for the construction of structurally sound modular assemblies of variable form.
Depending on the prevailing climatic conditions, and the occupants’ needs, different modular
assemblies (architectural configurations) can be adopted to enhance thermal insulation (buffer
zone), ventilation (building ventilation/stack effect), shading (suitable for different orientations) and
integration of technical systems.
This study reviews the research on the development of walling systems and conducts a
parametric analysis in order to assess the energy performance and environmental impact of the
aforementioned modular masonry unit. Alternative geometries of the building component are taken
into consideration and different constituent materials and insulation fillings are examined. In each
case, the thermal properties of the resulting unit are determined through computational analysis and
the environmental impact is estimated. Comparable results are obtained and useful conclusions
regarding the composition and geometry of the proposed unit are derived. Furthermore, the study
identifies areas that future research should address for the development of the proposed system.
2

LITERATURE REVIEW

Integrated environmental building solutions are required for improving the energy efficiency
of structures, in order to achieve the goals of a low-carbon economy. Up to-date, research has
primarily focused on improving the properties of individual building materials [3], or on developing
interactive programmable systems which depend on high-cost equipment [4], rather than on
adopting a holistic approach, involving the development of new construction systems.
Within the context described above, efforts are in progress for the design of walling systems
that will improve the energy performance of structures by effectively regulating energy transfer
through the building envelope. Existing masonry walls are commonly composed of fired clay,
concrete and calcium silicate brick units with variable properties (density = 450-2000 kg/m3;
compressive strength = 2.5-100 MPa; thermal conductivity = 0.1-1.5 W/mK) [5]. The
characteristics of many conventional and traditional masonry units (e.g. fired-clay bricks, concrete
or earth-based blocks) are not adequate for achieving good energy performance and the costly
installation of insulation materials, and/or of independent technical systems, is often required in
order to meet contemporary sustainability standards [3]. Apart from the above, an important aspect
is the embodied energy of the material in the construction sector. The embodied energy of a
building material can be taken as the total primary energy consumed over its life cycle. This would
normally include extraction, manufacturing and transportation [6]. The energy consumed during
these activities is vitally important for human development, but also puts at risk the quality and
long-term global viability [7]. Several case studies have shown that a significant share of the total
embodied energy in domestic buildings is derived from masonry due to the substantial volume of
such building elements and to the high embodied energy of the materials used for their construction
[7]. Typical fired clay bricks, concrete bricks and insulation (polystyrene, polyurethane) are high in
embodied energy. The growing number of EU-funded research projects for upgrading existing
masonry systems and for developing more energy-efficient walling components in recent years
suggests that there is progressively an increasing socio-economic and scientific interest in this field
[8-10].
In 2012, Michael et al. [2] conceived and proposed the novel idea of a multifunctional,
customizable, modular brick assembly system, which was awarded in an international design-based
research competition and was presented in the 22nd Biennial of Industrial Design, receiving the
Quality Concept Award. The general concept behind the aforementioned system lies on the design
of a modular brick unit that consists of two distinct components: (a) the main body that allows
interlocking among the elements and (b) the outer leaf which can be adjusted at different angles and
tilts and which is separated from the main body by an air gap. Depending on local environmental
conditions and the particular needs of the building and its users, a variety of different configurations
and settings may be taken into consideration to improve the structure’s energy efficiency (Figure 1).
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Figure 1: Elevation and plan of the proposed modular brick assembly system.
In comparison to existing masonry systems, the proposed technology can offer: (i) an
integrated bioclimatic design approach with fit-for-purpose solutions, (ii) superior energy
performance, (iii) equivalent or better structural response under static and seismic loads, (iv) speed
of construction resulting to reduced transportation, handling and labour costs and (v) possibilities
for architectural expression.
3

METHODOLOGY

The parametric analysis conducted in the framework of this study focuses on examining the
energy performance and environmental impact of the masonry unit’s main body. Energy
performance was evaluated by computing the main body’s U-value, while the environmental impact
was assessed by estimating the component’s embodied energy.
In order to obtain comparable results, alternative geometries of the masonry unit’s main body
were considered. The main body of the masonry unit is primarily composed of two components: (a)
two interconnected longitudinal load-bearing sections and (b) a gap between them that can either act
as an air gap, or may be filled with insulating material. The external dimensions of the main body
are (height x length x width) 40 x 40 x 25 cm3. By variating the width of the gap, two different
configurations (Type A and B) were derived. The load-bearing sections of Type A geometry are 6
cm wide and have a 13 cm gap between them. In Type B geometry, the width of the load-bearing
sections increases to 8 cm while the width of the gap reduces to 9 cm. The investigated geometries
are shown in figure2.
Type A

Type B

(a)

Type A

Type B

(b)

Figure 2: Axonometric views and horizontal sections of Type A and Type B of the building
component (dimensions in cm).
For the purpose of the parametric investigation, different constituent materials were assumed
to compose the load-bearing sections of the unit. The selected constituent mixtures include
materials currently used in practice for the production of masonry units (i.e. autoclaved aerated
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concrete (ACC), fired clay and concrete) and materials used in research studies for the development
of environmentally friendly building systems (i.e. unfired earth and lime). In addition, the effect of
the gap between the load-bearing sections on the performance of the unit was examined by
assuming that it can remain void or it can be filled with commonly used insulating materials i.e.
polyurethane, polystyrene, rock wool and cork. The materials examined in this study are shown in
Table 1 along with the properties adopted for assessing the masonry unit’s energy performance and
environmental impact. The values assigned to the materials’ densities and conductive coefficients
were based on data given in the EN1745 [11] standard and on experimental results [12-13].
Embodied energy values were obtained from the Inventory of Carbon and Energy (ICE) database
[6]. The embodied energy values reported in the ICE correspond to cradle-to-gate data and account
for the total energy consumed until the product leaves the factory gate.
Table 1 Properties of the selected materials
Main body’s
component

Load-bearing
sections

Infill
Insulation
Material
Air Gap

3.1

Material
AAC
Fired clay
Unfired earth (adobe)
Lime
Concrete
Polyurethane
Polystyrene
Rock Wool
Cork
Gap 13cm
Gap 9cm

Embodied Energy
(MJ/kg)
(MJ/m3)
3.50
1750.0
3.00
5700.0
0.45
585.0
0.85
1402.5
0.95
1805
72.00
2160.0
88.00
2640.0
16.80
2352.0
20.00
2200.0
0.00
0.0
0.00
0.0

Density
(kg/m3)

Conductive coefficient
λ(W/mK)

500
1900
1300
1650
1900
30
30
140
110
0
0

0.012
0.530
0.550
0.650
0.900
0.025
0.030
0.035
0.040
Ra = 0.180 m2K/W
Ra= 0.175 m2K/W

Assessment of energy performance

To calculate the U-value of the components, 2D numerical models of the two different masonry
units’ geometries were developed in Matlab R2014a.The models represented the plan-section of the
units’ main body and were discretized into 3-noded triangular elements (Fig. 3a). Regarding
boundary conditions assumed, surface resistances were taken asRsi=0.13 m2K/W at the wall’s
interior and Rse=0.04 m2K/W at the wall’s exterior. The internal and external air temperatures were
defined as Tai= 22 °C and Tae = 4 °C, respectively. The validity of the numerical analysis procedure
was verified against the reference cases of the EN1745 [11] and EN ISO 6946 [14] standards. After
being validated, the models were used for performing finite element analysis so as to simulate in 2D
the heat transfer through the component. This enabled the accurate simulation of the heat flux
through the complex geometry of the unit (Fig. 3b).
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Figure 3: Numerical model developed in Matlab R2014a for the calculation of the U-value and heat
flux for Type A unit employing concrete as constituent material and polystyrene as insulating infill.
3.2

Assessment of environmental impact

Different methodologies use different scales of data to calculate energy embodied in products.
The embodied energy of the masonry component was measured using the Inventory of Carbon and
Energy (ICE) database of the University of Bath [6]. The system boundaries taken from the ICE is
‘cradle-to-gate’ which includes all of the energy until the product leaves the factory gate. ICE
contains both embodied energy and embodied carbon, with the former being collected from the
international literature and the latter being estimated according to the typical fuel mix in the
relevant UK industries [6]. In the present study, the embodied energy is used as the environmental
impact indicator. According to the ICE report, embodied energy estimation produces more accurate
results compared to embodied carbon evaluation, since the actual amount of carbon dioxide emitted
when a product is made depends on the type of energy used in the manufacturing process. In the
ICE database, the embodied energy values are given per unit mass (kg) for each material.
The calculation of the mass (M) of each material for specific density (p) and volume (V) is
given by the equation shown below in (1).
(1)

M = pV

The calculation of the total embodied energy (eE) of each of the modular unit under study is
given by the equation shown below in (2).
(2)

eE = eEb + eEin

More specifically, the embodied energy of the material used for the main body eEb for any
certain case is the product between material’s energy Eb (MJ/kg) and mass Mb (kg), i.e. pbVb, since
the embodied energy of the infill insulation material for any certain case eEin is the product between
material’s energy Ein (MJ/kg) and mass Min (kg), i.e. pinVin. The relative equations are shown below
in (3) and (4).

3.3

eE = EbMb + EinMb

(3)

eE = EbpbVb + Ein pin Vin

(4)

Comparative factor estimation

In order to enable comparison between the results yielded by the different cases examined, a
factor (f) accounting for both the U-value (U) and the embodied energy (eE) was established.
Comparative factor f is estimated as:
f 

U  eE 
U  eE  max

(5)

In the above equation, (U × eE) is the product between the U-value and the embodied energy for
any certain case and (U × eE) max is the maximum product between the U-value and the embodied
energy of all combinations examined. A masonry unit is considered to have good energy efficiency
and environmental impact performance when both the U-value and embodied energy are low.
Hence, the optimum solution, in terms of geometrical configuration, constituent material and infill
insulation material, is achieved when the minimum value of factor f is derived.
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4

RESULTS AND DISCUSSION

4.1

U-value

The results obtained from the U-value numerical analyses are given in Table 2, which reports
the U-values assessed by considering that the unit’s load-bearing sections are composed of different
constituent materials, by altering the geometrical configuration of the unit each time (Types A and
B) as well as by assuming different types of infill into the unit’s internal gap. The results obtained
for all combinations (constituent material, geometrical configuration, infill insulation material),
hereby examined, are compared against the 0.72 W/m2K limit value prescribed in the Cyprus
regulations for minimum energy efficiency requirements for new buildings in 2013 [15] (Figure 4).
Computed U-values range from 0.20 W/m2K to 2.09 W/m2K, depending on the constituent
material, the geometry of the masonry unit and the type of insulation used. In terms of material
composition, the best results are achieved by the use of AAC. U-values for AAC units vary from
0.20 to 0.30W/m2K for units incorporating thermal insulation at their core and from 0.58 to 0.72
W/m2K for units with an air gap between their load-bearing sections. In all combinations examined,
the thermal performance of AAC units is at least 50% better compared to other constituent
materials. This was, to some extent, expected due to the low conductive coefficient of AAC. Plain
concrete, on the other hand, has rather poor thermal performance. U-values for concrete units with
no insulation exceed 1.95 W/m2K. Reducing the width of the load-bearing sections (Type A), and
introducing thermal insulation components in the case of concrete units, decreases the U-value up to
0.64W/m2K. Minimal differences occur in the thermal performance of units composed by fired clay,
unfired earth and lime. Masonry units of these types, that feature an air gap at their central section,
have U-values from 1.55 to 1.86 W/m2K. Installing an insulating infill into the core of units,
composed by the aforementioned materials, can yield U-values from 0.45 to 0.71 W/m2K.
The results of the analysis give evidence that the use of insulating materials has a significant
effect on the U-value achieved. Filling the gap between the load-bearing sections of the unit with an
insulation component decreases the U-value by at least 50% compared to units with an air gap. It is
worth pointing out that although the conductive coefficient of certain materials used as insulating
infill differs by 60% (i.e. polyurethane has λ= 0.025 W/mK, while cork has λ= 0.040W/mK),
corresponding U-values computed for the insulated masonry units differ only by 10-30%.
The U-value of the masonry unit is also affected by the geometry of its components. Insulated
units of the Type A configuration generally exhibit better thermal performance than Type B units.
This is because Type A units have a larger distance between their load-bearing sections which
allows for installation of thicker insulation components. Therefore, insulated Type A units have Uvalues which are approximately 15% lower than Type B insulated units. The Type B geometrical
configuration generates better results in terms of thermal performance only in cases where no
insulation is used. This may be attributed to the fact that the U-value of these units depends
primarily on the thickness of its load-bearing sections, since the conductive coefficient of air does
not change significantly when the width of the gap is between 9 and 13 cm.
Table 2 U-value (W/m2K) for all the cases under study.
Constituent Material

Reference

Fired Clay

Unfired Earth

Lime

Concrete

A

B

A

B

A

B

A

B

A

B

Polyurethane

0.20

0.24

0.45

0.55

0.46

0.56

0.51

0.62

0.64

0.77

Polystyrene

0.22

0.26

0.48

0.58

0.49

0.59

0.54

0.65

0.66

0.80

Rock wool

0.24

0.28

0.50

0.60

0.51

0.62

0.56

0.68

0.69

0.83

Cork

0.26

0.30

0.52

0.63

0.53

0.65

0.59

0.71

0.71

0.86

Air gap

0.72

0.58

1.72

1.55

1.74

1.57

1.86

1.71

2.09

1.96

Geometrical Type
Infill
Insulation
Material

AAC
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In conclusion, in most alternative combinations, the proposed components satisfy the
minimum energy performance requirements for maximum U-value and in some cases, it is
significantly lower than the limit value set by the regulations for the minimum energy efficiency
requirements of masonry walls, i.e. U-values < 0.72 W/m²K [15].

Figure 4: Graphic representation of the U-value for all the cases under study. Results are compared
against the limit value prescribed in Cyprus energy efficiency regulations of walling systems.
4.2

Embodied Energy

The embodied energy values computed for the different types of masonry units examined are
reported in Table 3. Results vary considerably, ranging from 12.8 to 189.4 MJ, depending on the
geometrical characteristics of the unit, the thermo-physical characteristics of the constituent
material and the insulating filling component used.
Results show that the lowest embodied energy values i.e. 12.8 -60.8MJ, can be obtained when
unfired earth is used as the constituent material. This is due to the simple manufacturing processes
involved in the fabrication of adobe bricks. The production of units composed of lime also has
relatively low energy requirements, which range from 30.6 to 78.6 MJ. The embodied energy values
for units composed by AAC and concrete are quite similar. Units of this type which do not feature
an insulating filling have embodied energy values from 38.2 to 49.5 MJ. The use of insulating
materials along with AAC, or concrete, increases the end product’s embodied energy to 46.2 – 87.4
MJ. Fired clay units have the highest embodied energy, as the firing procedure used when
processing the raw materials significantly increases the energy required for production. In this case,
the embodied energy of the units with no insulating filling is 124.3 and 156.2 MJ for type A and B
geometries respectively, while the use of polystyrene sections can increase the total embodied
energy up to 189.4 MJ.
Table 3 Total embodied energy, eE (MJ) for all the cases under study.
Constituent Material

AAC

Fired Clay

Unfired Earth

Lime

Concrete

A

B

A

B

A

B

A

B

A

B

Polyurethane

77.5

75.2

163.6

183.4

52.1

43.3

69.9

65.6

78.7

76.7

Infill
Insulation
Material

Polystyrene

86.2

81.2

172.3

189.4

60.8

49.3

78.6

71.7

87.4

82.7

Rock wool

81.0

77.6

167.1

185.8

55.6

45.7

73.4

68.1

82.2

79.1

Cork

46.2

53.5

132.3

161.7

20.8

21.6

38.6

44.0

47.4

55.0

Reference

Air gap

38.2

48.0

124.3

156.2

12.8

16.0

30.6

38.4

39.4

49.5

Geometrical Type
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Since the industrial procedures involved in the manufacturing of insulating materials (i.e.
polyurethane, polystyrene, rock wool) result to high embodied energies, their use tends to increase
the end product’s total energy requirements. An exception occurs when using certain types of
insulation (e.g. cork) which have low environmental impact and can thus improve the unit’s thermal
performance without significant increase in the end product’s total embodied energy. It is also
worth noting that in the case of fired clay units, the energy required for the production of the
constituent material itself is significantly high and thus, the contribution of the insulation filling to
the unit’s total embodied energy is rather low. Comparative evaluation of the embodied energy
values, for all the cases under study, in shown in the graphic representation in Figure 5.

Figure 5: Graphic representation of the embodied energy (eE) for all the cases under study.
4.3

Comparative Factor

The comparative factors estimated using equation (5) for all combinations of constituent
material; geometrical configuration and infill insulation material are presented in Table 4.
Computed data shows that the optimum solution in terms of thermal performance and
environmental impact is when the Type A geometrical configuration is adopted, unfired earth is
used as the constituent material and cork infill is inserted among the unit’s load-bearing sections for
insulation. Promising solutions are also obtained when units composed of AAC and lime are
insulated with cork. Fired clay units exhibit rather poor performance due to the high embodied
energy associated with the raw material’s fabrication process. The comparative estimated factors
indicate that the use of concrete will not result to a thermally and environmentally efficient endproduct. This is mainly attributed to the poor thermal performance of the constituent material.
Furthermore, results show that the best insulating solution in all cases is cork. Although the
conductive coefficient of cork is higher than that of polyurethane, polystyrene and rock wool the
end-product’s total U-value achieved by this type of insulation does not significantly differ from
that obtained when using the aforementioned materials. In addition, cork has much lower embodied
energy, thus, reducing the environmental impact of the masonry unit.
Table 4 Comparative factor (f) for all the cases under study.
Constituent Material

Reference

Fired Clay

Unfired Earth

Lime

Concrete

A

B

A

B

A

B

A

B

A

B

Polyurethane

0.065

0.075

0.305

0.415

0.100

0.100

0.149

0.169

0.209

0.245

Polystyrene

0.080

0.088

0.339

0.452

0.122

0.120

0.176

0.194

0.241

0.274

Rock wool

0.081

0.090

0.346

0.465

0.117

0.117

0.171

0.192

0.234

0.271

Cork

0.050

0.066

0.286

0.423

0.046

0.058

0.094

0.129

0.140

0.195

Air gap

0.114

0.116

0.882

1

0.092

0.105

0.236

0.271

0.341

0.402

Geometrical Type
Infill
Insulation
Material

AAC
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Optimum combination, i.e. min (f), is highlighted in bold.

Comparative evaluation of the comparative factor (f) for all the cases under study is shown in
the graphic representation in Figure 6.

Figure 6: Graphic representation of the comparative factor (f) for all the cases under study.
It should be stressed that the above comparisons account only for two factors associated with
the overall behaviour of the proposed masonry unit: (a) thermal performance and (b) environmental
impact. In order to develop a reliable construction system, an integrated research approach must be
adopted. This should investigate other important aspects, such as structural behaviour, fabrication
process, building methodology etc. Bearing this in mind, it can be argued that although AAC and
unfired earth appear to produce thermally efficient and environmentally friendly units, these
materials’ limited load-bearing capacity is a detrimental factor which may preclude their practical
use. Moreover, unfired earth tends to suffer from shrinkage upon drying [16] something that
introduces further complications to the potential fabrication process. The superior mechanical
properties of lime-based materials may compensate for their inferior thermal performance thus
leading to more realistic solutions.
5

CONCLUSIONS

A parametric study regarding the thermal performance and environmental impact of a novel
masonry unit under development has been conducted. The effects of alternative geometries,
material compositions, i.e. AAC, fired clay, unfired earth, lime and concrete, as well as insulation
solutions, such as polystyrene, polyurethane, cork and rock wool on the end product’s U-value and
total embodied energy, have been examined.
U-value numerical analyses have shown that the proposed system’s thermal performance
relies primarily on the characteristics of the constituent material composing the modular masonry
unit. Units composed of AAC exhibit superior thermal properties, while minimal differences occur
in the thermal behaviour of fired clay, unfired earth and lime units. The geometrical configuration
of the unit also affects the U-value achieved, but to a lower extent. The installation of insulating
material at the core of the unit improves energy performance significantly by reducing the overall
U-value. According to the outcomes of the analyses, this reduction in U-value depends mainly on
the thickness of the insulating component, rather than on the type of insulating material used.
In terms of environmental impact, both the constituent material used, and the type of
insulation material installed, have a considerable effect on the end-product’s total embodied energy.
Bricks composed of unfired earth tend to be more environmentally friendly. Lime-based and
concrete-based mixtures can also form units with rather limited environmental impact, whereas the
1602

31

use of fired clay ceramic can significantly increase production energy requirements. Most insulating
materials hereby considered, namely polystyrene, polyurethane and rock wool have themselves high
embodied energies and can thus adversely affect the environmental characteristics of the endproduct. Nevertheless, certain types of insulation such as cork, can offer better thermal performance
without drastically increasing the unit’s environmental impact.
A comparison of the results obtained indicates that thermally efficient units that have low
embodied energy can potentially be produced using constituent mixtures composed of AAC and
unfired earth. However, further research should be conducted in order to thoroughly investigate all
aspects relevant to the proposed system’s production method and practical application. The optimal
form and size of the brick unit should be defined based on an integrated parametric analysis that
will take into account bioclimatic, construction, structural, ergonomic and aesthetic aspects.
Alternative manufacturing methods should be examined, and different constituent mixtures should
be designed, based on the specific requirements imposed by the unit’s form. Furthermore,
laboratory tests should be undertaken so as to assess the thermo-physical, hygric and mechanical
properties of the proposed masonry units. Finally, the operational energy performance of the
modular wall assembly system should be quantitatively evaluated and a detailed Life Cycle
Analysis should be performed.
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ABSTRACT
This paper presents the current state of the electrical system of Crete operating with high
penetration of Wind and PV Parks. During the last 18 years a significant number of Wind Farms
and Photovoltaic Parks were installed on the island. During the last 4 years, some daylight hours
Wind Farms should be curtailed due to the PV Farms production.
1

INTRODUCTION

The wind and solar potential in Crete is among the largest in Europe. After the liberalization of the
RES electricity market and the subsidy from the EU and National Funds, many companies installed
Wind Farms. During the last 18 years, 202 MW of Wind Farms were installed in Crete. Wind
farms after the first difficulties contribute up to 17% of the annual energy. Remote monitoring
systems have helped the rise of the Wind Power penetration and the secure operation of the System.
Continuous monitoring, protection and operational improvements contributed to a greater utilization
of the wind potential and a more economic operation.
The annual capacity factor of the Wind Farms reaches 30%. Some WFs in good positions reach
40%.
The first Greek legislation for PV was introduced in 2006 offering generous feed-in-tariffs (a
premium for selling green electricity to the grid) and setting the details for authorization of PV
systems. The Regulatory Authority for Energy (RAE) in Greece allowed 100 MW of PV parks to be
installed in the fields of Crete in the countryside. Up to now, 96 ΜW of PV Parks are installed in
the fields and on the roofs in Crete island. The annual capacity factor of the PV Parks reaches 20%
The energy of all those PV parks covers much of the morning peak every day, throughout the
year and has stabilized the voltage in the villages in the countryside. PV production covers 13% of
the Daylight consumption of the island and 6,5 % of the annual consumption.
1.1

Wind Farms

Since 1993 when the first Wind Farm (WF) was installed in Sitia, 202 MW of WFs are
installed in Crete which is the 20% of the installed power capacity. The island is powered by :
Steam units, Diesel units, Gas turbines and one Combined Cycle in Chania which burn fuel oil and
diesel oil.
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From the beginning of the establishment of the WFs, a tailor-made digital communication
protocol was developed in order to get ‘live’ data in the Dispatching Center SCADA system and
send upper limit set-points to the WFs. In the Dispatching center of Crete a SCADA and LFC (Load
Frequency Control) system operate since 1992. The WF management system was embodied in the
existing SCADA system.
Management programs for the WF have been developed which send set-points every 2
minutes and determine the maximum output of WFs. They take into consideration the Technical
Minimum of the units in operation, and the maximum allowed penetration of the WFs which is
ranged around 30-40% depending on the weather conditions or other distractions of the grid.
The algorithm is: Any time the Actual set-point to the WFs is the Minimum of:




Load-Technical Minimum
Load* C% (allowed penetration)=Load* 30-40%
Installed WF capacity

Figure 1: The blue part is the WFs portion (if there is wind potential)
Depending on the technology, the output power of the WF is restricted in various ways:




By stopping some Wind Turbines,
Adjusting the pitch control Wind Turbines
By means of power electronics

The instantaneous penetration percentage can be reduced down to 10 % or less, if weather
conditions or other system security reasons are required. After many years of operating
improvements of the protection settings, preserving the interconnections of the WF with the
substations, and better specifications of new WF, a high improvement of the System Operation was
observed. For example, the new WFs equipped with Fault Ride through protection, may withstand
the sudden voltage deeps during grid faults and thus prevent the frequency from collapsing.
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1.2

Photovoltaic Parks (PV Parks)

The massive installation of the Photovoltaics Parks in Crete began during 2009. The most PV
Parks were installed during 2010. Now the installed power of the PV Parks verges on 96 MW. The
most of them are distributed in the fields with max power 80 kW each, and around 17 MW are
installed on 1500 roofs. In the beginning of the operation of the PV Parks, the morning peak was
moved from 12-2 pm earlier due to the PV parks.
It was a big necessity to install a system in order to monitor all this power. Thirty (30) PV
Parks were chosen to be monitored. The PV Parks were chosen in order to satisfy the need to have
a good representation of the type (fix or rotating trackers) and of the region where PV Parks are
installed. A device collects data of the active and reactive power every 20 sec using the pulses of
the electricity meter and sends it via mobile phone and GPS to a main server. The server collects all
this data and a moving average is used to smooth out short-term fluctuations and highlight longerterm trends. Although the power produced by an individual PV Park imposes fluctuations in the
grid during winter, the size and the dispersion of the PV Parks don’t influence the total system. In
the contrary the voltage throughout the countryside is more stable improving the power quality
during the last years.
The system architecture consists of the following sections: Telematic devices which are
installed at some Photovoltaic Parks and collect measurements, a server with the appropriate
software which is responsible for storing the data from all photovoltaic power plants- and the
interface for the control and supervision of power plants in the local control centers.

Figure 2: PV Monitoring system ANCHitecture
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The software features are: Vector Map display from PV Power Plants, display power output
PV station in real time (active power last minute), power summations effect of different PV station
in real-time, power curve last hour for each PV station.
The server Up-scales the data taking into account the type and the place of the telemeter PV
Parks. The final estimated value is accumulated to the power system load, and this is the load value
used in the Dispatching Center of Crete. A similar installation is developed in Rhodes island where
16 MW of PV Parks are installed.
There are big fluctuations due to clouds in each PV Park during winter period. But the wide
dispersion and the low power installed in each PV Park contribute that the total production has no
effect on the system frequency, and the total production appears smooth without sharp fluctuations.
With a larger sample size information will be closer to reality.
The total estimated energy by the installed system has an accuracy 1-4% comparing with the
real production measured by the energy meters.
1.3

Operational Difficulties

During the last six years, due to the economic crisis, the high summer loads were decreased,
and the tourism decreased. In addition with the above, the weather was changed. There were no
boiled days during the summer and the winters were mild.
Until the last two years the Wind Farms management didn't take into account the Wind Farms
production. That means that even if there was a margin to be fulfilled by Wind Power the automatic
system kept asking for curtailments. In Crete there are two kinds of Wind Farms: The old and the
new. The new WF are asked to produce only if the is no curtailment to the old WFs.
Old WFs : 165 ΜW
New WFs : 35 MW
During the last 3 years an improvement to the WF Management algorithm was issued:
If there is a margin for the Wind Farms the program asks progressively and smoothly more
production from the Wind Farms. So, if there is Wind potential in one place, the Wind turbines are
allowed to produce more power till all WFs reach the upper threshold set from the program.
An increase of the Final Allowed Power was occurred even if the loads were lower and the
PV capacity higher.
Total Normalized Curtailment Hours (NCH)* asked per year
2012
2013
2014
Old Wind Farms
New Wind Farms

7500
6700

7400
5300

8150
6900

2015
8140
6860

Table 1: Annual allowed WFs production hours
*(NCH) Normalized Curtailment Hours to the installed capacity (measurement between 0 to1
1=100% of the installed capacity)
NCH=∑ (Pi*Δti )/P
Pi=Power upper threshold for Δti time
Δti= the corresponding time when Pi was imposed
P= installed power of the corresponding WF
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If NCH=8760 hours=365days*24 hours means that all the hours the WFs are asked to produce
100% of the installed power
The electricity demand the last three years stopped increasing with the rate of 5% of the last
20 years, stayed stable or decreased. The peak load was decreased 3,5%. The operation of the
conventional units during the fall and especially during winter 2012-2013 was difficult to be settled:
Low loads, high wind production, high Photovoltaic Production and high Technical Minimum of
the conventional units. During the windy nights although a big effort to improve the communication
with the Wind Farms was occurred, the lack of communication of some WF forced the operators to
open the circuit breakers of the distribution lines of the big farms. Lack of communication during
windy nights means that Set-points for the maximum allowed production aren’t able to be
transferred to the Wind Farms. That means that uncontrollably production is injected to the system
the frequency arises, and the System is in danger.
The last two years the Internet layers are used for the communication with the Wind Farms.
ADSL lines, Satellite Internet for the Wind Farms and Mobile telephony for the PV monitoring.
There are some days during the year when the solar production is so high and the Technical
Minimum of the conventional Units so high that Wind Farms should be curtailed.
Mean
Technical
Minimum
MW

LoadTM>WF
INSTALLED
Power
Hours

LoadTM_PV>WF
INSTALLED
Power
Hours

Daylight
Missed
Hours
due to
PVs

Missed
Hours
due to
PVs %

DAYLIGHT
(8:00-20:00)
REAL
HOURS
WITH SETPOINTS<1

DAYLIGHT
(8:00-20:00)
REAL
HOURS
WITH SETPOINTS<1
%

Wind
Farms
MW

PV
Parks
MW

Μean
System
Load
MW

2012

191

83

340

175

2903

2427

476

5%

1398

16%

2013

193

95

337

186

2303

1305

998

11%

1283

15%

2014

194

95

341

199

1905

1227

678

8%

447

5%

2015

202

96

346

211

1301

506

795

9%

492

6%

Table 2: Allowed full WF production hours
The WFs Management algorithm imposes curtailments only if the Wind Potential is very high
and the system cannot absorb it. That's why we should use 50% ( not 30%) as capacity factor if we
want to estimate the real curtailed energy.
Wind Power Production Curtailments
2012
2013

2014

2015

INSTALLED WF POWER MW

191

193

194

202

Produced Energy MWh

468.484

518.199

429.779

500.403

634

644

Total Normalized Curtailment Hours (NCH)
NCH
1284
1360
Estimated missed Energy MWh for 30% capacity factor
(NCH*Installed Power*0,3)
Estimated missed Energy MWh for 50% capacity factor
(NCH*Installed Power*0,5)
Lost Energy percentage for 30% capacity factor
Lost Energy percentage for 50% capacity factor

73.573

78.744

36.899

39.026

122.622

131.240

61.498

65.044

14%
21%

13%
20%

8%
13%

7%
12%
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Table 3: Curtailment energy estimation

Daylight Normalized Curtailment Hours
Daylight NCH (8am‐20pm)
466
363
Estimated daylight missed Energy MWh for 30% capacity factor(
26.702 21.018
NCH*Installed Power*0,3)
Estimated daylight missed Energy MWh for 50% capacity factor(
NCH*Installed Power*0,5)
Lost daylight Energy percentage for 30% capacity factor
Lost daylight Energy percentage for 50% capacity factor

120

198

6.984

11.999

44.503 35.030 11.640 19.998
5%
9%

4%
6%

2%
3%

2%
4%

Table 4: Daylight Curtailment energy estimation
During the year, the daylight hours when the installed Wind Power cannot be absorbed
reaches 4-9%. Due to the improvements of the Wind Management Algorithm it is reduced to 2-4%

Figure 3: High PV Penetration
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Figure 4: Low PV Penetration

Figure 5: High RES Penetration in Crete.
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Figure 6: Very high RES Penetration in Crete.
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CONCLUSION

Crete is a live lab to examine the impacts of high RES penetration on an island. The
installation of 300 MW RES in a system of 600 MW Peak Load and 330 MW Mean Load with very
big differences between night and day Loads, shows that there are no problems to operate
conventional with renewable sources. Uninterrupted communication with all the power sources is
essential for the safe operation.
The PV production simulation system gives very satisfied results. The estimated PV
production has an estimated fault 2-4% from the real production which is acceptable if we take into
account that there are 30 measuring devices for 3000 PV parks in the fields and on the rooms.
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ABSTRACT
Fully, or partially, subterranean dwellings have developed as a distinctive building type
in the Mediterranean region, from the prehistoric to pre-industrial era. The energy
benefits of such spaces are well documented mainly through the investigation of
numerous examples found in vernacular architecture. Despite their environmental
potentials, subterranean structures remain limited in contemporary design practices. The
present paper reports on the findings of a research that examines partially subterranean
traditional dwellings in the coastal and mountainous regions of Cyprus. The study
focuses on the environmental assessment of these spaces, through the monitoring of air
temperature and relative humidity, and on a brief demonstration of passive strategies for
indoor microclimate improvements. Although subterranean dwellings are not very
common in the vernacular architecture of the island, their scientific examination
produces useful knowledge in terms of energy savings and limitations existing therein.
This could inform contemporary design applications and form a basis for the drafting of
environmental refurbishment guidelines related to subterranean spaces. The research
indicates favourable temperatures in partially subterranean spaces during the hot,
summer period, especially in mountainous regions. Temperatures in such spaces during
the cold, winter period are found to exhibit higher values when compared to the
temperatures of above-ground spaces, although they remain below comfort limits.
Furthermore, high indoor humidity is found to be a major problem for partially
subterranean spaces, in both the summer and winter periods, in the coastal regions of the
island. It is highlighted that, although partially subterranean spaces have many
environmental benefits, as earth offers thermal insulation and heat storage,
generalizations should be avoided since a number of parameters such as the local
climate, geology and natural ventilation conditions influence considerably their
environmental performance.
1

INTRODUCTION

Fully, or partially, subterranean dwellings exhibit various typologies based on the
characteristics of the natural environment such as topography and geology, as well as,
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on factors related to human behaviour, such as the need for privacy and protection. Such
structures can be divided in two general types: the cliff-cut dwellings built into the sides
of slopped terrain and the pit-like dwellings arranged around sunken courtyards
normally found on plateau-located land [1]. Subterranean dwellings have a rich history
around the Mediterranean area. They are encountered in Santorini island in Greece,
Matera in Italy, Granada, Almazora and Guadixin in Spain [1]. Many environmental
benefits, such as considerable time lag, the dampening of daily and seasonal
temperature fluctuations, especially during cold or heat waves, can be gained by
subterranean structures.
Considering the environmental potential of subterranean buildings, it may be
argued that the protection, preservation and refurbishment of such spaces, and their
introduction in contemporary architecture, promote a sustainable design approach.
Although, the academic interest in the environmental sustainability of vernacular
architecture of Cyprus has grown noticeably [2, 3], quantitative investigation in the field
of the environmental performance of partially subterranean spaces is very limited. Since
subterranean structures in the island are mostly linked to vernacular domestic
architecture, the research focuses on the environmental performance of representative
traditional dwellings from two distinctly different climatic regions of Cyprus —a
mountainous and a coastal region— which have yet to be documented in a
comprehensive and scientific manner. The aim of this research is to highlight their
environmental potentials, namely their ability to create thermal comfort conditions and,
at the same time, to discern the weaknesses and deficiencies of these building
typologies.
1.1

Background

At international level, a number of scholars have studied the environmental
behaviour of subterranean buildings through literature or field studies. Onsite
measurements of air temperature and relative humidity during the hot, summer period
on case studies at three distinctly different climatic regions of Israel provides evidence
that subterranean spaces achieve significant reduction of temperatures and thermal
stability [4]. However, the same study reports issues related to inefficient natural
ventilation and daylight. Furthermore, the case studies of the humid region of Israel
exhibit high indoor relative humidity. A case study performed in Iraq [5] showed that
the subterranean space average temperature on a July hot, summer day was 33.6°C,
4.5°C lower compared to the above-ground space (38.1°C). Another study by AlTemeeni & Harris [6] discusses the advantages and disadvantages of subterranean
structures in hot and arid climates. The advantages encountered are related to minimum
maintenance, enhanced noise protection, stability to earthquakes and better thermal
behaviour in comparison to above-ground structures. It is further indicated that, since
subterranean structures are often a result of hilly or mountainous topography, they are
perfectly adapted to landscape. Among the disadvantages reported is the lack of
sufficient natural ventilation and lighting, as well as the limited visual connection with
the outdoor environment, due to the absence of windows. A study on the environmental
evaluation of vernacular architecture in different locations and climates around the
world [7], reports that fully or partially subterranean dwellings are observed more
frequently in cold climates, occasionally in hot climates and never in humid climates.
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1.2

Subterranean Structures in Cyprus

Partially subterranean dwellings in Cyprus emerged during the prehistoric period.
At the Neolithic settlement of Ayios Epiktitos–Vrysi, building units of almost square
plan constitute distinctive examples of partially subterranean construction on the island
[8, 9]. This building configuration has been favoured due to the settlement location on a
steep sea cliff. However, other factors, such as camouflage from intemperate
environment or human aggression, have also led to this subterranean architecture
concept [9]. Quite different cases are observed at the Neolithic site Philia–Drakos [8]
and at the Chalcolithic sites of Kalavassos–Ayious and Kokkinoyia/Pampoules [9]. In
these sites, numerous pits displayed spaces for various purposes. Some of them seem to
have been hearths or ovens, while others have probably been used for storage. The
larger ones seem to have been used for some form of occupation [9]. A number of burial
monuments of antiquity, such as the Hellenistic necropolis of the Tombs of the Kings in
ancient Paphos, comprised of subterranean rooms. Such structures were often
configured by underground peristyle courts and burial chambers carved on the natural
rock. During the medieval period, these burial monuments were often modified to
accommodate domestic uses [10]. Under the Frankish and Venetian dynasty (1192–
1571) of the island, many dwellings had subterranean spaces. According to Enlart [11]
“it was customary to sit in basement rooms in summer for the sake of coolness”.
In the subsequent historical periods, partially subterranean spaces became
assimilated in the rural vernacular architecture of the island, mainly in the mountainous
and occasionally in coastal settlements (when the settlements are located on hilly
landscapes). These rooms were mainly exploited as storage spaces, pantries and stables
[12]. In the context of coastal settlements, the single-space room with wide façade,
called monochoro platymetopo, is most commonly applied in partially subterranean
rooms. The longer axis of the monochoro platymetopo usually covers twice or more of
its shorter axis resulting in a shallow plan layout room. In the context of mountainous
settlements, more compact configurations, such as the single-space room with narrow
façade, called monochoro stenometopo and the double space room, called dichoro were
preferred. Monochoro stenometopo is characterized by an elongated and deep plan
layout, while dichoro resembles more to a square space with a relatively deep plan
layout.
2

METHODOLOGY

The proposed research examines the thermal behaviour of partially subterranean
buildings in different climatic regions of the island. Specifically, Cyprus is divided into
four climatic regions, i.e. the coastal region (CZ1), the lowland region (CZ2), the semimountainous region (CZ3) and the mountainous region (CZ4). The lowland region is
not included in the present study due to the absence of subterranean spaces in the
vernacular architecture of this region. Due to similarities of partially subterranean
spaces in semi-mountainous regions with those of the mountainous regions, in terms of
building materials, configurations and typologies, only mountainous and coastal regions
are included in the present study.
Partially subterranean buildings in the coastal and mountainous regions require an
in-depth environmental analysis and evaluation with respect to the local climate of each
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area, geology and available building materials. For this reason, representative partially
subterranean spaces were selected for further analysis in a coastal traditional settlement,
namely Maroni, located in the south coast of the island, and in a mountainous traditional
settlement, namely Askas, located in the central highlands, in Troodos mountain area.
2.1

Climatic and Geological Context

Cyprus has a typical Mediterranean climate, however, one comes across a variety
of climate subtypes in different regions of the island (Table 1). Specifically, coastal
regions (Maroni) are described by high relative humidity throughout the year due to
their proximity to the sea. For this reason, diurnal temperature fluctuations are
moderated, causing cool winters and relatively mild summers. The climate in the
mountainous regions of the central highlands (Askas) features cold and wet winters and
mild summers due to its high altitude. Snowfall frequently occurs on ground above
1000 m during winter.
In terms of geology, Table 1 briefly indicates that the region in which Maroni
village is located comprises mainly of sedimentary stones, while the region in which
Askas village is located consists of igneous stones. These locally available stones have
been extensively used in local traditional building constructions. In environmental
terms, the performance of partially subterranean spaces is quite influenced by the hygrothermal properties of soil and available stones for building construction.
Table 1 Climatic and geological characteristics of the two regions under examination
Altitude (m)
Mean min–max temp. for the coldest month (°C)
Mean min–max temp. for the hottest month (°C)
Mean min–max RH for the coldest month (%)
Mean min–max RH for the hottest month (%)
Mean annual precipitation (mm)
Geology

Coastal Region (Maroni)
70
6.1–17.6
20.0–33.6
34–100
22–92
384
sedimentary stones

Mountainous Region (Askas)
900
3.0–10.4
20.2–30.9
12–99
7–92
699
silica-rich soils, igneous stones

The local climatic conditions and geological characteristics in each of the two
selected regions will be examined in this study in order to investigate how these
conditions affect the environmental performance of partially subterranean spaces.
2.2

Selection of Case Studies

Based on a survey of a total of 30 traditional dwellings in each settlement under
study, it is found that partially subterranean dwellings account for a significant 93% of
the mountainous settlement of Askas, while their appearance in the coastal settlement of
Maroni is restricted to 13%. This is in line with related literature that asserts that
partially subterranean dwellings are most commonly found in the mountainous
settlements of the island. Onsite measurements have been conducted in five
representative traditional dwellings; two located in the coastal region (CA and CB) and
three in the mountainous region (MA, MB and MC) (Table 2). In each case study
building, measurements were taken for one partially subterranean space, i.e. CA1, CB1,
CB2, MA1, MB1 and MC1, and one reference above-ground space, i.e. CA2, CB3, CB4, MA2,
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MB2 and MC2, for comparative analysis. In case study CB, measurements were taken in
two partially subterranean spaces and two above-ground reference spaces.
Coastal Region (Maroni)

CA1

CB1

CB2

MA1

MB1

MC1

CB
CA

Mountainous Region (Askas)

Table 2 Maps of Maroni and Askas settlements presenting case study buildings.
Sections and images of case study partially subterranean spaces
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MB
MA
MC

The case studies are representative of the prevailing traditional building materials
and cover a variety of typologies, as well as spatial configurations applied on the local
traditional architecture of the island (Table 3). Partially subterranean spaces in the
coastal region of Maroni settlement are characterized by thick stone-built masonries (0.5
m thick) constructed by local, almost rectangular, sedimentary stones and have limited
number of window openings (Table 3). Case study CA1 is a representative example of
the double-space (dichoro) typology while case studies CB1 and CB2 are representative
of the wide façade single-space (monochoro platymetopo) typology which generally
prevails within the Maroni built stock. The three case studies host main living activities.
The partially subterranean spaces under study in the mountainous region of Askas
settlement are constructed by local igneous stone approximately 0.5 m thick. Case
studies MA1 and MB1 are representative of the narrow façade single-space (monochoro
stenometopo) and wide façade single-space (monochoro platymetopo) typology
respectively, while MC1 features the double-space (dichoro) typology. It is noted that
entrance doors are the only means of fenestration in the selected case studies. Case
studies MA1 and MB1 have preserved their original use as storage spaces while case study
MC1 has been converted into a main living space.
Table 3 Typological, spatial and constructional details of partially subterranean spaces
Typology

Orient.

Type

Window
Configuration

Masonry
Construction

Roof Type

sedimentary
stones and
mud
in-between

decked by upper
storey
decked by upper
storey
flat

igneous stones
and mud
in-between

decked by upper
storey

Coastal Region (Maroni)
CA1

double-space

NE

CB1

single-space

E–W

CB2 single-space E–W
Mountainous Region (Askas)
MA1 single-space MB1 single-space E
MC1 double-space NE

2.3

low + shutters

single-sided

low & top +
shutters
top

double-sided

fenestration on door

-

double-sided

Onsite Measurements
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Environmental data, i.e. air temperature and relative humidity, was taken during
the hot, summer period (18th to 31st July 2014) and cold, winter period (13th to 22nd
January 2015) to provide an environmental performance evaluation of the partially
subterranean spaces, during both extreme climatic conditions. For the environmental
monitoring of the indoor spaces, Easylog data loggers, were placed 1.5 m above floor
level and recordings were undertaken at a 30-minute intervals. Outdoor measurements
were taken with VantagePro weather stations in each settlement.
3

RESULTS

3.1

Thermal Performance during the Hot Summer Period

The section below presents and analyses the results of onsite recordings in partially
subterranean spaces for coastal and mountainous regions during the hot, summer period.
3.1.1

Coastal Regions

The monitoring results in the coastal region during the hot summer period show
that maximum temperatures in partially subterranean spaces remain significantly lower
compared to the temperatures of the above-ground reference spaces and the outdoor
environment. More specifically, mean maximum temperature in partially subterranean
spaces, ranges from 27.4 to 29.1°C, in above-ground reference spaces from 29.2 to
33.1°C and in the outdoor environment is 30.4°C (Table 4). Measurements in partially
subterranean spaces, during the hottest day of the monitoring period, indicate a
significant reduction of maximum outdoor temperature (between 3.4 and 4.9°C). The
mean diurnal temperature fluctuations range between 0.1 and 0.7°C, indicating that
temperatures in partially subterranean spaces remain fairly constant. On the other hand,
relative humidity in all the three case study spaces —remains stable, i.e. with small
fluctuations from 2 to 7%— although it exhibits high values. Specifically, relative
humidity within the acceptable limits of 40–70% is observed only for 52%, 6% and
18% of the registered data in spaces CA1, CB1 and CB2 respectively (Table 4). In contrast,
the above-ground reference spaces present sufficient performance in terms of perceived
humidity; all the registered data in cases AC1 and BC3, as well as 84% of the registered
data in BC2, remains below the 70% upper acceptable limit. In general, although partially
subterranean spaces achieve significant reductions in terms of maximum temperatures,
relative humidity exceeds acceptable comfort levels.
3.1.2

Mountainous Regions

Based on on-site recordings in the mountainous regions, it is found that mean
maximum temperatures in partially subterranean spaces show a range between 24.4 and
25.7°C during the hot, summer period. Mean outdoor maximum temperature for the
same period is 28°C, while mean maximum temperatures vary between 28.2 and 29°C
in above-ground reference spaces. These results indicate that mean maximum
temperature in partially subterranean spaces remains significantly lower compared to
above-ground spaces and outdoor environment. During the hottest day of the monitoring
period, the indoor maximum temperature reduction in partially subterranean spaces
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ranges from 5.3 to 6.8°C. Despite the relatively large mean diurnal temperature
fluctuation of the external environment, i.e. 7.6°C, mean temperature fluctuations in
partially subterranean spaces are limited to 0.4–1.0°C indicating great thermal stability.
Relative humidity in partially subterranean spaces remains stable, i.e. with variations
from 5 to 16%, and within the acceptable comfort limits of 40–70%. In terms of both
summer temperatures and perceived humidity during the summer period, partially
subterranean spaces generally create favourable conditions.
Table 4 Summary of registered environmental data during the hot, summer period
Mean air temperature (°C)

Tmax_out-Tmax_in
Temp.
inhottest day
limits (°C)
avg
max
min fluct
(°C)
Partially Subterranean Spaces – Coastal Region (Maroni)
21.6–32.4
Out.
26.8
30.4 23.1
7.3
32.4*
CA1
29.0
29.1 29.0
0.1
3.4
29.0–29.5
CB1
27.9
28.0 27.8
0.2
4.4
27.5–28.5
CB2
27.0
27.4 26.7
0.7
4.9
25.5–27.5
Partially Subterranean Spaces – Mountainous Region (Askas)
17.3–31.3
Out.
24.3
28.3 20.6
7.6
31.3*
MA1
23.9
24.4 23.4
1.0
6.3
23.0–25.0
MB1
24.3
24.7 23.8
0.9
5.8
23.0–25.5
MC1
25.5
25.7 25.3
0.4
5.3
25.0–26.5
Above-ground Reference Spaces – Coastal Region (Maroni)
CA2
31.2
33.1 29.5
3.5
-1.6
29.0–34.0
CB3
28.7
29.8 27.7
2.1
1.4
26.5–31.0
CB4
28.8
29.2 28.4
1.2
2.9
28.0–29.5
Above-ground Reference Spaces – Mountainous Region (Askas)
MA2
27.0
28.2 25.7
2.5
1.3
25.0–30.0
MB2
27.4
29.0 25.8
3.1
0.3
25.0–31.0
MC2
27.4
28.6 26.3
2.4
0.8
25.5–30.5

Mean RH (%)

% of data in
which RH =
40–70%

RH
limits
(%)

avg

max

min

74
70
73
75

87
71
74
78

61
69
72
71

52
6
18

39–93
68–73
69–80
60–86

53
55
58
57

75
62
61
59

33
46
54
54

99
100
100

23–92
36–68
50–63
51–66

59
65
66

61
69
67

56
62
65

100
84
100

52–63
49–74
62–69

46
52
50

51
58
52

41
46
48

91
99
100

36–57
35–66
46–62

Tmax_in, maximum indoor temperature ; Tmax_out, maximum outdoor temperature; RH, Relative Humidity; * highest outdoor temperature

3.2

Thermal Performance during the Cold Winter Period

The section below presents and analyses the results of onsite recordings in partially
subterranean spaces in coastal and mountainous regions during the cold, winter period.
3.2.1

Coastal Regions

Based on onsite recordings, mean maximum temperatures in the partially
subterranean spaces of coastal regions are found to be low, ranging between 14.4 and
15.1°C during the cold winter period, whereas outdoor mean maximum temperature is
16°C. Mean maximum temperature in the spaces under study is observed to remain
lower compared to the outdoor environment (Table 5). However, mean maximum
temperatures in partially subterranean spaces, remain higher than the temperatures of
the above-ground reference spaces, which range from 13.5 to 14°C. Mean diurnal
temperature fluctuations in partially subterranean spaces are limited to 0.1 to 0.2°C. Due
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to their high thermal stability, partially subterranean spaces present a beneficial thermal
effect during night-time hours when temperatures are minimum. Specifically, mean
minimum temperature in partially subterranean spaces ranges from 14.2 to 15°C, in
above-ground reference spaces from 12.2 to 12.7°C and in the outdoor environment is
10.2°C. During the monitoring period, 96%, 5% and 0% of the registered relative
humidity data in partially subterranean spaces CA1, CB1 and CB2 respectively remains
below the 70% upper acceptable limit. According to relative humidity values, case study
CA1 which is the warmest space remains drier compared to other partially subterranean
spaces. In parallel, relative humidity in above-ground reference spaces satisfies comfort
limits for only 8%, 16% and 4% of the registered data in the case of CA2, CB3 and CB4
respectively. The analysis indicates that some environmental limitations occur in
partially subterranean spaces due to high relative humidity and low temperatures.
3.2.2

Mountainous Regions

The monitoring results indicate that mean maximum temperatures in partially
subterranean spaces of mountainous regions remain lower or slightly above, the mean
maximum temperature of the outdoor environment during the cold, winter period (Table
5). Specifically, case study spaces exhibit a range of mean maximum temperatures of
8.4–9.9°C when outdoor mean maximum temperature is 9.7°C. Nevertheless, mean
maximum temperatures in partially subterranean spaces remain higher than the
temperatures of the above-ground reference spaces (6.4–7.8°C). Mean diurnal
temperature fluctuations, in the spaces under study, are limited to 0.2–0.5°C.
Interestingly, partially subterranean spaces exhibit higher mean minimum temperatures
(8.0–9.7°C) compared to the above-ground reference spaces (5.1–6.5°C). It is also
demonstrated that 15%, 7% and 100% of the registered relative humidity data remains
within the acceptable comfort limits for the partially subterranean spaces MA1, MB1 and
MC1 respectively. This indicates that case study MC1, which is the warmest space,
remains drier compared to the other partially subterranean spaces. Relative humidity in
the above-ground reference spaces always falls out of the acceptable limits. Overall,
high humidity levels (recorded in two case studies), and low temperatures in partially
subterranean spaces, result in cold and wet indoor conditions during winter.
Table 5 Summary of registered environmental data during the cold, winter period
Mean air temperature (°C)

Tmin_in-Tmin_out
Temp.
in coldest day
limits (°C)
avg
max
min fluct
(°C)
Partially Subterranean Spaces – Coastal Region (Maroni)
Out.
12.9 16.0 10.2
5.8
8.3*
8.3–17.9
CA1
15.0 15.1 15.0
0.1
6.7
15.0–15.5
CB1
14.3 14.4 14.2
0.2
5.7
14.0–15.5
CB2
14.4 14.5 14.3
0.2
6.2
14.0–15.0
Partially Subterranean Spaces – Mountainous Region (Askas)
Out.
7.1
9.7
5.0
4.7
2.6*
2.6–16.3
MA1
8.2
8.4
8.0
0.4
4.9
7.0–9.5
MB1
8.2
8.5
8.0
0.5
4.9
7.0–9.5
MC1
9.8
9.9
9.7
0.2
6.9
9.5–11.0
Above-ground Reference Spaces – Coastal Region (Maroni)
CA2
12.9 14.0 12.2
1.8
5.7
11.5–16.5

Mean RH (%)

% of data in
which RH =
40–70%

RH
limits
(%)

avg

max

min

76
65
75
78

87
66
76
79

63
64
73
77

96
5
0

51–91
57–71
69–80
72–82

81
73
75
60

93
75
77
61

67
70
74
59

15
7
100

9–95
61–77
65–79
56–64

72

74

71

8

68–76
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CB3
13.2 13.9 12.7
1.3
5.7
12.0–15.0
CB4
13.2 13.5 13.0
0.5
5.2
12.0–14.5
Above-ground Reference Spaces – Mountainous Region (Askas)
MA2
5.7
6.4
5.1
1.3
1.9
4.0–8.5
MB2
6.3
7.0
5.7
1.3
3.4
4.5–9.5
MC2
7.1
7.8
6.5
1.3
3.9
5.5–10.5

73
75

74
77

72
75

16
4

68–78
69–83

82
79
72

83
80
73

80
79
71

0
0
0

77–85
76–82
70–77

Tmin_in, minimum indoor temperature; Tmin_out, minimum outdoor temperature; RH, Relative Humidity ; * lowest outdoor temperature

4

DISCUSSION AND CONCLUSIONS

The analysis above indicates that partially subterranean spaces have a high
environmental potential in the Mediterranean climatic context. It has been demonstrated
that during the summer period, in both the coastal and mountainous regions of the
island, partially subterranean spaces cause a considerable dampening effect of the
external thermal inflows due to the thermal mass of the earth. Furthermore, compared to
above-ground reference spaces, partially subterranean spaces provide significantly
lower temperatures improving thermal comfort conditions. In terms of humidity levels,
partially subterranean spaces in mountainous regions have the capacity of regulating
indoor humidity within the acceptable levels. In contrast, case study spaces in the
coastal region exhibit high humidity which has a negative impact on comfort conditions.
These results are in line with the findings reported in other studies [3].The humid
climate, the poorly drained soil, as well as poor ventilation, may explain these results.
The environmental limitations entailed by high humidity might explain why traditional
partially subterranean spaces rarely appear in humid climates as stated in related
literature [7]. The enhancement of air movement through natural ventilation constitutes
a passive design strategy which could minimize dampness in partially subterranean
spaces in humid climates. The generally shallow plan layouts and wide façades of
traditional rooms in coastal regions of Cyprus, offer a good potential for sufficient
natural ventilation.
The onsite monitoring results during the winter period show that the thermal
comfort conditions of partially subterranean spaces, in both coastal and mountainous
regions, are unsatisfactory and need further improvements. The thick, high mass
building envelopes, and the small and limited window openings, minimize the potential
for solar passive heating. However, despite their insufficient performance, partially
subterranean spaces exhibit higher temperatures than those of the above-ground spaces
confirming the function of earth as insulator and heat retainer. Considering the high
thermal inertia of the earth, the study argues that if mechanical heating is implemented,
indoor temperatures will remain within thermal comfort limits for a large part of the
day. In parallel, mechanical heating would probably improve humidity levels as a result
of rising temperatures causing the air to dry up.
Overall, the present study demonstrates that partially subterranean spaces cannot
be treated in a uniform way while a number of parameters, such as the local climate and
geology, openings and natural ventilation conditions, form determining factors of their
thermal performance.
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ABSTRACT
Through the Social Electricity Online Platform (SEOP) European project, various learning
modules, educational content and online eco-feedback platforms have been developed, to raise the
awareness and knowledge of citizens about energy, the environment and sustainability. The
platform allows European citizens to become educated on energy-saving practices and techniques,
including the use of renewable technologies at their home. Moreover, through the Social Electricity
application, people may become aware of their electrical energy consumption by means of
comparisons with the corresponding electrical consumption of their friends, as well as with the total
consumption in the street, neighbourhood, village, city and country where they live, in a
collaborative and social environment.
In this paper, a pilot study performed in 8 European countries involving more than 300
European citizens is presented, in order to demonstrate the influence of online learning modules and
eco-feedback platforms on the everyday lives of people, in terms of rational energy use and energy
savings. In this pilot, participants have been divided into two groups: the one uses the four learning
modules of the platform and then the Social Electricity application, whereas the latter uses only the
application. This paper describes our overall findings after three months, exploring the
completeness and educational value of the learning modules, and the potential of Social Electricity
as an effective online tool for personal energy management. The results also evaluate the impact,
behavioural change and the increase on energy awareness among the two groups, as well as the
general effectiveness and acceptance of the platform.
1

INTRODUCTION

Without a doubt, concerns on environmental protection due to the high greenhouse gases
emissions is today a key driver for the global need for electrical energy saving. Nowadays, people
realize that the electricity they use originates mainly from coal or hydrocarbon-based power plants,
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which emit carbon-dioxide which is severely harmful to humans and the environment. Moreover,
energy should be conserved since we are consuming a disproportionate amount of energy and that
day is not far when all our non-renewable energy fuel resources will be exhausted forcing us to rely
just on renewable sources [1].
Apart from the above, electrical energy saving also helps electricity consumers to save money
and mitigates the numerous adverse environmental and social impacts associated with energy
production and consumption. These include air pollution, acid rain and global warming, oil spills
and water pollution, loss of wilderness areas, construction of new power plants, foreign energy
dependence and the risk of international conflict over energy supplies. In addition, proper energy
use extends the lifetime of electrical equipment and reduces the maintenance cost by operating less
hours and at less than maximum capacity [2].
European citizens need to understand the political, social and environmental implications of
energy consumption and dedicate their efforts to consume energy more rationally. A crucial issue
that hinders the awareness of citizens about energy is the absence of effective information and
communication technology (ICT) infrastructures that would help people to perceive the effects of
their actions on the physical and urban environment. Unfortunately, current ICT platforms that aim
to educate people about energy conservation are rather isolated and incomplete, not based on any
methodological and analytical techniques [3-6]. An example that highlights this inadequacy, is the
fact that in most European countries, people receive an electricity bill only once every month (in
some countries even once every two months), and they cannot understand whether their electrical
consumption is low, medium or high. This could be facilitated by ICT platforms that present
electricity-related information to citizens in real-time, allowing them to compare their consumption
with the past, and also with their neighbours or friends.
In order to address these issues, the Social Electricity Online Platform (SEOP) research
project has been created, in order to develop a social ICT platform that allows European citizens to
be educated about energy saving practices and techniques and the crucial importance of energy
conservation for the society and the environment [7]. SEOP consists of a high quality consortium,
merging the experience of the University of Cyprus acquired during the design and deployment of
Social Electricity application, together with the expertise of other partners (CARDET, ECC,
INTEGRA and QUALED) in the domain of learning and education. A critical aspect for the success
of the project and the maximization of its content quality and exploitation is the participation of
public and private energy and electricity agencies from Europe such as EAC, KREA and MIEMA.
In addition, the community based organization Meath Partnership infuses to the project the elements
needed to be effective and practical in local/communal level. Finally, the University of Athens
assists the development procedures with its knowledge in analysis of Internet applications and
online social networking. The project has two main objectives, on one hand to help people to
become more energy aware and to conserve energy and on the other to develop new learning
strategies and techniques to educate people effectively towards environmental sustainability.
In this paper, the SEOP project and the online tools of the SEOP platform are presented and
described. Further, a pilot study performed in 8 European countries involving more than 300
European citizens to demonstrate the influence of online learning modules and eco-feedback
platforms on the everyday lives of people, in terms of rational energy use and energy savings is
carried out. In this pilot, participants have been divided into two groups and then use the tools of the
platform. The former uses the four learning modules of the platform and then the Social Electricity
application, whereas the latter uses only the application.
Section 2, gives a brief description of the SEOP project, as well as the tools of the platform,
the four learning modules and the Social Electricity application. In Section 3, the methodology used
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for the pilot test is described, whereas the results of the pilot test are presented in Section 4. Finally,
the conclusions are summarized in Section 5.
2

THE SEOP PROJECT

The SEOP project has been funded by the Lifelong Learning Programme [7] of the European
Commission, aiming to develop a social ICT platform that allows European citizens to be educated
about energy saving practices and techniques and the crucial importance of energy conservation for
the society and the environment. The project has two main objectives, on one hand to help people to
become more energy aware and to conserve energy and on the other to develop new learning
strategies and techniques to educate people effectively towards environmental sustainability.
The former goal has been approached by applying state of the art methodologies and
pedagogical approaches to influence people to acquire a more sustainable, green lifestyle. These
methodologies and approaches have been implemented through various modules, which will
educate people about rational energy management and use. The latter aim has been approached by
observing, analysing and experimenting with the applied methodologies and their design elements,
in order to assess each of them, identifying their advantages/weakness, and choosing the ones that
prove to be more effective. These methodologies/features/elements have then been integrated to the
online tools developed through the project.
Another important objective of the project was to encourage people to engage themselves in
energy saving practices, forming communities related to sustainability and proper use of energy,
increasing their willingness to help other people to become more sensitive about energy and about
their physical and urban environment. People have been encouraged to contribute to the community
by expressing their experience and expertise in energy saving efforts, sharing with others their best
practices for energy conservation and rate other people’s approaches for energy conservation.
SEOP platform has a pedagogical character based on state of the art methodologies relating to
adult education. The pedagogical approach of the online learning platform is based on the latest
developments in the field of adult training and e-learning. The platform hosts four learning courses
for educating citizens on issues related to home energy management, proper use of domestic
electrical appliances, as well as use of renewable technologies such as photovoltaics and wind
turbines.
Finally, the project extends the award-winning Social Electricity Facebook application [9-11],
an online application which helps people to manage their personal consumption collaboratively, by
interacting and comparing with friends, neighbours and other users.
2.1

Learning Modules

SEOP platform has been enriched with four learning courses for educating citizens on issues
related to home energy management, proper use of domestic electrical appliances, as well as use of
renewable technologies, as shown in Figure 1. In order for a user to complete the online modules,
he needs to register to the platform and create an account [7]. By successfully completing the tests
of all the four courses, the user receives a certificate, signed by the consortium of SEOP.
The first module, which concerns Digital Literacy, prepares users to apply basic knowledge
regarding digital participation in online spaces. The users are introduced to online etiquette rules, as
well as to various social media tools for communication, such as Facebook and Twitter. With this
module the users are also trained on how to effectively use the various tools of SEOP, in order to
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increase their knowledge on energy, electricity and sustainability and to be able to properly manage,
compare and improve their daily energy consumption.

Figure 1: SEOP Learning Modules
The second module concerns Energy Management, which aims at providing awareness about
the global need for electrical energy management and energy savings. The module provides a
background on the EU policies for energy management and some good practices that can be used to
achieve energy savings in houses or office environments. Also, with this module users can become
familiar with energy management techniques that can be used in daily life and learn what can be
gained by applying some of these energy management techniques at their own home. Finally,
participants will learn about the main renewable energy technologies that exist at the market today.
The third module is about Green Solutions and Green Practices, which aims to increase
citizens' knowledge on various electricity saving opportunities regarding household electrical
appliances, as well as on the use of the most energy efficient lighting solutions and finally to
introduce the most promising renewable energy technologies that can be used in the household for
local production of electricity, such as small photovoltaic systems and small wind turbines.
Finally, the fourth module relates to the Social Electricity application, assisting the users to
register and use the social application. After registering to the application, the users are able to
manage their personal energy consumption in a social, collaborative way, with the support of the
online community of Social Electricity. They can also receive breakdowns of their monthly
electricity consumption, set goals, and compare information regarding electricity consumption with
their friends and neighbours, people living at the same city/country, or people from Europe sharing
similar home characteristics including use of the same renewable technology.
2.2

Social Electricity application

As mentioned above, the project extends the award-winning Social Electricity Facebook
application (shown in Figure 2), which helps consumers to perceive their energy behaviour by
comparing their footprint with the one of their online friends and other contacts [8-9]. Social
Electricity aims to raise the energy awareness of users by exploiting social norms, normative social
influence and various eco-feedback services. It allows people to collaborate and exchange knowhow and experiences in the domain of home energy management, towards the co-creation of
knowledge and more informed choices that may lead to energy savings.

56

Figure 2: Social Electricity Application
Detailed domestic consumption data from all around Cyprus is provided by the Electricity
Authority of Cyprus (EAC), for the last three years. Respecting the privacy of citizens, as shown in
Figure 3, the electricity measurements are aggregated at street level (address, postal code and city).
From this data, users can select the average consumption of their street as their personal
consumption, or they can add their own consumption each month [9].

Figure 3: Privacy of users
Comparisons can be performed among Facebook friends, citizens living at the same street or
town/village, or users sharing similar house characteristics (e.g. house size and type,
heating/cooling method etc.), as illustrated in Figure 4. Users can also compare their consumption
with the average one of their local street. Rankings are offered about the most energy-efficient
streets and villages near the user’s location, motivating people to acquire "region awareness",
inspired to take actions to help the local community maintain a better ranking. Temporal
comparative feedback is supported too, in regard to previous months and for the same month in
previous years. Users may also compare with their friends’ temporal patterns [9-11].

Figure 4: Fair comparisons with similar peers around your country
Besides the main features, the Social Electricity application gives useful tips to people to save
energy and become more educated about best energy-saving practices. Other features include
competitions for savings, learning material about green practices, online educational social games
relating to energy, statistics about the areas, villages and towns with the least/most energy
consumption around the country and the option to associate electricity with actual costs, enabling
users to have a more meaningful view of their energy profile. Comparisons and rankings are
presented by means of easy-to-understand graphs, with consumption and price figures [9-11].
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Moreover, users can add their personal electrical appliances and declare how they use them (e.g.
specs, frequency, time of use, consumption), and then view analytical breakdowns of their overall
monthly consumption according to the particular, seasonal use of their home devices, as illustrated
in Figure 5. After two years of operation, the application counts more than 2000 active users in
Cyprus and more than 500 users around the rest of Europe.

Figure 5: Breakdowns of total consumption to individual appliances
3

PILOT STUDY METHODOLOGY

During the last 6 months, a large pilot study in the countries of the project partners (Cyprus,
Greece, Ireland, Malta, Lithuania, Austria, Slovenia and Slovakia) was performed, in order to
evaluate SEOP and its online products (learning modules and Social Electricity application) on their
effectiveness and acceptance regarding influencing the European citizens for more rational use of
energy and reduction of their personal footprints. In the pilot study more than 300 European citizens
have participated from the aforementioned 8 countries.

The participants were divided in two groups. The first group completed the learning modules
before using the Social Electricity application, while the second group used only the Social
Electricity application. Each group at each country consisted of at least 20 participants. The
participants needed to fill three questionnaires (before, in the middle and after the pilot study).
The first questionnaire was about the users’ energy consumption habits before the treatment
methods, as well as their beliefs towards the environment (additional 22 parameters) [12]. These
parameters may characterize people’s quality of life (QOL) and their attitudes/behaviours related to
the environment (personal, social, economical and physical). The second questionnaire was
completed only by the participants of the first group, and related to the evaluation of the learning
modules with respect to their quality, educational value and completeness. The third questionnaire
was completed at the end of the pilot by the participants of both groups and was very similar to the
first one, asking about the participants’ energy consumption habits, as well as the aforementioned
22 QOL parameters. The aim of the first and third questionnaire was to capture any influence of the
study on the participants’ behaviours and habits. Furthermore, the final questionnaire included an
evaluation of the acceptance and effectiveness of the Social Electricity application.
Regarding the recruitment procedure, the partners of the SEOP project contacted their friends,
relatives and colleagues or students aged 20 to 70 years face to face or by telephone, to explain the
project and the importance to participate in the pilot testing process. Then the partners exchanged
emails with their participants regarding the pilot test categories in order to derive the most
appropriate category for them to participate, based on the time they could spend on the pilots or
their overall interest to become more engaged in the pilot tests. The partners tried to divide people
in groups A and B equally (without informing them about the existence of the other group), to avoid
other possible biases such as gender, age, area of living, income etc. After, the partners gave to the
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participants instructions about (a) how to participate in the different categories of the pilot tests, (b)
about the questionnaires they had to fill and (c) the deadlines for submitting them.
4

RESULTS

For the purpose of this paper, only 157 participants out of the 335 participants (who
completed the first questionnaire) have been considered, as only those have answered all the
questionnaires, participating at the pilots till their end. By comparing these 157 subjects, we can
make some conclusions about the participants’ behaviour before and after the study. The reasons
that some participants did not answer all the questionnaires are described in section 4.4. The results
of the analysis are described in the following sections.
4.1

Comparison of behavioural change

In order to proceed with this analysis, 157 participants from 8 counties (Cyprus, Greece,
Ireland, Malta, Lithuania, Austria, Slovenia and Slovakia) answering both the first and third
questionnaire have been considered. Table 1 shows the age of the participants, whereas the
education of the participants is shown in Table 2. It can be observed that although there was a
variety of the age and the education of the participants of the pilot study, most of them were of age
from 26 up to 45 and with a Bachelor or a Master degree.
Table 1 Pilot test participants’ age
Age (years)
20-25
26-30
31-35
36-40
41-45
46-50
Over 50

Percentage (%)
12
15
21
22
15
9
6

Table 2 Pilot test participants’ education
Education (degree)
Lyceum
Technical training
Bachelor
Master
P.H.D.
Other

Percentage (%)
1
13
29
42
9
6

From those participants, 74% had up to one cooling fan in their home, 76% had up to 2
heaters and 75% had up to one air conditioner in their house, as illustrated in Figure 6 (left). From
those having heaters in their house, it can be observed from Figure 6 (right) that there has not been
significant change in their behaviour regarding the operational mode of the heater, which remains
between 22oC and 24oC for around 85% of the participants.
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Figure 6: Heating and cooling systems (left) and heater mode (right)
Figure 7 (upper and lower, left and right) shows the behavioural change of the participants
regarding their habits which affect the electricity consumption of their house, before and after the
study. Specifically, there was an improvement after the study, regarding the use of open windows
when the fans are working during the day in summer, as 72% have rarely or never open windows
compared to the respective 66% before the study. Furthermore, there was a change in the use of
open windows when the heater is on, as 59% of the participants have rarely or never open windows
after the study compared to the respective 55% as declared before the study. As for open windows
during the operation of air conditioners, there was a slightly worse situation after the study, as 5%
of the participants who never open windows before the study, after the study they rarely open the
windows.
The results were improved regarding the use of daylight, turning off the lights when nobody is
in the room or leaving the lights on even when there is daylight outside the house, as shown in the
upper diagrams of Figure 7. Specifically, there was 6% improvement of using more frequently the
daylight after the study, 9% improvement of turning off more frequently the lights when nobody is
in the room and 5% improvement of not leaving the lights on even when there is daylight outside
the house.
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Figure 7: Behavioural change of participants’ habits
Moreover, by observing the lower diagrams of Figure 7, there was an improvement in the
behaviour of the participants after the study regarding (a) leaving home appliances on standby than
switching them off, (b) having computers switched off after 30 minutes of inactivity and (c)
unplugging the chargers after using them. Specifically, an additional 18% of the participants after
the study were rarely or never leave the home appliances on stand by, an additional 9% of the
participants more frequently switched off their computers after 30 minutes of inactivity and an
60

additional 7% of the participants unplugged their chargers after use compared to the respective
numbers before the study. Also, the participants learned during the pilot test to save energy by using
properly their refrigerator, as an improvement of 15% of the participants was observed as they now
always cool their food before storing it in the refrigerator and an improvement of 3% of the
participants was observed as now they always cover the liquids before storing them in the
refrigerator. As for the environmental concern of the participants regarding having access to clean
air, water and soil and to enjoy natural landscapes, parks and forest, it can be observed from Figure
8 that either an improvement or neither a deterioration has been occurred after the study and the
only conclusion that can be made is that the participants became more neutral on this matter.
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Figure 8: Behavioural change on environmental issues
4.2

Effectiveness of learning modules

As it is mentioned before, the second questionnaire targeted to get feedback about the opinion
of the group of users who completed the learning modules before using the Social Electricity
application (i.e. the first group), in order to understand the effectiveness of the learning modules on
helping the participants in saving energy. From Figure 9 (left), it can be observed that most of the
participants were pleased with the content of the learning modules, as 63% of them answered that
the information was well organized and presented, 71% of them answered that the language was
clear and 59% answered that the questions captured the important topics. However, almost half of
them didn’t find the navigation easy and didn’t find the content of the videos, animations and
images very helpful. Moreover, almost half of the participants found this learning method
convenient compared to traditional learning methods, as illustrated in Figure 9 (right).
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Figure 9: Learning modules quality parameters (left) and convenience (right)
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As to how the participants were assisted to become more aware of energy conservation by
using the learning modules, it can be observed from Figure 10, that more than half of them became
more aware of the topic after studying the learning modules.
4.3

Effectiveness of the Social Electricity application

The third questionnaire also had some questions for the participants regarding the Social
Electricity application’s quality and effectiveness. Specifically, around 65% of the participants were
satisfied with the effectiveness, the usefulness and the user-friendliness of the application, whereas
62% and 71% of the participants were positive regarding the potential and the design of the
application, as illustrated in Figure 11 (left). Furthermore, the application influenced 77% of the
participants to become more aware about their personal consumption, whereas 86% of the
participants were optimistic about the future potential of the application, as shown in Figure 11
(right).
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Figure 11: Quality (left) and effectiveness (right) parameters of Social Electricity Application
4.4

Lessons learned from the pilot study procedure

Although the users were at first very keen to participate, they were not very engaged with the
tests’ timetables and needed to be reminded through several emails and phone calls. All participants
were also receiving frequent, automatic reminders through the application. One important reason for
the moderate engagement was the complicated registration process, especially for the first group,
where participants had to register with personal details twice; once for the learning modules in the
platform and then again for the Social Electricity application. Also, in some countries there was a
problem with some participants understanding the procedure which was at first only in English and
there was the need for translation to their languages and for further personal advice or electronic
communication.
Another important reason for the low engagement was the timing of the pilot testing. The first
group had a deadline before the summer holidays, which is usually a busy period for all European
citizens. This meant that some of the users couldn’t finish all the modules in time since they needed
more time to go through all of them. Also, since the second part of the pilot tests (for both groups),
which was the use of the Social Electricity application, started during the summer period, many of
the users did not submit their home consumption reading (from the electricity meter) in the
application, as they were on holidays.
Moreover, an overwhelming majority of participants criticized the number of very personal
questions (income, but also personal beliefs), and it required a lot of energy (and time) to explain
the rationale and persuade them to continue with the testing.
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5

CONCLUSION

In this work, a pilot study performed in 8 European countries involving more than 300
European citizens is presented, to demonstrate the influence of online learning modules and ecofeedback platforms on the everyday lives of people, in terms of rational energy use and energy
savings. In this pilot, participants have been divided into two groups. The former uses the four
learning modules of the platform and then the Social Electricity application, whereas the latter uses
only the application.
The study shows that in most of the participants’ habits that affect the electricity consumption
in their house, there has been a small improvement between 5%-10%, during the period of the pilot
study. In some habits the improvement has been even higher around at 15%. However, in some
habits it is observed either a deterioration or a neutral situation. As for the learning modules
effectiveness, it has been observed that most of the participants are pleased with the content of the
learning modules and find this method very convenient. The only drawbacks of the learning
modules according to the participants, is that the navigation is not easy and they didn’t find the
content of the videos, animations and images very helpful. Regarding the Social Electricity
application effectiveness most of the participants are pleased with the quality of the application and
they find that the application made them become more aware of their personal consumption.
Finally, although the users were at first very keen to participate, they were not very engaged
with answering all the questionnaires. The main reason for this was the period that the pilot study
was carried out as it was right before and during the summer vacations. Also, the complicated
registration process and the fact that the procedure was at first only in English, made it difficult for
the participants to finish the study.
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ABSTRACT
At present, Europe turns its attention to the exploitation of the sea as a resource for
development in coastal cities. It targets marine growth through alternative methods of marine
development. Such methods are sought and analyzed based on European marine development
programs, such as Blue Growth. This program focuses on five growth pillars, i.e. marine tourism,
aquaculture, mineral resources, biotechnology and marine renewable energy. Renewable energy,
powered by the sea, is not a newly-used technique. It has been exploited throughout the years, using
a number of methods, the most common of which being wave energy. Many systems have been
developed for the exploitation of wave energy, most of which are based on the control of the wave
flow, the change of intensity or the rotation around an axis. Despite the positive results in
generating wave energy, these systems have failed to be associated with human scale, or to be
combined, in a more holistic manner, with productive landscapes. Moreover, they do not exhaust
their possibilities for environmental awareness and sustainability.
The present paper presents a design-based research that attempts to address the issue of wave
energy generation in a comprehensive manner, responding to the weaknesses of relative
applications up to date, as stated above. As a city with marine corrosion issues due to the lack of
suitable coastal engineering infrastructures, Kato Paphos has been selected as a case study. The
design-based research study proposal examines how coastal engineering infrastructures, and wave
energy generation applications, can turn into functional parts of the city. Of particular interest is the
study of a technological breakwater that maybe integrated into marine infrastructures. The proposed
breakwater allows the improvement of marine corrosion resistance in coastal environments, while it
allows wave energy generation. The design of the breakwater mechanism is simple as it functions
as a boat paddle and it is thus able to produce energy even from low-intensity waves. Moreover, the
design proposal is lucidly associated with other functional spaces, ensuring the development of
marine activities and thus promoting human interaction with the sea.
In summary, the present study indicates the possibilities of marine resource utilization and
wave energy generation through the use of marine infrastructures that may integrate a series of
spatial and functional requirements.
1

INTRODUCTION

Coastal cities have shown great interest in marine re-development in the last few years. They
have developed water-based building systems that take advantage of the water’s features and
exploit its possibilities [1]. Moreover; it has become evident that Europe focuses on innovative
1
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ways of developing water systems, which are predominately based on sustainability and ecology,
through programs of research and sustainable development.
1.1
From Water Cities to Hydro Cities
Living on the sea is not a new phenomenon. There has been notable growth of floating
settlements over time, the development of which may be attributed to a number of reasons including
topography, the need for protection from floods or other natural phenomena, financial and social
issues, as well as to the new phenomenon of ecological imbalance [2]. Planners and architects have
upgraded these settlements in urban scale, introducing the term of Water City, defined as a city that
is built on land, but is directly related to water. Six categories of Water Cities have been delimited
i.e. port cities, waterfront cities, river cities, canal cities, archipelago cities and island cities [1].
Contemporary urban theories discuss the evolution of the Water City into a Hydro City. This
can potentially be a city within which both land and water can be the carriers of urban functions,
infrastructure and identity. In this case, the boundaries of land and water are lost, while the main
aim of this transformation is the urban upgrading of existing cities [2]. Architectural proposals are
developed under two categories, either dispersed systems which are integrated in the city and solve
urban problems, upgrade and re-integrate marginalized areas, or consolidated ecological
developments with significant environmental and energy implications [3, 4].
1.2

Towards Sustainaquality: European Blue Growth

Based on the particularities of the seas surrounding Europe i.e. the Atlantic Ocean, the
Mediterranean Sea, the Black Sea, the Adriatic and the Aegean Sea, the North Sea and the Baltic
Sea, European programs such as Blue Growth and Europe 2020 support the potential of seas
becoming fundamental elements of new developments. They promote that marine exploitation can
offer economic, social and environmental sustainability to the city. More specifically, the Blue
Growth program focuses on four ecological pillars with high prospects of viability, i.e.
biotechnology; renewable energy, aquaculture and mineral resources [5]. European programs also
promote a comprehensive water policy based on the sustainable management of maritime activities,
and on sustainable marine planning and development [6].
Apart from the European interest, water-based building design and urban development have
also been developed by European planners and architects introducing the new concept of
sustainaquality, i.e. sustainable development in the marine environment. The term is defined in the
design research process, which seeks new ways to increase sustainability through design proposals
and developments directly related to water. The effort focuses on creating social, financial, as well
as environmental, sustainable developments.
2

LITERATURE REVIEW

2.1

Wave Energy Generation

Renewable energy, powered by the sea, is not a new research field. Throughout the years,
several studies have been conducted under this field, using a number of methods, the most common
of which being wave energy, with attempts dating back to 1890 [7]. Many systems have been
developed for the exploitation of wave energy, most of which are based on the control of the wave
flow, the change of intensity or the rotation around an axis (fig. 1) [8]. Wave power devices are
classified according to (a) the location, (b) the power-generation system and (c) the technology used
to generate energy from the waves. More specifically location-wise, wave power devices may be
located shoreline, near shore and offshore. Power-generation systems are hydraulic
ram, elastomeric hose pump, pump-to-shore, hydroelectric turbine, air turbine and linear electrical
generator [9].In relation to technology-based methods used for the generation of wave energy, the
2
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most common approaches include:point absorber buoys, surface attenuators, oscillating water
columns and overtopping devices [10]. The most widely used method of capturing wave energy is
through the installation of a wave farm; i.e. a wide number of wave power devices, working in
parallel at the same location. The first wave farm was constructed in Portugal in 2008, the
Aguçadoura Wave Farm, consisting of three Pelamis machines [11].
Despite the positive results in generating wave energy, these systems have a number of
weaknesses. They face common environmental concerns associated with their large scale and
roughness, including the danger of destroying marine fauna and flora by tidal turbine blades, as well
as the effects of underwater noise emitted from operating marine energy devices. Moreover, they
are isolated from the urban waterfront, rendering them non approachable [12].
A breakthrough, new system, that stresses the possibilities of an ecologically conscious
system for wave power generation, was presented in 2012. Eco Wave Power, originated from Israel,
is the first small-scale energy system, suitable for easy offshore applications, able to produce energy
even from very low-intensity waves [13].

Figure 1: Technology-based systems used for the generation of wave energy
Apart from the application in question, there are infinite possibilities for improving wave
energy systems especially by integrating them, in a more holistic manner, to a functional and
productive marine landscape, as well as by promoting education and environmental awareness.
2.2

Existing Breakwater Structures

A breakwater structure is designed to absorb the energy of the waves that come up against it,
either by using mass or by using a revetment slope. The first method of coastal protecting
infrastructures involves shielding the coast with boulders, protective walls or terraces [14]. The
most common protection method against waves and soil erosion, until recently, was the detached or
freeboard breakwaters, which form bulky structures able to withstand extreme undulations and
destroy, to a great extent, the wave energy on the leeward side. Although detached breakwaters are
totally effective to their purpose, they do not achieve the desired recirculation of water in the
protected area and thus, they do not safeguard the seawater quality [15]. The protection
infrastructures, whose longitudinal axis is perpendicular to the shoreline, are called cantilever
breakwaters [16]. These comprise the oldest and most popular engineering infrastructures of coast
stabilization. The main purpose of the cantilever breakwater construction is to reduce erosion and
control solidification. Acknowledging the importance of coastal zones, as an environmental and
economic resource, leads to the investigation of new methods of construction and management of
marine engineering projects. Thus, projects which minimize the environmental impact and
promoted the quality of user’s life have proven valuable for the coastal zones. Such engineering
projects are reef breakwaters, whose coronation is lower than the average water level [17]. These
constructions reduce, by a remarkable percentage, the wave intensity, while allowing the smooth
movement of the water, leaving the coastal currents to pass over the crest, facilitating the movement
of water, avoiding at the same time, the formation of stagnant water. Moreover, ecological
breakwaters are formed using permeable, semi-hollow concrete blocks that allow marine
ecosystems to be developed inside them. Lastly, floating breakwaters, i.e. technologically
manufactured systems, provide an alternative environmental solution for the protection of coastal
3
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areas, as opposed to conventional mass breakwaters. These technologies can generally be applied
effectively on coastal areas with mild wave environment conditions. They have been mainly used
for protecting small craft harbors or marinas and, less frequently, for preventing erosion issues of
shorelines. Due to the minimum required foundation on the seabed and the flexibility of their
layout, floating breakwaters have serious advantages over conventional ones. Specifically, the
interference of water circulation and fish immigration is drastically reduced, while the visual impact
is minimized [18]. Figure 2 shows the variations of existing breakwater structures.

(a)

(d)

(b)

(c)

(e)

(f)

Figure 2: Existing breakwater structures: (a) shielding, (b) freeboard, (c) reef, (d) cantilever, (e)
ecological and (f) floating breakwaters
3

DESIGN-BASED REASEACH PROPOSAL

3.1

Case-Study Area Analysis

Kato Paphos, as a waterfront of multiple activities and conflicting conditions, is selected as a
case study for the design of a new environmental marine development. Considering issues of
seasonal condensation, and concentration of different activities in a small space, as well as the
limitations of urban infrastructures posed by the existence of important antiquities in both the
marine and terrestrial area, a number of limitations are set in the expansion of waterfront
infrastructures and activities in Kato Paphos port area [19]. The sea, diachronically linked with the
city of Paphos, may form a fundamental element that will upgrade the region and highlight the
marine character of the city.
Moreover, the Paphos Local Plan 2011 pinpoints the need for a new type of marine
development in tourism, based on sustainability and environmental awareness [20]. The physical
characteristics of the city are analyzed, in order to demonstrate that there is an increase in activities
proximity to the waterfront. Another important element that shapes the relationship of the city to the
sea is the way by which the city goes down to the seafront through two main vertical road networks.
The analysis showed a strong change in the intensity of the coastal front during the winter, while
most activities involve commerce, trade and typical recreational facilities.
An analysis of wave direction in Paphos indicates that the prevailing direction of waves is
mostly west to northwest. There is a unified project of coastal protection in Paphos Local Plan to
construct 14 breakwaters to protect the coastline of Paphos [20]. However, the areas in front of the
main pedestrian axis, and next to the Baths Municipal Beach, despite the major marine issues they
are facing, are not included in the breakwater construction planning, due to the existence of the
ancient breakwater. More specifically, these areas are affected by major land disasters during the
winter period. Important damage has been caused mainly around the area of the Baths Municipal
Beach, which spreads around 550 meters. Marine corrosion issues, due to the lack of suitable
coastal engineering infrastructures, are increasingly obvious every year. Two reasons contribute to
this effect, i.e. the ancient breakwater, constructed to protect the ancient city of Paphos, is parallel
to the direction of the waves negatively affecting the area; and the cavity of the area which
increases the disasters.
The strongest features of wave-energy potential in the Mediterranean Sea are located in
eastern Mediterranean, and particularly in Levantine Basin. An integrated viewing platform allowed
4
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a high resolution mapping of wind and waves’ intensity, which was used to generate a 10-year
database on the potential of wave energy in the Levant basin [21]. The numerical results, analyzed
through a variety of statistical methodologies, indicated that areas with high values of wave energy
are located mainly on the western and southern coast of Cyprus, the sea area of Lebanon and Israel,
and the coasts of Egypt, especially around Alexandria. Being one of the four cities of the
Mediterranean Sea with the highest potential on wave energy development prospects, Paphos is an
unexploited source for an in-depth investigation of energy generation potentials [21]. More
specifically, when combined with the intensity of the wind, which flows mostly west to northwest,
the intensity of waves increases, rendering the coast of Kato Paphos an ideal point of intervention
for wave energy generation.
3.2

Design Proposal - Marine Development and Thematic Program

Drawing from the previous analysis of both wave energy power-generators and breakwaters,
this section presents a design proposal which refers to a marine infrastructure development which
examines how coastal engineering infrastructures and wave energy generation mechanisms, along
with their main objectives for coastline protection and wave energy generation, can turn into
functional parts of the city. The preliminary qualitative study presented herein, can be used as a
guideline reference for the prototype design process for the development of further potential coastal
engineering infrastructures.
The proposed marine interventions are formed directly by the axes of the city, both artificial
and natural. More specifically, the proposed program is based on three axes: the main horizontal
coastal axis, the main vertical axis of the city that leads to the water frontage and the axis that arises
from the direction of the waves. It thus, results in a hybrid program that shapes a relationship
between the users of the city and the sea, while it promotes a new productive landscape in the
threshold between land and sea. The study proposes three distinctive, although interlinked,
developments which host different thematic programs, i.e. transport and energy, aquaculture and
education (fig. 3).

Figure 3: Bird’s eye view of the general waterfront redevelopment master plan
Based on the analysis presented above, the proposed marine infrastructure targets to manage a
series of issues, referring to technological, functional, educational and environmental aspects.
Specifically, the new technological breakwater restores the function of the ancient roman
breakwater by creating a new shield of protection located vertically to the direction of waves, for
the sensitive areas of the Baths Municipal Beach and the pedestrian coastal axis. The new
technological breakwaters will reinforce the existing, passive breakwater, creating an energy cluster
around it, while it anchors resistance to an unprotected beach. Apart from coastal protection, the
technological breakwater system allows the exploitation of wave power for generating electrical
energy. The infrastructure mode such as piers, ensure additional docking spots for boats but also for
cruise ships, which at the present, cannot enter the existing port due to its shallow depth (fig. 4). In
addition, the deck of the piers allows the location of public indoor and outdoor spaces. These spaces
include recreational and educational functions that will address the inhabitants of the city and the
5
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temporary users of the waterfront of the city. Finally, the infrastructure accommodates aquaculture
research facilities, thus promoting the environmental character of the proposal.

Figure 4: Plan of the central hub, which can accommodate docking spots for boats and cruise ships
3.3

Technological Breakwater for Energy Production and Coastal Protection

A parallel analysis of breakwaters and power systems, as described above, is performed on
the design process of this new technology breakwater. The analysis focuses on the Eco Wave Power
system, which forms an innovation in wave energy generation as it is the first small-scale wave
energy system. The system is supported by two hydraulic mechanisms in two rotating points to
achieve flexibility. When the sea is calm, the system operates as a reef breakwater. When intense
wave turbulence occurs, the system is raised due to its hydrodynamic geometry, which functions as
a shield, creating a freeboard breakwater (fig. 5).

Figure 5: Perspective views of the proposed system both in calm sea and wave turbulence
Beyond its function as breakwater for coastal protection, the system allows the exploitation of
wave power for generating electrical energy. Its energy production operation is based on the
exploitation of the kinetic energy produced by the system due to the waves that come up against it.
The kinetic energy is converted into electrical and thus contributed to the energy supply of the
marine infrastructure, as well as the city. The main advantage of the system is that only buoys and
pistons are located in the water, while the entire technical equipment operates on land, thereby
improving reliability and providing easy access for maintenance and repair. Figure 6 shows the
flexibility of the proposed technological breakwater, depending on the waves’ intensity.
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Figure 6: Technical drawings of the system in different phases, according to waves’ turbulence
3.4
Design Development of the Technological Breakwater System
Α design-based research process was initiated in order to investigate the way that the
proposed technological breakwater can operate both as a protection and production system. In order
to determine the technological breakwater system’s geometrical characteristics, relative preliminary
investigation was undertaken (fig. 7). The typical inclination of a conventional breakwater is
adopted, but horizontally flipped. This geometry constitutes an effective breakwater system to
sufficiently stem the power of the waves, as well as to convert the wave energy into renewable
electricity. Additionally, the proposed angled geometry facilitates the lifting of the system while, it
functions as a protection shield for either the spaces on the piers’ deck or the coastline. The scale of
the system must remain relatively small, of about 5 meters length and 2 meters width, so that it can
be easily lifted.

Figure 7: Diagrams of the design process from the conversion of the conventional breakwater to the
technological breakwater
Apart from its geometrical characteristics, a preliminary study for the determination of
rotation points of the prototype system, were conducted. After design-based investigation for the
satisfaction of operational and construction restrictions, a system with two rotation points was
selected (fig. 8). Thus, the system is supported by a stable rotation axis and a set of hydraulic rams,
one at each side.

Figure 8: Perspective views of system’s structure, construction detailing and materials
Taking into account that the system may be either (a) a free-standing mechanism,(b)
integrated into a pier structure or (c) into a concrete base next to the coastline, the supportive
structural system was developed in order to enable its easy assembly on a series of different types of
marine intervention (fig. 9). The main axis of the construction and detailing design process serves to
standardize the floating, as well as the steel components in order to facilitate the construction. In the
longitude axis, steel frames are placed for the creation of a diaphragm of the structure in order to
address the static adequacy, as well as the rigidity, of the system.
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(a)

(b)

(c)

Figure 9: Easy assembly on different types of marine intervention: (a) free-standing mechanism, (b)
integrated into a pier structure, (c) integrated into a concrete base next to the coastline
The maximum function ability of a technological infrastructure, such as the proposed one, is
based on the material’s durability and lightness. Based on the analysis of existing wave energy
systems, plastic constitutes the most common material used for their construction. Thus, the
research focuses on plastic materials. Fiberglass is a lightweight and water resistance material used
for various floating constructions [22]. Apart from its lightness and high water résistance properties,
fiberglass is selected due its high tensile strength, construction flexibility, dimensional stability, as
well as its cost effectiveness [23]. Constructions made by fiberglass can be hollow with a
comparatively thin shell structure, sometimes filled on the inside with foam which further enhances
its mechanical properties [24]. Figure 10 shows the structure of the general construction and its
variations.

Figure 10: The main structure section and the variations of the structure. The structural system
can be easily assembled and can vary depending on the design of each intervention
4

MARINE NATURE AS A PART OF THE PRODUCTIVE PROCESS

The marine nature constitutes an important element in the design of marine infrastructures.
Aquaculture facilities are integrated in the proposed marine infrastructure. For the creation of
suitable infrastructure for aquaculture and aquaponics, mesh grid systems are proposed in order to
create a sheltered environment which, at the same time, allows interaction and coexistence of the
aquaculture with the marine natural ecosystem (fig. 11a). Moreover, the mesh grid systems are
located in the marine area which is protected by the technological breakwater, allowing the
development of habitats. In addition to the sheltered areas, the underwater steel structural system
allows the development of different nature conditions, thus offering opportunities for the creation of
diversified ecosystems attractive to divers (fig.11b).

8

72

(a)

(b)

Figure 11: Perspective views of aquaculture facilities in the proposed marine infrastructure
5

CONCLUSIONS

The design-based research presented herein, demonstrates the possibilities of marine
utilization and wave energy generation through the use of existing marine infrastructures that may
integrate a series of spatial and functional requirements. These spaces include recreational and
educational functions that address the inhabitants of the city and the temporary users of the city
waterfront. Moreover, the study indicates the potentials of the proposed wave energy system, not
only for energy generation, but also for the improvement of marine corrosion resistance (fig. 12). In
addition to the above, the infrastructure accommodates aquaculture research facilities, thus
promoting the environmental character of the proposal. Finally, the proposed design, for a new
ecological productive waterfront, allows for environmental education and awareness.

Figure 12: Perspective views of the functions of proposed infrastructures
Further interdisciplinary research for development of the technological breakwater system
will allow the quantitative calculation of the electrical power that could be generated through wave
energy generation as well as the estimation of its positive impact on the improvement of marine
corrosion resistance. The design-based study aims to address a series of coastal issues, which can be
applied not only in the specific area but also as design strategies for the environmental
redevelopment of the wider coastal area of the city (fig. 13). More specifically, the proposed system
could be used as a prototype for small scale coastal engineering infrastructures promoting
innovative and sustainable solutions.
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Figure 13: General perspective view of the marine infrastructure design proposal. Architectural
integration of technological breakwaters for wave energy generation and for the improvement of
marine corrosion resistance
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ABSTRACT
Renewable energy is important nowadays, not only as an environmental scientific issue, but
as an obligation with regard to European Union Regulations. Specifically, the 2020 European
Energy Strategy “Energy 2020 – A strategy for competitive, sustainable and secure energy”
requires each European Nation to increase their renewable energy penetration as well their total
energy efficiency by 20% and to reduce their total emissions coming from fossil fuels by 20%, by
the end of 2020. As a result, in recent years, scientific interest has increased toward the
improvement of the different renewable energy technologies and their optimum utilization in
different applications such as smart grids, micro grids, distributed generation at low voltage level
networks, low energy buildings and so forth. The paper mainly focuses on low energy buildings and
the optimum utilization of the renewable energy generation installed in them. This can be achieved
through various methodologies, among which artificial intelligence models and/or Demand Side
Management techniques, which can take into account different factors such as building location,
building construction materials, local weather data, payback period, electricity demand, user
behaviour and many others that will lead to meaningful and useful results. A review of the above is
made with regard to the various forms of renewable energy technologies. In particular, the main
emphasis is given to results that focus on the balance between the electricity demand along with the
renewable generation of the building itself, including storage, with the lowest installation cost and
the minimal payback period, so that the requirements for a nearly Zero Energy Building are met.
1

INTRODUCTION

The need for reducing the world’s primary energy – especially in the building sector – is not a
new topic and is a big concern for many scientists around the world, for the last few years,
especially in the building sector [1]. Furthermore, renewable energy is important nowadays, not
only as an environmental scientific issue, but as an obligation with regard to the European
regulations. Specifically, the 2020 European Energy Strategy requires each European nation to
increase their renewable energy penetration as well as their total energy efficiency by 20% and to
reduce their total emissions coming from fossil fuels by 20%, by the end of 2020 [2], [3]. As a
result, scientific interest has significantly increased towards the improvement of the different
renewable energy technologies and their optimum utilization in different applications.
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Important issues related to so-called Zero Energy Buildings (ZEBs) are the various definitions
that exist in literature for ZEBs and/or nearly Zero Energy Buildings (nZEBs), the different
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technologies applied in such buildings, the different applications in buildings such as renewable
energy utilization and Demand Side Management (DSM). No definition has been worldwide
accepted as a standard one for describing a building as a ZEB. However, various roadmaps and
guides are present in literature, which describe and explain the meaning of those buildings and the
different approaches for a building to be ZEB, nZEB, Net ZEB and so forth.
Based on the 2020 European Strategy, the European parliament published the 2010/31/EU
directive, in 2010, for encouraging all the EU member states to increase the energy efficiency of the
buildings, as the 40% of the total energy consumption in the Union corresponds to the residential
sector. Specifically, it is stated that from 2018 onwards all buildings occupied and owned by the
government shall be nZEBs, and from 2020 onwards all new buildings shall also be nZEBs. For
existing buildings, which go through either a full or partial renovation, the measures taken should
meet the minimum energy requirements for a nZEB, as long as these measures are technically,
functionally and economically feasible [4].
The directive does not specify any boundaries or methodologies regarding the energy
performance of the buildings, or any mapping towards a low energy building. However, system
requirements such as heating systems, hot water systems, air-conditioning systems, large ventilation
systems, or a combination of such systems should be considered in an nZEB. Furthermore, the
directive also encourages for building insulation, building integrated Renewable Energy Systems
(RES) and so forth, in order to improve the total energy efficiency, the total RES penetration and to
reduce the total CO2 emissions. For further information see [4]. As the directive does not specify
any methodologies or boundaries, each member state is responsible for applying its own
methodology and minimum energy requirements for nZEBs, as long as these measures contribute to
the nation’s actions for meeting the 2020 European strategy’s goals.
In reference [5] it is stated that a Net ZEB consumes a primary energy of 0 kWh/m2/year and
an nZEB consumes a primary energy larger than 0 kWh/m2/year – the minimum value of the latter
one is specified by each member state. In [6] a ZEB is defined as a building that consumes zero
annual energy and has zero annual carbon emissions. This is achieved using a combination of
energy generation from local RES and systems of high efficiency such as Heating, Ventilating and
Air-conditioning (HVAC), lighting, smart appliances, etc. [6]. In [7] the ZEB is described as a
general term that may also include standalone buildings (off-grid buildings) and a focus is given on
the term of Net ZEB, which mainly defines those buildings that are connected to the grid and
simultaneously balancing their energy taken from the grid with the Renewable Energy supplied to
the grid, over a period of time (usually a whole year). That is the main concept described by this
paper; however, insulation, HVAC, and so forth should not be avoided as the 2010/31/EU directive
requires. A typical diagram of such buildings can be seen in Figure 1.

Figure 1: Sketch of connection between
buildings and energy grids showing relevant
terminology [7]

Figure 2: Graph representing the net ZEB
balance concept [7]

The balance of the energy demanded from the grid and the energy exported to the grid for a
Net ZEB is shown in Figure 2. Regarding the nZEBs, as stated before each state has its own
methodology and definitions towards an nZEB depending on the energy total consumption of the
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country, climate conditions and so forth. As an example, in Cyprus a new building should be an
nZEB and meet the following criteria shown in Table 1.
Table 1: Cyprus Energy Performance Criteria for nZEBs [8]
Requirements
Energy Performance Certificates
Maximum consumption of primary energy for residential buildings
Maximum consumption of primary energy for non-residential buildings
Maximum thermal energy consumption in residential buildings
At least the 25% of the total primary energy consumption should be coming from RES
Maximum U-value of walls, columns and girders
Maximum U-value of horizontal surfaces (floors, roofs, etc.)
Maximum U-value of frames (doors, windows)
Maximum lighting power installed in office buildings

A
100 kWh/m2/year
125 kWh/m2/year
15 kWh/m2/year
-----------0.4 W/m2K
0.4 W/m2K
2.25 W/m2K
10 W/m2

As it has been shown above, for a low energy building it is necessary to use integrated RES
technologies. The use of building integrated RES technologies can further reduce the energy
demanded from the grid, as it will be shown in the sequel. Here are presented the different RES
technologies used in low energy buildings for local energy generation. Table 2 shows the different
RES technologies used in the most common types of low energy buildings. Various technologies
can be used in such buildings, among which solar thermal and PV technologies dominate, since
both of these technologies are very promising and can be used almost everywhere – especially the
solar thermal for domestic water heating. The rest of the technologies such as wind turbines,
biomass and GSHP are not very common due to their limiting factors, such as ground properties,
wind conditions, raw materials, visual impact (wind turbines), complexity and so forth.
Table 2: RES technologies in ZEBs
Reference

Building

ZEB Type

PV

[9]
[10]
[11]
[12]
[13]
[14]
[15]

Manufacturing Facility
Residential
Residential
Residential
Residential
Office
Residential

Net ZEB
Net ZEB
Net ZEB
ZEB
ZEB
nZEB
nZEB









Solar
thermal






Wind

Biomass

GSHP













Apart from the significance of the nZEBs and their application, the rest of the paper will be
concerned with the various methods on optimization of the RES technologies integrated in
buildings along with DSM. As a low energy building is a wide-range concept RES, DSM and
techniques for lowering energy consumption are the main pillars towards a low energy building.
Innovative optimization applications can further improve an existing, or even new, building to be a
low energy building. Such an application, related to the maximum utilization of the installed
Photovoltaics (PVs) in nZEBs, is also presented in the last section of this paper.
2

RENEWABLE ENERGY OPTIMIZATION IN BUILDINGS

The optimum dispatch of the RES in a building can effectively reduce the electricity bills, the
total energy consumption and further improve the energy harvesting from such technologies, in
addition to the energy efficiency of the building itself [3]. This section reviews the not so extensive
– as this concept is quite new – research done in recent years regarding the optimum utilization of
the integrated RES in a building with emphasis given to Smart Homes.
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In [16] the case for an efficient renewable energy management in smart homes is dealt with.
The main purpose is to minimize the amount of electricity of a house by introducing an alternative
method to the Net-Metering technology, which many residents adopted in recent years. Their
proposed method can be used with technologies using either wind energy or solar energy
harvesting. An algorithm is introduced, which reads the forecasted cloudiness of the sky and
predicts the solar energy that will be harvested from the installed PV panels for the next 24 hours,
using a model similar to the model developed in [17]. The system also uses a battery as an energy
buffer so as to allow the solar energy to be harvested at its maximum and avoid the export of the
excess energy to the grid as much as possible. Based on their model calculations, the authors can
predict the solar energy harvesting and the user’s energy consumption – during both the period with
the highest electricity rates and the period with the lowest electricity rates – for the next 24 hours.
This provides the algorithm with the information necessary to decide when it is best to power the
house from the grid, from the PV panels or from the battery, when it is best to charge the battery
from either the grid or the PV’s and so forth. Their system architecture can be seen in Figure 3.

Figure 3: System architecture [16]
With the aid of this approach the authors successfully managed to reduce the electricity bills
by 2.9 and 3.7 compared to the houses with and without net metering, respectively. Their
simulation results showed a good reduction of the peak demand thanks to the optimum utilization of
the battery system. Finally, electricity prices as well as the carbon emissions were also significantly
reduced, since the controller always keeps the energy drawn from the grid at the minimum level
possible.
In [18] an energy management scheme for a grid-connected building that uses PVs with a
storage system is introduced. The main objective is to maximize the energy harvesting of the PVs
with the aid of the storage system and simultaneously respect the grid’s constraints, such as power
limitation during peak times (high electricity prices) and the grid’s availability for selling the PV
excess energy. Furthermore, the rule of the power balance between the generation and the demand
is another objective that is included in this study. A communication between the building
supervision system and the grid is built in order to achieve the above objectives. At the present
state, the supervision system takes into account the load demand, the PV penetration, the battery
State of Charge (SOC) and the grid constraints (peak times). The grid’s limits are transmitted to the
supervision system through a communication network and in the form of discrete states, which are
modeled as Petri Nets (PN) states. With this information the supervision system takes different
actions, also modeled as PN states, based on the information mentioned above. The transitions
between all of the PN states are controlled by the supervision system, based on certain if-and-or
conditions. The authors demonstrated their results and showed a good interaction between the
network and the load. Moreover, the load, the PV system and the storage system can be well
controlled. The results can be seen in Figure 4.
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*PPV: Power produced by PVs
*PLD: Recommended load power
*PS: Power supplied from/to storage system
*PG: Power from/to grid
*PL: Load power recorded

Figure 4: Powers evolution recorded on 24th April, 2011 [18]
In Figure 4 it can be clearly seen that the power balance is well achieved with small
fluctuations and that the load can be controlled, since the recorded load (red line) follows exactly
the recommended load (light blue line) of the supervision system. In contrast with [16], this study
can control the load through load shedding and thus achieve a more accurate control and a higher
optimization.
Artificial Intelligence (Fuzzy Controller) was used for the energy management of a PV system
with storage [19]. The study was intended for a supermarket located in France and the main
experiments were focused in January. The primary goals were to reduce the electricity bills and the
CO2 emissions. These were achieved by supplying the supermarket with a higher amount of
renewable/cheap energy during the periods where the prices are high – i.e. in peak periods. At the
beginning three different price periods for winter were defined: Peak Period in Winter (PPW),
Shoulder Period in Winter (SPW) and Off-peak Period in Winter (OPW). Each price period has
different price and hence maximum allowable load power (subscribe power), for each period,
changes in discrete levels. As long as the load power does not exceed the subscribed power, the
electricity price is normal. Otherwise, the user gets penalized. The system ensures the above
condition is always avoided. Each pricing period is divided into operating modes, each of which has
its own objectives. The operating modes and their objectives are chosen based on the peak hours,
hours with high PV penetration, non-working days, off-peak hours, hours with low PV penetration,
and so forth. As an example, the OPW2 operating mode represents the period from 01:00 – 07:00,
where the PV penetration is low and the supermarket is closed (low demand). The objectives for the
OPW2 are to discharge the battery during the night so that it is ready to store the excess energy
from PVs in the next day, to consume/store the PV production and to ensure that the consumed
power is not higher than the subscribed power. Once the operating modes and their states (hours)
were defined the fuzzy rules along with the fuzzy controller were built. Figure 5 and Figure 6 show
the grid power to dramatically decrease, due to the optimization of the PV penetration and the
storage system. Furthermore, the load appears to change at a slower rate compared with the case
before the control (Figure 5), which is beneficial for both the utility grid and the user. Finally, the
power requested from the grid never exceeds the subscribed power and hence the supermarket never
pays a penalty. With this strategy the cost savings of the annual premium and the weekly
consumption were €24,597 (–31.00%) and €2716 (–30.93%), respectively and the CO2 emissions
were reduced by an amount of 3063 tones (–26.40%) in one week.
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Figure 5: Weekly consumption power profile
[19]
3

Figure 6: Simulation results from Monday to
Sunday [19]

DEMAND SIDE MANAGEMENT WITH RES UTILIZATION

Demand Side Management is also an important concept for the utilization of the RES in a low
energy building. DSM is a method used for the optimum control of the different loads connected in
a network. In general, DSM can be described as the control actions taken based on data collected
from different sensors at the consumption site [20]–[22]. Specifically, in an nZEB or Smart Home
environment DSM techniques are useful for optimally managing the home energy use regarding the
local generation (integrated RES), residents’ behaviour, electricity price and local weather. This
section reviews previous studies related to different DSM techniques combined with RES utilization
in a Smart (low-energy) building.
Building Energy Management System (BEMS) was the main interest of the study presented
by [23]. The main target is to reduce the electricity bill of a residential house, with integrated PVs.
With a 24 hour forecasting of the PV generation, the load demand, the electricity prices and the
house temperature, the above objective is met with a possible load control of few electrical
appliances. Based on the predictions, the BEMS tool decides when and how long to operate the
heaters, the washing machine and the dishwasher. The decision of the BEMS tool is also based on a
cost function so as to reduce electricity costs, but simultaneously accounting for the user’s
satisfaction. The cost function takes into account the forecasted demand, the forecasted energy costs
(PV energy consumed locally, PV selling energy and grid purchasing energy) and the forecasted
user’s satisfactory index. The heaters and the house thermal behaviour have been modelled by a
linear first-order system and as a result the response of the load demand curve – controlled by the
BEMS tool – behaves as a discrete function. With this modelling the authors achieved an easy but
effective control scheme. Specifically, the washing machine and the dishwasher are activated during
times were the prices are low and the heaters are activated when the room’s temperature is less than
the set point. The authors tested their proposed method with three different scenarios; the real costs
based on the BEMS cost preferred solution, the real costs based on the BEMS comfort preferred
solution and the real costs based on the user’s (non-BEMS) solution. The costs for these three
scenarios were €5.9, €6.43 and €7.3, respectively, for a typical day (Figure 7). The daily costs of
electricity were reduced by an amount of 21.2% when BEMS cost solution is preferred rather than
the occupant’s solution. Finally, the average power is reduced in comparison to the power when
BEMS tool is not used (Figure 8).
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Figure 7: Global energy costs [23]

Figure 8: Fig. 6. (a) Instantaneous total power
consumption with and without BEMS, (b)
Average total power consumption with and
without BEMS [23]

Tascikaraoglu et al. [24] used solar radiation and wind speed forecasting along with DSM in a
grid-connected Smart Home, in Turkey, with integrated PVs, wind turbine and a storage system
(batteries & Electric Vehicle). An Artificial Intelligence (AI) model was developed, capable for
predicting the wind speed and the solar radiation. Their AI model combines the Empirical Mode
Decomposition (EMD) method with the Cascade-Forward Neural Network (CFNN). Due to the
high complexity of the system (number of occupants in the house, level of education, incomes, age,
etc.), a fuzzy logic controller was used for deciding the optimum DSM scheme of the appliances.
The optimum decision was based on the present and predicted SOC of the storage system (from
predicted RES and predicted demand), the electricity tariffs and the users’ preferences. In
comparison with [23] this research dealt with the time shifting of the washing machine and the
dishwasher based on weather and demand prediction. Furthermore, the users were informed about
the energy consumption and the CO2 emissions of each controllable appliance, the electricity prices
and the potential cost savings so as to be encouraged to cooperate with the proposed DSM scheme.
For the further increment of the level of comfort the habitats were also allowed to control the time
shifting and the on/off operation of the appliances, as long as they are already informed about the
optimum scheme and its benefits. The experiments were taken in February and August in order to
demonstrate the behaviour of the management scheme for two different seasons. The authors
proved that their Home Energy Management System (HEMS) with prediction was capable for
reducing the electricity bills, shifting the operation of the appliances to off-peak times and also
reducing the total shifting time of the controlled appliances for a whole year. In comparison to [23]
the authors further improved the performance of DSM due to the introduced prediction model.
An Active Demand Side Management (ADSM) scheme was proposed, in a building, with the
aid of an intelligent controller using Artificial Neural Networks (ANN) adjusted by Genetic
Algorithm (GA) [25]. The building itself had integrated PVs. The main objective of the study was
to maximize the consumption of the local PV energy, reduce the energy imported from the grid as
well as reduce the PV energy exported to the grid, but simultaneously not affect the user’s
preferences. The novelty of this system was the interpolation of the user with the controller. The
user was able to provide the controller with the favoured operation period of each controlled
appliance for the next day and based on the prediction of the PV generation a decision was made
regarding the optimum action of the appliances. This scheme was defined by the authors as an
ADSM scheme, since the user’s desires are not affected. Moreover, the controller was also
responsible for avoiding any overlapping between two or more appliances so that the PV selfconsumption is maximized.

83

Figure 9: Final response of the ADSM system
[25]

Figure 10: Optimized heaters’ power
consumption (black) and dynamic power price
(red) [26]

In Figure 9 the authors proved that their method is able to maximize the local PV selfconsumption. This was achieved by avoiding the overlapping between the appliances (peak load
reduction) and making the appliances to run when the PV energy is high (solid curve) and during
the period that the user defined before.
A Model Predictive Controller (MPC), for optimally shifting the load during the hours where
electricity prices are low and at the same time when the penetration of the renewable energy is high,
was demonstrated in [26]. The load of interest was mainly 10 heaters distributed in a residential
building with integrated PVs and a storage system. The optimum action taken from the MPC
controller was based on a 12–36 hour forecasting period of data, such as dynamic electricity price,
outside temperature, indoor temperature, solar irradiation and wind speed. Based on the above
information an objective function was used in order to reduce the energy costs, but simultaneously
respect the habitat’s comfort. As can be seen in Figure 10 the authors verified that their controller
can efficiently shift the heaters’ high demand to off–peak periods and also when PV energy is
available, resulting to the energy costs reduction.
Gudi et al. [20] developed a Binary Particle Swarm Optimization (BPSO) algorithm and
combined it with real Particle Swarm Optimization (PSO) mainly for optimizing the operation of
the appliances and for managing the energy resource (renewables & grid), respectively, in a
household. The main target of the above approach is to improve and determine the financial energy
costs of a building using DSM techniques. The user is able to add the appliance properties, the
duration of each appliance operation, the appliance preferred start time and the integrated RES
properties – including the storage – to the control algorithm through a Graphical User Interface
(GUI) platform. The tool takes into account all of the information above and also predicts the
electricity prices, the solar radiation and the wind speed and, as a result, it optimizes the utilization
of both the appliances and the RES. The energy costs are reduced through an objective function for
both minimizing the appliances’ energy costs and maximizing the utilization of the local RES and
the storage system. Moreover, the user is able to enable/disable the optimization for both the
appliances and the RES. The simulation results of the study showed that a reduction to the energy
costs is possible. Specifically, with optimized DSM only the potential energy costs can be up to
33% and with optimized DSM and optimized RES management the energy savings can further
increase.
In summary, both this as well as the previous section presented the recent research regarding
the optimal utilization of the most common building integrated RES technologies, either directly or
with the aid of DSM schemes. Many researchers have shown their interest regarding the above
methods and more can be seen in Table 3. The table shows the different researches based on RES
optimization and DSM techniques, and the specific methods that have been applied in each case.
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Table 3: Previous studies on RES optimization and DSM
Reference
[27]

[28]

4

Year

Optimization method

Main Objective

AI

RES
Optimization

DSM

RES

2013

Action Dependent
Heuristic Dynamic
Programming (ADHDP)
with PSO

Minimize the utility cost
function as seen by the load







PV
Storage

2012

Multi-agent Controller
with PSO

Optimize indoor
temperature, indoor
illumination level and
indoor air quality







PV
Wind
Storage













[29]

2012

MPC

Optimize heating demand,
electrical demand &
domestic water demand

[30]

2010

Distributed Architecture
Controller

Maximize the utilization of
PV through DSM

PV
Wind
Biomass
Storage
PV
Storage

A PROPOSED MODEL

Many residents adopted the technology of the net-metering, which is regarded as a promising
technology for reducing electricity bills. Net-metering is a technology that uses integrated PVs and
a special meter that measures both the energy imported from the grid and the energy exported to the
grid (from PVs), when the PV production is greater than the demand. In the case the total exported
energy – say for one year – is greater than the total demand the user is paid or gets energy credits
form the utility grid, otherwise the user pays for the difference. However, there are few
disadvantages making this technology difficult to be adopted in the near future. A major
disadvantage is the lack of control and the energy management of the PVs, due to the absence of a
storage system. Regarding the new concepts of smart grid, smart homes and low energy buildings,
traditional net-metering technology is not preferable as it is not flexible and also lacks of
intelligence and optimality. The excess PV energy is exported to the grid in a non-controlling
manner and without accounting for any grid congestions, peak load reduction, cost optimality,
carbon emissions, energy consumption, and so forth.

Figure 11: Architecture of Proposed RES management
A new approach is presented in this section combining the current technology of the netmetering with an intelligent optimality technique that will benefit both the user and the utility. This
is achieved by adding a storage system to the integrated PVs, in any type of building. The storage
system is controlled through an optimization tool that takes as main inputs the forecasted demand
and the forecasted PV production. The architecture of the proposed tool is shown in Figure 11. The
main aim of the proposed method is to maximize the utilization of the PVs with the aid of a storage
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system and thus reduce the daily electricity cost, the peak load – from the grid’s perspective – and
the energy taken from the grid. The controller behaves as a decision making tool, as it uses a battery
to store the required energy from the PVs at the right time. AI is used for improving the
performance of the suggested system. Particularly, the controller predicts the future demand and the
PV generation accurately, which are necessary for the optimization tool to decide correctly. This
also has the benefit to shorten the payback periods of the net-metering technology, especially in
countries where utilities stopped paying their customers for the excess PV energy.
The methodology being used in the proposed architecture is simple, but effective, as it
consists of two layers. The first layer contains two ANNs that are responsible for predicting the
daily production of the PVs and the daily demand. The first ANN takes as inputs past data, such as
solar radiation, wind speed, ambient temperature and PV cell efficiency. These types of data will
result to an effective prediction, since the PV output is affected not only from solar radiation, but
from the ambient temperature, which of course is affected from the wind speed and so forth. The
second ANN takes as input only the past demand, since the load demand depends not only on the
weather conditions but on the user’s comfort and behavior, too. Both of the ANNs are self-trained
by comparing the actual output with the predicted output through supervised learning law
algorithms. This particular layer will not be discussed any further as it will be completed as future
work. The second layer of the proposed architecture consists of the optimization tool, which is an
objective function that can be numerically optimized – e.g. with the aid of a MATLAB linear
programming algorithm. The objective function is shown in Eq. (1) and the constraints in Eqs. (2) –
(7).
24

J   cgrid (k ) | pgrid (k ) |

min

(1)

k 1

subject to:

pPV (k )  p bat.opt ( k )  pgrid (k )  pload (k )

(2)

pbat.avail (k )  pbat.opt (k )  pbat.avail (k  1)

(3)

pbat.avail (k  1) | p bat.opt (k ) |

(4)

pload (k )  pgrid (k )

(5)

0  pbat.avail (k )  pbat.max
 pPV.max  pgrid (k )  pload.max

(6)
(7)

where cgrid is the electricity price [€/kWh] for the period k (say hour), pgrid is the instantaneous
power demanded from the grid in period k [kW], ppv is the instantaneous power output of the PVs in
period k [kW], pbat,opt is the instantaneous optimum charge/discharge rate of the battery, positive for
charging and negative for discharging, in period k [kW], pload is the instantaneous load demand in
period k [kW], pbat,avail is the available charge/discharge rate of the battery for the period k [kW],
pbat,max is the battery rating power [kW] and pload,max is the maximum instantaneous demand [kW].
Note that at this stage the time of charge/discharge is not considered.
Now, regarding the above equality and inequality constraints, Eq. (2) has been added as it is
necessary for the power balance. Eq. (3) is necessary for “memorizing” the available rate of
discharge, which is the sum of the optimum battery rate of charge/discharge of the current period
(k) and the available rate of discharge of the previous period (i.e. k – 1). Eq. (4) ensures that the
optimum rate of discharge is always smaller than or equal to the available discharge rate. Eq. (5)
guarantees that the power supplied by the grid is always smaller than or equal to the load demand of
the period k. This ensures that the battery is never charged from the grid. Eq. (6) ensures that the
available discharge rate is always positive and smaller than the maximum power of the battery.

86

Finally, Eq. (7) ensures that the exported energy is not larger than the maximum power of the PVs
and also the imported grid power is not larger than the maximum demand.
The objective function J is able to minimize the daily electricity cost and energy consumption,
which is simply the sum of the hourly electricity costs throughout the day – i.e. from k = 1 (00:00)
up to k = 24 (23:00). The optimization runs only once per day, at 0:00, in order for the algorithm to
decide for the optimum dispatch scheme for the whole day and not for each period k. Hence, the
prediction tool should be as accurate as possible, so any significant errors, which may lead to wrong
decisions, are diminished.
The above problem is a non-linear problem due to the presence of the absolute terms. It is not
difficult to reduce it to linear (not shown here) by splitting the |pgrid| term into two separate terms
pgrid.1 + pgrid.2 and modify/add constraints accordingly (see for instance the methodology in [31]).
After linearization the algorithm was tested. For simplicity (as a first check), four (discrete) periods
throughout the day have been used, as listed below.
- Period k = 1: 00:00 – 05:00
- Period k = 2: 06:00 – 11:00
- Period k = 3: 12:00 – 17:00
- Period k = 4: 18:00 – 23:00
Each period corresponds to six hours and hence the values assigned to the variables, in each
period, correspond to the average value of each variable for the whole period. As an example the
average instantaneous production of the PV was 0 kW, 3 kW, 3 kW and 1 kW, for a multi-crystal
PV rating of 3 kW, in periods 1, 2, 3 and 4, respectively, in a small residential building in the city of
Limassol, Cyprus during a typical spring day. The same occurs with the load, which was 0.5 kW, 2
kW, 2 kW and 7 kW for the periods 1, 2, 3 and 4, respectively. As this is an early stage of the
project, these data are based on empirical estimates (not far from reality). Nevertheless, in a future
phase real data will be tested.
The batteries chosen were lead acid batteries of 10 kW rating. With an initial available
discharge rate of 2 kW and an average electricity price of 0.19 €/kWh, for all periods, the load
demand, the optimum electricity cost and the grid energy consumed can be seen in Figures 12–14.

Figure 12: Demand and PV for the four periods

Figure 13: Electricity Cost for each period

Figure 14: Grid energy consumed
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As can be seen in the above figures the algorithm decides correctly to charge the battery
during off-peak times and when there is a high PV penetration. As a result, the peak load, the
energy costs and the total grid energy are significantly reduced. Optimal utilization of the RES in a
building can lead towards the achievement of a low energy building. In this case study it has been
shown that when storage is added to the net-metering, the grid energy consumed can be
significantly reduced, in comparison to the net-metering scheme where the PV excess energy is
supplied to the grid in a non-controlling manner. Even the Net energy consumed is the same in both
schemes – net-metering and net-metering with storage – the carbon emissions and the instantaneous
demand differ. Thus, the proposed method can further increase the efficiency of the building itself,
as it manages to reduce the electricity costs, the peak load and hence the carbon emissions.
5

CONCLUSIONS

Recent academic research has been done with interest in the fields of peak load reduction,
electricity cost reduction and low energy buildings. Various methodologies have been proposed and
introduced for achieving the above targets. Such methods include RES utilization and optimization,
DSM and ADSM schemes, low energy buildings, Smart Grids and others. Furthermore, storage has
shown to be of high importance in relation to the above methods and technologies, since it can be
used toward energy management and optimization for both the load and the RES. The current study
has introduced a new method regarding the optimum utilization of the integrated PV technology in
buildings, and it has preliminarily shown that it can act beneficially both for the user and the grid.
Adding a storage system to the net-metering technology can significantly reduce both the
peak load and the electricity costs. Particularly, in the case studied the peak load has been reduced
by 94.83% in period 4, the hourly electricity cost has been reduced by an average of 80.49% and the
total grid energy consumption has been reduced by 61.54%. Finally, the proposed scheme also
showed that the grid can be less congested during peak times, since with the minimization of the
cost function the power demanded from the grid is automatically reduced at the minimum level,
without the need of any communication between the proposed system and the utility.
The proposed method can also integrate the minimum requirements for an nZEB. In
particular, adding constraints such as “the load cannot be larger than the maximum primary energy
consumption permitted” and/or “a percentage of the total daily consumption should come from
RES” are now possible due to the linearity of the problem. Nevertheless, such scenarios will be
considered in the near future. Finally, the completion of the whole schematic algorithm shown in
Figure 11, which will include the ANN application for predicting the daily production of the PVs
and the daily demand, remains of course the main goal of a future research.
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ABSTRACT
Establishing a proper layout and selecting a suitable turbine model are important steps in
developing a wind energy project. Wind turbines are designed for 20 years lifetime and according to
a number of standard climatic design classes, e.g. the IEC classes IA or IIIB. The Roman numeral
defines the wind speed class I, II or III and the letter defines the turbulence class A, B or C. Class
IA is the strongest standard class and the least strong class is IIIC. Installing a turbine of the
incorrect class on a site could result in premature structural failure and ruin a project. On the other
hand, installing a turbine from a class above that required could add unnecessary extra costs making
probably a project financially unviable due to reduced energy production.
The requirements of the wind turbine design classes are defined in the International standard:
IEC 61400-1 ed. 3 (2010) “Wind turbines Part 1 - Design requirements”. This IEC standard
describes seven main and three secondary parameters used to classify the site. Firstly, there is a
parameter describing the terrain complexity then six parameters relating to the site’s wind climate.
These seven main parameters are: i) terrain complexity, ii) extreme wind, iii) effective turbulence,
iv) wind speed distribution, v) wind shear, vi) flow inclination, vii) air density. The standard also
lists a number of “other environmental conditions” to be assessed for a site. Of these additional
parameters we have selected three parameters which are more likely to be critical and which are
best suited for estimation. These three parameters are: i) earthquake hazard, ii) lightning rate, iii)
extreme and normal temperature range.
In this work, the research team performs a site compliance study for a windfarm located in an
island of Ionian Sea consisting of three Enercon E-44 0.9MW (wind class IA) at a hub height of
55m. The comparative study is based on four different scenarios of wind potential measurements
from a 10m and 30m height meteorological masts (separate measurements, combined use of
measurements, time period 1 to 3 years). The quality of wind measurements is high and come from
the period before the installation of the windfarm. All measurements are long-term corrected based
on state of-the-art mesoscale wind data of duration of twenty years. The aim is to extract
conclusions about the differentiation of the site compliance results (based on four scenarios) and the
causes thereof. The results are strongly depending on the duration, the height and the availability of
measurements, the distance from the mast to windturbine and the long-term data. Finally, the
research team proposes yield/site verification requirements for a reliable site compliance study.
1

INTRODUCTION

Establishing a proper layout (position - siting) and selecting a suitable turbine model are
important steps in developing a windfarm. Wind turbines are designed for twenty years lifetime and
according to a number of standard climatic design classes, e.g. the IEC classes IA or IIB. The
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Roman numeral defines the wind speed class I, II or III and the letter defines the turbulence class A,
B or C. Class IA is the strongest standard class and the least strong class is IIIC.
Installing a turbine of the incorrect class on a site could result in premature structural failure
and ruin a project. On the other hand installing a turbine from a class above that required could add
unnecessary extra costs making a project financially less profitable or unviable.
Thus before the installation of a windturbine or a windfarm a special study is performed and
referred as site assessment or site compliance study. Through software package it is determined
which particular turbine class is suitable for a site. The module also helps the user identify critical
risks of a project in terms of the various IEC classification measures.
The requirements of the wind turbine design classes are defined in the International standard:
IEC 61400-1 ed. 3 (2010) “Wind turbines Part 1 - Design requirements” [1]. Table 1 defines the
fundamental design parameters of the standard wind turbine climate classes described above.
Table 1. The windturbine classes from standard IEC 61400-1 ed. 3.

The IEC 61400-1 ed. 3 (2010) standard (henceforth referred to as the “IEC standard”) sets the
seven main parameters used to classify the site. Firstly, there is a parameter describing the terrain
complexity then six parameters relating to the site’s wind climate. Thus these seven main
parameters are:








Terrain complexity
Extreme wind
Effective turbulence
Wind speed distribution
Wind shear
Flow inclination
Air density

The standard also lists a number of “other environmental conditions” to be assessed for a site.
These are the following:








Earthquake hazard
Lightning rate
Extreme and normal temperature range
Icing, hail and snow
Humidity, Salinity
Solar radiation
Chemically active substances

The last four parameters are examined only in special conditions if there is presence of them on
the site.

92

2

SCOPE OF THE STUDY

The aim of the site compliance study is to estimate directly or indirectly, the total loads that
will affect the planned turbines at a certain study and compare them to the design loads as certified
in the windturbine Type Certification [2] in order to validate or reject the layout of the windturbines
at the site. The research team performs a site compliance study for a windfarm located in an island
of Ionian Sea consisting of three Enercon E-44 0,9MW (wind class IA) at a hub height of 55m. The
comparative study is based on four different scenarios of wind potential measurements from a 10m
and 30m height meteorological masts (separate measurements, combined use of measurements,
time period 1 to 3 years).
The quality of wind measurements is high and come from the period before the installation of
the windfarm. All measurements are long-term corrected based on state of-the-art mesoscale wind
data of duration of twenty years. The aim is to extract conclusions about the differentiation of the
site compliance results (based on four scenarios) and the causes thereof. The results are strongly
depending on the duration, the height and the availability of measurements, the distance from the
mast to windturbine and the long-term data. In the end it is proposed the yield/site verification
requirements for a reliable site compliance study.
3
3.1

METHODOLOGY
Methodology in general and standards

The method consists of evaluating all design parameters for each planned turbine and
comparing them to the thresholds defined in the IEC standard. If no exceedance is found, then the
loads at the site will be lower than the certified ones (indirect load estimation); however should an
exceedance be found, then an additional load calculation would be needed in order to make sure
that the loads on site do not exceed the design loads of the windturbine.
The site compliance study is based on the IEC standard regarding wind turbine design and on
the MEASNET guideline [3] in regard to the evaluation of the site specific wind conditions. It is
important to notice that every windturbine manufacturer has internal recommendations; mainly
more strictly than the above mentioned standard and guidelines.
3.2

The input data
The site compliance study is based on the following input data:
i. Layout of planned windfarm
ii. Measurements
iii. Mast coordinates
iv. Installation report
v.
Report on the measuring campaign
vi. Topographic and satellite maps
vii. Digital height contour lines
viii. Roughness lines (data)
ix. Information about the canopy (height, density, etc.)
x.
Positions of existing windturbines and type of them (rotor diameter, hub height)

3.3

Methodology of this study

For the site compliance study it is used the software package EMD WindPRO [4] which
complies with the standard IEC 61400-1: Design requirements (ed. 3 - 2010). As calculation model
there is a capability to use one of the following software packages:
• WAsP [5]
• WEng 3 (WAsP Engineering) [6]
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The model which used was WAsP (version 11) and the measurements were from two heights
of 10 and 30m agl. The only difference of WEng is the quality level specific results and the more
choices that the user has.
The data used come from two wind masts (10m and 30m) which have been processed and
then applied the statistical methodology Measure-Correlate-Prediction (MCP) [7] through software
CRES WindRose between these two meteorological masts for the common period of measurements.
Then there was a long-term correction of time-series (wind speed meter) using the mescoscale data
EMD ConWx [8] at a height of 50m. The long-term correction was done by using wind speed data
from the nearest gridpoint of EMD ConWx database for a period of 20 years (1993-2012), as is the
lifetime of a wind farm.
Then the terrain information (orography, roughness, terrain, obstacles) along with the siting of
windturbines is entered to the software EMD WindPro. The calculation has done with the use of
software package EMD WindPro (version 2.9) and DTU WAsP and more specific with the module
Site Compliance of EMD WindPro which is certified by TUV SUD to comply with the standard.
In this study there was a lack of temperature measurements from the two masts so it was
impossible to calculate the temperature range.
4

PROJECT INFORMATION

4.1

Overview
Turbine type: Enercon E-44
Hub height: 55m
Tower type: Steel
Wind class: IA
Rated power 0.9 MW
Quantity: 3

The windfarm is located on Ionian Island in complex terrain area and the altitude of the site is from
1000 to 1100m asl.

Figure 1. The site of the windfarm in Google Earth.
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10m mast
Windturbine 1
30m mast

Windturbine 2

Windturbine 3

Figure 2. The site of the windfarm in Google Earth.
4.2

Main data of the windturbine

Figure 3. The technical data of the windturbine E-44 [9].
The type IA design parameters are the following [1]:
 Annual average wind speed Vave = 10,0 m/s
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Reference wind speed Vref = 50,0 m/s (10min)
Extreme wind speed Ve50 = 70,0 m/s (3s)
Reference turbulence intensity at 15m/s wind speed Iref = 16%
Maximal sector wise flow inclination FI= 8°
Wind shear a: 0,0-0,2
Turbine design lifetime T= 20 years
Normal system operation ambient temperature range of -10 C to 40 C
Extreme temperature range of -20 C to 50 C
Relative humidity 95%
Atmospheric content: non-polluted inland atmosphere
Solar radiation intensity of 1000W/m²
Air density of 1.225kg/m³

RESULTS

The comparative study is based on four different scenarios of wind potential measurements
from a 10m and 30m height meteorological masts as the following table:
Table 2. The four different scenarios of the study.

The correlation between the measurements of two masts is excellent with correlation factor R
equal to 0,93. Also, the correlation of measurements with the mesoscale data EMD ConWx from
the nearest grid point (at a distance of 1,1 km from the site) shows that the periods of measurements
are representative of the long-term status of the period 1993-2012. Thus, it doesn’t need to apply a
corrective factor to the existing measurements.
In the table 3, are illustrated the results of the comparative site compliance study using four
different scenarios of measurements.
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Table 3. The results of the study.

(°)

6

CONCLUSIONS – DISCUSSION

6.1

Conclusions

The terrain of the site (and the windturbines’ position) is complex. Regarding the wind
extremes, the four different scenarios have different heights and different time series, so the
software performs estimations by statistical distributions (Peak-Over-Threshold method (POT) –
Gumbel method [X]) and for all four scenarios in 50 years period. The scenarios 3 and 4 for the
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windturbine no 2 and no 3 have common results. The model chosen by itself to use the
measurements of the wind mast closest to the windturbine. The results show that all the estimated
extreme wind speed is under the limit of 50 m/s, so IEC I class windturbine is suitable for this site.
All these results are sensitive in terms of the chosen time series and their availability. Due to the
small distance between the masts this differences are small but not negligible.
In the first scenario the results of the first windturbine are the same with the results of the 3rd
scenario, due to the fact that the software uses the same information from the 10m mast.
Regarding to effective turbulence, there are small deviations from the limits of the standard,
due the use of measurements of 10m mast and the effect of the terrain. The IEC class I is sufficient
and the deviations are noticed in low wind speeds.
In the wind distribution there are small deviations from the standard in relative low wind
speeds (10-11m/s) and the distributions of the four scenarios are similar.
Regarding the calculation of the flow inclination the used method is based only on the terrain
inclination around the windturbines’ position so the results are the same.
The wind shear is influenced by the nearest vegetation and the orography. The existence of
low wind shear factor is a feature of the complex terrain.
The results in all four scenarios confirm that the choice of this type of wind turbine is
considered appropriate, as to the installation to the particular wind farm.
The area of the windfarm is seismic and lightning rate is acceptable.
6.2

Discussion

The variability of the wind potential of the reference period (1993-2012) is not at all certain
that it will continue to be the same for years, especially for the 20 years of operation of the wind
farm (2011-2031) when already new meteorological phenomena have appeared (extreme wind
prices, tornadoes) due to climate change.
The quality of the site compliance study could be improved:
 By using measurements as close as possible to the hub height of the wind turbine (at least
2/3 or more than 75% of the hub height).
 By installing more wind masts in representative positions of the wind farm, so that each
mast to cover an area with a radius of about 1 to 1,5 km. (in complex terrain), so that there is
a reduction in the percentage of uncertainty due to measurement.
 By measuring the wind potential for a longer period (5-7 years is the suggested time for site
compliance studies)
 By using a suitable climatic database for the long-term correction which appear high
correlation with the onsite measurements.
In the case of exceedances of the limits of the IEC class, a solution is provided through the contracts
with the manufacturer of the windturbines and conditions imposed on the use of restrictions in the
operation. Also, it is put responsibility concession terms to the project owner and highest fees for
the maintenance of the windturbines.
One solution for the limitation of power control per wind direction is the wind sector
management, which drives to an operation with power output reduction (derating) or pause of the
operation.
If there is increased turbulence (within certain limits) a different setting of the pitch control be
set or a possible different siting (if it is possible). The last solution is to reduce the number of the
windturbines.
Finally, if there are critical deviations from the IEC limits in the site compliance study, it is
suggested to use WEng and in the last phase to have additional load calculations from the
manufacturer of the windturbine so the lifetime loads do not exceed the design loads.

98

REFERENCES
[1] IEC standard 61400 -1, Ed.3 - Wind turbines – Part 1: Design Requirements, 2005-2008 with
amendement 1 (2010-10).
[2] DEWI-OCC. 2012, Type certificate of Enercon E-44.
[3] MEASNET procedure: Evaluation of the site specific wind conditions, Version 1, November
2009.
[4] Nielsen. 2013, EMD WindPro manual. Aalborg Denmark: ΕΜD International A/S.
[5] Mortensen, N.G., D.N. Heathfield, L. Myllerup, L. Landberg and O. Rathmann (2005). Wind
Atlas Analysis and Application Program: WAsP 11 Help Facility. Risø National Laboratory,
Roskilde, Denmark.
[6] Jørgensen, H.E., D.N. Heathfield, J. Mann, M. Nielsen and N.G. Mortensen (2005). WAsP
Engineering User's Guide. Risø-I-2391(EN). 70 pp. Jones, personal communication, 1992.
[7] Foussekis, D. , 2012. Manual of Windrose. CRES
[8] EMD-ConWx database from www.emd.dk
[9] Enercon. Enercon brochure. Homepage. Available at:
http://www.enercon.de/fileadmin/Redakteur/MedienPortal/broschueren/pdf/en/ENERCON_Pro
dukt_en_06_2015.pdf
[10] Tsagkaroulis, P., 2015. Diploma study in Energy Technology Engineering Department, TEI
Athens

99

Paper No1611

Master’s Program in Energy: Strategy, Law & Economics
Department of International & European Studies
University of Piraeus, Greece
The first interdisciplinary Master in Europe
N.E. Farantouris and K.C. Gkarakis
Department of International & European Studies, University of Piraeus, Piraeus, Greece
http://www.des.unipi.gr/metaptichiako-stin-energia, Tel. +30 210 4142394, M. +30 6945 510 510
80, M. Karaoli & A. Dimitriou St., Piraeus GR 18534, nfarant@depa.gr

KEYWORDS - Interdisciplinary educational program, Master’s Program, Energy, Strategy, Law,
Economics.
ABSTRACT
The Master’s Program in Energy: Strategy, Law & Economics is the first Master’s program in
Greece and one of the few interdisciplinary programs in Europe dedicated to this topic. It is
designed to prepare the next generation of interdisciplinary professionals seeking to obtain strong
academic skills in order to pursue careers in the energy industry, shipping, international
organizations, national and international oil & gas companies, renewables, government and
regulatory authorities, the media, policy making institutes and think tanks, consulting houses, law
firms, the diplomatic corps, etc.
The program is also geared to technocrats who are already working in the energy sector and
seek to become more involved in a dynamically developing field. The ultimate goal is this to
become a fully international program in English from 2015.
The curriculum of the Energy Master’s program has been designed with an interdisciplinary
approach in mind echoing the demands and expectations of the market where strategy, policy, law
and economics are more closely intertwined than ever before. Distinguished Professors
(economists, lawyers and political scientists) from the University of Piraeus and other Universities
from Europe and the US, as well as globally recognized experts, come together with great
enthusiasm in this innovative curriculum to address topical issues on Energy strategy, law &
economics.
The Master Program in Energy aims at providing the bridge between the academia and the
market. Therefore, it incorporates, besides the scheduled lectures and seminars, talks and
presentations by executives in companies of the energy sectors such as power plants, refineries and
supply terminals, as well as academic visits in research institutes, regulatory authorities and think
tanks.
In addition, after completion of the second semester and as part of the elaboration of their
Master thesis, students have the opportunity for practical training in the above mentioned
companies and organizations, as well as in other institutions in Greece and abroad in order to apply
their acquired specialized knowledge and gain important working experience.
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In this work the authors present in brief the content of the courses and the experience acquired
to date from the first 2 years of the Program. Also, they analyse the profile of students, their
background and there carrier before and after the Program.
1

INTRODUCTION

This program intends to tackle the constituents of Strategy, Law and Economics within the
field of energy. It is an interdisciplinary program, and it is tailor made to the demands and
expectations of the current market. It targets graduates who want to acquire strong employment
skills in the energy sector, in networks and infrastructure, in industry and shipping, in Greek and
international energy companies, in international and European organizations, public administration,
regulatory authorities, the media, analysis institutes and think tanks, consulting firms, law firms,
diplomatic corps, etc. It also addresses technocrats (who are already employed in the field and seek
to further hone their knowledge) or scientists wishing to enter the dynamically growing energy
sector.
This program blends the development of interdisciplinary theoretical knowledge with
practical training. The courses will be taught by distinguished academics and experts in the energy
sector and specializing in international energy policy, energy law, international energy relations and
the economics of energy.
The program addresses university graduates who wish to acquire in-depth knowledge with
practical training in various aspects of policy, law & economics of Energy as well as acquire
analytical skills using modern research methods.
In addition to regular lectures and seminars, the program includes lectures and presentations
in situ (e.g., in power plants, refineries, filling stations, law firms, arbitration courts etc.) as well as
visits to research institutes, independent authorities and energy companies.
This is the first postgraduate course in Greece, and one of the very few in Europe, dedicated
to the strategy, law and economics of energy.
It is intended for graduates who want to obtain solid skills to deal with the field of energy,
grids/pipelines and infrastructures, industry and shipping, in international organizations, Greek and
international energy enterprises, public administration, regulatory principles, mass media, institutes
of analysis and think tanks, associations of advisory businesses, legal firms, diplomatic corps, etc.
It is also intended for technocrats who are already employed and seek to further deepen in the
dynamically developing field of energy.
The structure of the postgraduate programme is based on the interdisciplinary and
incorporates the demands and expectations of the market where strategy, policy, law and
economics/economy combine and interact. The interdisciplinarity of the programme is reflected in
the teaching stuff and faculty members. Distinguished professors: lawyers, economists,
international relations experts and engineers from the University of Piraeus, other Greek and foreign
universities and internationally recognized experts in energy matters, cooperate enthusiastically in
this pioneering programme of studies.
The features, however, and finally success of the programme is guaranteed by the energy and
enthusiasm of the graduate students who embrace it with vigor, a penetrating look and a critical
disposition.
2

BRIEF CONTENT OF THE COURSES
The courses are the following:

2
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1st SEMESTER
1. International Political Economy of
Energy
2. Energy Polices & Law in EU and
Member States
3. Energy Economics
4. Elective course
2nd SEMESTER
1. Intergovernmental & Commercial
Energy Contracts
2. Competition in Energy Markets:
Strategy & Institutions
3. Energy networks in SE Europe,
Mediterranean & Caucasus:
International Law & Relations
4. Elective course
3rd SEMESTER:

ELECTIVE COURSES
1. Special issues on Energy Finance &
Risk Management
2. Special issues on Energy, Environment
& Climate Change
3. Special issues on Greek Energy Policy
4. Special issues on Energy Law
5. Special issues on Research &
Exploration of Hydrocarbons
6. International Policy and Energy:
Greece, Turkey & Cyprus
7. Energy strategy and policies in Europe
and USA
8. Special issues on regulation and
operation of energy markets
9. Special issues on Energy, Shipping &
Maritime Transport

At the third semester there is the writing of the Master Thesis.

International Politics - International Political Economy of Energy
The aim of the course is to understand the interactions realized in modern international
economic environment in the energy sector. Member access to energy resources is a matter of
national security and economic growth as the availability of energy resources is a subject of intense
economic competition. Understanding the role that energy plays in modern international economic
environment is attempted in certain critical aspects. Specifically, examine the following main
themes: the political economy of global energy resources, governance of energy resources,
networks of energy, regulation and deregulation of energy management, the liberalization of the
energy sector, the orientation of energy policy European Union and its relations with other countries
(e.g. Russia), access to energy and economic growth of States, climate change and the prices of
energy resources.
Energy Policy & Law in the EU and Member States
The course aims to familiarize postgraduate students of the program with key institutions and
the main lines of the European Union on the basis of primary and secondary EU rules of the energy
policy. It analyzes also how the EU energy policy influences national energy policies and national
laws of the Member States. The topics cover the institutional, political and economic dimensions of
regulation and affect critical issues of current events, such as the increase of EU competence in the
energy sector after the Treaty of Lisbon, the regulation of markets and the functioning of the
internal market, diversification energy sources, interconnecting grids and pipelines, competence,
efficiency issues and environmental protection.
Energy Economics
The course starts with the analysis of the basic concepts (definitions, energy balance, energy
flow diagram, environmental, energy supply and demand) of energy and environmental systems.
Next, separate thematic sections include: a) promotion of interactions between economic,
environmental and energy systems, b) an analysis of how the internalization of external costs
(environmental, social) in the market mechanism, and in decision making, highlighting the classical
features Economic Approach to valuation of energy and natural resources than alternative economic
schools of thought, c) familiarity with basic methods and energy resources value valuation
techniques and environmental goods, d) highlighting the pollution problem at local-regional level
climate change, e) highlight the necessity of long-term energy planning, f) the development of logic
3
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and conditions effective implementation of energy and environmental policies, with emphasis on
economic policy tools g) analysis of issues related to the structure of the energy market (monopoly
and competitive) the short-term, and long-run marginal cost of the activity of energy infrastructure,
the distinction between infrastructure and networks, and h) the analysis of the operation way of
energy exchanges and the financial tools for risk hedging.
Intergovernmental and Commercial Energy Contracts
This course taught basic parameters taken into account in energy contracts and the main
contractual terms. It also assesses the relationship of commercial contracts and intergovernmental
agreements. The supply relationship energy resources and security concerns, along with high
politics and international relations, the purpose of commercial policy and risk management. Energy
security and reliability of delivery are important aspects in the development of any business energy
policy and trade strategy. For energy companies, whether they are producers and suppliers (upstreamers & suppliers), or mid-streamers or consumers of energy (generators, industries etc.),
Conditions for supply and sale of energy commodities are the central organizing axis of trade policy
and their business choices. Also, conditions for supply and sale of energy resources associated with
a country's supply security institutions level related or independent from the state, as Transmission
System Operators (TSOs), regulatory authorities and other Independent Administrative Authorities
in charge of the organization and functioning of energy markets.
Competition in energy markets: strategy & institutions
The basic principles governing competition in energy markets examined in the course, the
strategies implemented either by government agencies or businesses, and institutions that apply. In
an interdisciplinary further examined the law and economics of the transition from monopoly to the
competitive structure of energy markets with a focus on electricity and gas markets under the
current regulatory and legal framework. The protection and promotion of competition in energy
markets envisioned not only as a commodity, but rather as an important tool for achieving economic
integration and market efficiency. The growth of enterprises through mergers and acquisitions, in
order to respond to increasing competition and exploit economies of scale, makes administrative
decisions complex and requires the establishment of an adequate and rational strategy. They
examine the key release models and key pillars of competition policy.
Energy Networks in South East Europe, the Mediterranean and Caucasus: International law
and international relations
The region of SE Europe, East Mediterranean, the Caucasus and the Caspian Sea is becoming
increasingly important for the European energy policy and is a theater major geopolitical
developments and scope critical geostrategic options the security of energy supply. In the case of
Southeast Europe point of friction is the diversification of energy sources Member via resources of
the Caspian Sea, while in the case of SE Mediterranean large hydrocarbon deposits between Greece,
Cyprus and Israel. This field also tested bilateral relations between countries and reshaped the
overall European Union energy policy and the EU Member States concerned and not. The course
aims to understand the international institutions that influence important decisions, such as the
institution of the continental shelf and the Exclusive Economic Zone and the international relations
around energy antagonism in the region. It also examines institutions such as the Energy Charter
(Energy Charter Treaty) and the Energy Community (Energy Community).
Energy resources and geopolitical / geostrategic issues
The course introduces students to the basic concepts of economic geography and
geopolitical/geostrategic of the energy. The analysis extends to the economic geography of energy
resources and the evolving energy needs worldwide. Particular reference is made in the region of
Eurasia, America and the Middle East, which occur significant energy developments.
4
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Energy and Foreign policy: Greece, Turkey, Cyprus
The course examines aspects of foreign policy of Greece, Turkey and Cyprus in the sensitive
field of energy. Energy policy is an important element of foreign policy of a state. And the
exercise energy foreign policy and diplomacy usually move in a complex geopolitical environment
with big stakes in the states. Simultaneously it intersects with other aspects of foreign policy such
as national defense, trade policy and neighborhood relations. In this complex environment decision
making through dilemmas and risks based on the principles of international relations.
Special Topics of energy finance & risk management
The teaching is based on the basic ways of financing energy investments, such as the use of
own resources, loan and subsidy. Energy investments are subject to a number of uncertainties,
assess and quantify where possible to assess their impact on the profitability of the investments and
their cash. The course aims to deepen knowledge particularly useful for management, evaluation
and assessment of the various risks facing an energy investment. They analyze the factors that
shape the risks, prevailing these measurement methodologies, as well as the relationship
optimization practices between risk and return. The investment risk management, whether it is
financial, operational, regulatory and technical risks, mainly addressed through the provision of
financial and energy services. The financial risk management is implemented mainly through
energy exchanges and securities, either through negotiation of energy and financial products or
through modern economic tools, such as bilateral contracts for difference and financial derivatives
such as forward contracts, futures or preemptive rights.
Special Topics on the Greek energy market
How is formed the energy mix in Greece today, why and with what cost? How are functioned
the electricity and gas markets and how the key players work? What are the key aspects of the
Greek energy policy? Also, what are the priorities of the Greek energy policy of diversification of
supply sources, the exploration and exploitation of energy resources and relations with third
countries? These are the key questions which aspire to answer the analysis of individual modules in
this course.
Special Topics on Energy, Environment & Climate Change
What is the relationship between the exploitation of energy resources, environmental
protection and climate change? How do they affect old and new, conventional and unconventional
technological methods of exploiting energy resources environment and what environmental policy
measures have been recruited on? What is the role of solid fuels and what their connection with the
greenhouse effect. What is the role of Renewable Energy Sources (RES) and what are the
challenges for the future? How to achieve energy efficiency and what are the latest technological
challenges? These are some of the questions that aims to provide answers that lesson. The teaching
covers international institutional and technological developments with a focus on the European
emissions trading scheme of greenhouse gases. The comparative method is also applied: analysis
and comparison of different legal systems and views of the environmental problem in America,
Europe and emerging economies. The approach is interdisciplinary: international standards and
regulatory framework, economy, politics and technology, engage and interact.
Special Topics on Energy Law
The course deepens in particular legal issues associated with exploitation, supply and trading
energy resources, such as conflicts lifting methods, especially arbitration and mediation issues and
specific conditions in long and short contracts. It also examines the circumstances and manner
renegotiation and reconfiguration of the contractual terms. Special analysis is done with respect to
the applicable law, the meaning and types of international arbitration, the arbitration clause and the
main dietary fora (ICC etc.).
5
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Special Topics Research and exploitation of Hydrocarbons
The course examines topical issues around the exploration and exploitation of hydrocarbons
with an emphasis on developments in the East Mediterranean. Quotes, shows the potential energy
in SE Europe, in Greece and neighboring areas. Then the instruction proceeds to explain the key
technical stages of the search, exploration and exploitation of hydrocarbons and downstream in
order to understand the technical process of upstream, the midstream and downstream.
Consideration is also being fundamentals associated with the protection of the environment.
Further, the teaching addresses the right to explore and exploit hydrocarbons in the international
law system (in particular continental shelf, EEZ, maritime zones) including dispute settlement
procedures between States for those rights. Finally, we analyze the main principles of exploration
and exploitation contracts, rights and obligations of the parties. Overall, the course aims to provide
answers to the question, what can be the consequences of exploration and exploitation of
hydrocarbons to a country in economic and geopolitical level, what are the prospects, risks and
challenges.
Special Topics setup and operation of modern energy markets
The energy market is a dynamically evolving and sensitive area where inherent intense
competition and protectionist tendencies. Technological advances, geopolitical realignments but
also the prevailing economic conditions form a complex and constantly changing regulatory
environment in which they are organized and operate modern energy markets. What is the role of
energy nodes (hubs) in the functioning of markets and pricing? What are the main hubs in Europe
and America, how they work and what developments trigger an institutional, political and economic
level? Further, what is the energy exchanges, based on what principles and rules are organized and
operate? What does the new European regulatory framework and how they affect the way our
country?
Energy, Shipping & Marine Transport
The course examines the legal and economic aspects of maritime transport of energy
resources with a focus on transportation of hydrocarbons. They analyze issues of jurisdiction,
international and European legal framework for the transport of hydrocarbons and more specific
institutions such as interlock, limitation of liability, etc. It also examines issues in the value chain
and the organization and operation of the LNG market and LPG. Particular emphasis is given to the
negotiation and conclusion of the contractual terms of the charter party and bill of lading energy
resources, be it crude oil, either natural or liquefied petroleum gas.
3

EDUCATIONAL VISITS - EVENTS

There are educational visits in energy installations, where a responsible of the owner/operator
present the plant and give more general information about the certain market.
Indicative there are educational visits to Regulatory Authority for Energy, Independent Power
Transmission Operator (ADMIE) to Administrator of the National Systems of Natural Gas (DEPA).
In addition visits are done to Refineries (ELPE), LNG terminal in Revithousa island (DESFA), oil
and lubricants plant (CORAL GAS), and in a windfarm (private company).
There was participation in many seminars and conferences and an educational visit to the
green model city of Masdar, in Abu Dhabi, UAE, the United Nations in NY, Columbia University
and New York University, and the international law firm Chadbourne & Parke in New York, etc.
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Figures 1,2. Photos from a visit to a refinery.

Figures 3,4. Photos from a visit to Center of Energy Control of ADMIE (left) and to Masdar
in UAE (right).

Figure 5. Photo from a visit to a windfarm in Arcadia.
7
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4

CONTRIBUTION OF THE COURSE
The Master Program in Energy has the following objectives:

a) The training for the acquisition of scientific background across the entire spectrum of
energy affairs, the way in which the energy sector is one of the strategic developments of the 21st
century, the energy policies embedded in bilateral, multilateral and EU policies, law and institutions
issues raised and to network issues and energy resources transport and energy, existing or new.
b) The training and preparing qualified and competent scientists and researchers who
promote and take an active role in shaping the institutional / regulatory framework and the Greek
and European energy policy.
c) The exploitation and dissemination of the results of scientific research in the etching field
of energy policies, bound up with those of international affairs and the strategy and decisions, both
political and enterprise level, through close cooperation of academic community and society and
businesses and international institutions involved.
d) The creation of an organizational infrastructure to enhance the cooperation with similar
foreign Master’s.
e) Providing substantive and qualifications for students who wish to continue their studies at
the PhD level in Action
This Master Program presents the following unique characteristics:
 Interdisciplinarity, Innovation, Meritocracy, Extroversion
The programme combines the development of an interdisciplinary theoretical knowledge
with a practical application. The modules/academic subjects concern Law, Economics, Strategy and
International Relations as well as purely technical questions and cover the whole spectrum of the
energy business and of adjacent or conterminous markets and sectors (e.g., industry, shipping,
external/foreign policy, regulatory policy, public administration, law, consultation, etc.
 Teaching staff
Teaching is undertaken by distinguished university lecturers as well as experts in the field of
Energy, international energy policy, energy law, international energy relations and economics from
international energy companies, Independent Authorities, international organizations etc.
 Innovation
Innovative methods of teaching and research are applied which include seminar
sessions/conferences, assignments connected with the market (business plan, elaboration of energy
enterprises etc.) and teaching in decision-making positions. Provision is also made for optional
teaching in foreign languages (Arabic etc.)
 Duration
Lectures span over two semesters. Then students work on the Master thesis. During each
semester, four (4) four courses/modules are taught of which one (1) of which is chosen from a list
of ten (10) different optional/elective subjects. Lectures start in the first week of October and take
place on Friday and Saturday for eleven (11) weeks in each six-monthly term.
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 Meritocracy
Selection of candidates is made on strict meritocratic criteria assessed in accordance with
the internal regulation (academic records, previous professional experience, language
competence/multi-lingualism, prospects, etc.) Evaluation of candidates is carried out in two stages.
In the first stage the candidates’ formal qualifications are assessed. In the second stage, all the
candidates chosen are invited for a personal interview for final evaluation. The provision of grants
to students is reckoned on the basis of their performance.
 Vision
The postgraduate Energy course aspires to create a think tank, a forum for research and
innovation and an incubator for executives who will secure leading position in enterprises and
public administration, in international organizations, in Independent Authorities or in some sort of
critical decision making sectors.
 Scholarships
The programme of postgraduate studies in Energy provides scholarships with strict
academic criteria from the program’s own resources as well as with the kind support of businesses
which hold leading positions in the field of energy, the industry and shipping. Last year eight (8)
were given to 8 students of the Program.
 Teaching staff
The interdisciplinarity of this postgraduate programme is reflected in the professors, those
authorized to teach and visiting professors of the programme, whom has international educational
experience, abundant research and publication record and long-standing consultative, administrative
and professional service generally in international, European and national organizations, services,
agencies and enterprises. Renowned lawyers, experts in international relations, engineers and
economists from the University of Piraeus and other universities in Greece and abroad and
internationally recognized specialists in the field of energy cooperate in this particular programme.
 Energy Papers ©
This is a periodical edition about energy policy and regulation. Energy Papers are published
in cooperation with the energy portal energypress under the scientific care of the Jean Monnet Chair
on EU Law & Policy and of the Postgraduate Programme in Energy. Important analyses include:
•
The European Grid Code
•
The Gas Target Model: The pattern-target for the European gas market
•
The restructuring of the electricity market
•
The European Regulation for the integrity and transparency in the wholesale energy
market (REMIT)
•
The European Code of Freight/Cargo Balance and its significance for the gas market
•
Energy saving through smart grids

9

108

5

STATISTICS
Table 1. The background knowledge of students of the 1st year.

Table 2. The background knowledge of students of the 2nd year.

6

CONCLUSIONS – DISCUSSION

The Master Program in Energy - Strategy, Law & Economics, is the first high profile
academic interdisciplinary post-graduate program in Europe devote to energy. In the dynamically
developing field of energy, the industry and the market in general seek executives with specialized
knowledge regarding the strategy, the law and the economics. During the first two years that is in
place, the program has been a bridge between academia and the market.
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ABSTRACT
The aim of this paper is to examine whether renewable energy sources that are planned to penetrate
the electricity system of Cyprus are beneficial from a broader social point of view. For this purpose,
we conducted a social cost-benefit analysis for those renewable energy technologies which are
scheduled to enter the national energy system from 2015 to 2040 according to official action plans
and studies. To address the uncertainty in parameters of the cost-benefit calculation, we also
performed a sensitivity analysis using different assumptions concerning the discount rate used,
future capital costs of technologies and future natural gas prices.
Renewable energy sources considered for electricity production in Cyprus are biomass, wind power,
solar photovoltaics and solar thermal. We calculated the costs and benefits of each one of these
sources, based on an assessment of investment, operation/maintenance and fuel costs, as well as the
external costs from environmental degradation caused by the installation of each technology.
Benefits are not only the avoided costs of fossil fuel imports, but also the avoided environmental
costs thanks to the reduced operation of fossil fuel power plants – i.e. emissions of sulphur dioxide,
nitrogen oxides and carbon dioxide avoided due to the increased use of renewables in the electricity
system.
Our analysis shows that all renewables – except solar thermal in some cases – have a positive Net
Present Value, which means that they turn out to be socially beneficial. Solar thermal is a relatively
new technology, hence a more expensive one. This conclusion is more pronounced when
renewables are compared with current oil-burning thermal power plants. Results are less clear (but
still favourable for renewables) when they are compared with plants using natural gas.
1

INTRODUCTION

Electricity produced by renewable sources increased at its fastest rate to date in 2014,
accounting for almost half of the net additional power generating capacity worldwide. Within this
international context, Cyprus is increasingly adopting renewable power generation too. This is
particularly important since the country is highly dependent on imported petroleum products and
electrically isolated, so that it needs adequate electricity supply to meet all national demand. This
paper presents an economic Cost- Benefit Analysis (CBA) of the deployment of renewable energy
sources in Cyprus up to 2030 [1], taking into account external costs and benefits from the diffusion
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of renewable electricity due to emissions of carbon dioxide and two air pollutants (nitrogen oxides
and sulphur dioxide).
2

METHODOLOGY

2.1

Basic principles

Cost Benefit Analysis (CBA) estimates and sums up the equivalent monetary value of the
economic benefits and costs of a planned project, in order to determine whether the project is
financially or economically viable. CBA requires that all individual costs and benefits are expressed
in the same unit, most often in monetary terms. This constitutes a serious challenge of many CBAs:
Although the calculation of many constituents of benefits and costs is obvious, there are other
components that are hard to quantify in monetary terms. Hence some basic guidelines [12] are
needed to proceed with the analysis:
1. The unit of measurement must be the same. In order to conclude if a project is appealing, every
aspect, positive and negative, has to be expressed in a common unit. The most commonly used
unit is money. This means that all benefits and costs should be measured in terms of their
corresponding money value. The benefits of a project may not be initially expressed in
monetary terms, but there is a certain amount of money which the recipients of the benefits
would consider just as good as the benefits a project has.
2. The costs and benefits of a project must be expressed in terms of their equivalent monetary
value at a specific point in time. This is not just due to the changes in the value of money at
different times because of inflation, but also because money available at this moment can earn
interest for the following years if being invested and would be worth more than the same
amount at that time. When the interest rate is r then a Euro invested for t years will become 1
r . Therefore in order to have one Euro in t years, we have to deposit now 1 r . This is
called the discounted or present value of a Euro available t years in the future. The net benefit of
the project is the sum of the present value of its benefits minus the present value of its costs.
When CBA – like in the case of our study – explores costs and benefits to the society and not
just to a private investor, there is again a loss of the value of money over time, but for partly
different reasons analysed in detail in the welfare economics literature [2]. Discount rates in this
case are usually lower than those of a private CBA: a private investor wants a short payback
period for an investment, whereas from a social perspective a project needs not pay off in a very
short period, as long as it is beneficial to society.
3. Benefits are often measured by market choices. When purchases are made at market prices,
consumers reveal that the goods they purchase have at least the same benefit to their well-being
as the money they have spent. Consumption of any commodity will increase until the point
where the marginal benefit of an additional unit is equal to the marginal cost of that unit (market
price). The marginal benefit will decline along with the amount consumed the same way that the
market price has to decline in order to make consumers to consume more of that commodity.
The demand schedule, which is the relation between the quantities consumed and the market
price, shows how much marginal benefit is needed to attribute a monetary value on a
consumption increase. The area below the demand curve shows the gross benefits of a
consumption increase. When having a small increase in consumption in comparison with the
total consumption, the gross benefit is approximately equal to its market value.
4. The above is possible when goods and services are provided in actual markets: They can be
valued directly through the prices that users are willing to pay for them. Where there is no
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market for a good, a number of techniques are available to price it in monetary terms, such as
revealed preference methods, stated preference methods and other approaches. For example,
benefits from lower air pollution may be assessed from the amount of extra money that people
pay for housing located in less polluted areas than in houses with same characteristics and
quality but located in more polluted places. The assessment of the monetary costs or benefits of
non-market goods is usually the most challenging aspect of CBA.
5. CBA is carried out for a specific study area which can be a location, a city, a region, a country
or the entire world, and has to be set out clearly in advance. The description of that area may be
subjective but can have a significant effect on the results. The impact of a project is the
difference in the condition of the study area with and without the project. When a project is
being appraised, the alternative to the project must be clearly indicated and taken into account
when evaluating the project.
6. Occasionally an effect of a project can be measured in two or more ways but double counting of
benefits or costs must be avoided.
7. The primary criterion in order to decide whether a project is worth pursuing is that the
discounted present value of the benefits is greater than the discounted present value (PV) of the
costs (in other words, when the Net Present Value is positive). Another equivalent condition is
when the ratio of the PV of benefits to the PV of costs is greater than unity. In case there are
more than one competing projects with positive NPV then further analysis has to be done and
the project with the highest NPV should be selected.
There are two forms of Cost-Benefit Analysis, the financial and the economic one. The
financial CBA contains all taxes and subsidies and also takes into consideration the actual financial
arrangement (debt and equity financing) [3]. The economic (or socio-economic) CBA ignores all
taxes and subsidies but may include external costs, which do not have a straight impact on the
financial feasibility of the project, such as environmental costs. The economic CBA is frequently
used by governments and worldwide financing organizations in order to determine favourable
loans, subsidies, or other ways of special treatment.
Our study will use economic CBA in order to examine the costs and benefits of renewable
electricity from society’s viewpoint. In general, the economic CBA seems to be more appropriate
for the evaluation of power generating technologies, because the investments in the electricity
sector are usually of a longer-term nature than typical private investments in other sectors.
In practical terms, CBA for energy and environmental projects involves six stages of analysis
[4]:
1. Project/policy definition. The analyst sets out what exactly is being analysed, whose welfare is
being considered and over what time period (usually for the expected lifetime of the power plant
/ technology).
2. Identify physical impacts of the policy/project. This involves identifying and measuring labour
used to build access roads (how many); additional electricity production due to the creation of a
new power station (how many MWh of electricity); land used (how many hectares); less
pollution being generated from a conventional power station which can now be closed early
(how many tonnes of pollutants will be avoided). Essentially, anything that affects the quantity,
quality or price of resources may be relevant, if these impacts can be traced back to a link to the
well-being of the relevant population. Since we specify relevant impacts in terms of utility
impacts, it is not necessary to restrict attention to market valued impacts, since non-market
value changes (such as an improvement in air quality) are relevant, if they affect peoples’
utility.
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3. Valuing impacts. All relevant effects are expressed in monetary values, so that they can then be
aggregated. The general principle of monetary valuation in CBA is to value impacts in terms of
their marginal social cost or marginal social benefit, meaning evaluated regarding the economy
as a whole. Sometimes market prices are a good approximation to the marginal values of
benefits and costs. Sometimes market prices for certain effects do not exist and other methods
should be used for their cost and benefit valuation.
4. Discounting of Cost and Benefit Flows. It is necessary to convert all relevant cost and benefit
flows that can be expressed in monetary amounts, into present value (PV) terms.
5. Applying the Net Present Value Test. This checks whether the sum of discounted gains exceeds
the sum of discounted losses. If so (NPV > 0), the project can be approved and said to be an
improvement in social welfare, given the data used in the CBA. The NPV of a project is thus:
∑
∑ 1
1
,
(1)
where the summations run from t=0 (the first year of the project) to t=T (the last year of
the project). B and C denote benefits and costs respectively from implementation of the project.
An alternative criterion is the Benefit-Cost Ratio (BCR) of the project. This is simply the
ratio of discounted benefits to discounted costs:
∑
∑

(2)

The decision rule becomes: proceed if and only if BCR exceeds unity.
6. Sensitivity Analysis. Due to the uncertainty that some data used in the NPV test might change in
the future, it is necessary to conduct sensitivity analysis. This means recalculating the Net
Present Value when the values of certain key parameters are changed.
2.2

Implementation

The above general principles have to be applied to the specific study presented here, i.e. the
CBA of the penetration of renewable electricity technologies in Cyprus. Our study area is the area
controlled by the Republic of Cyprus, and our time horizon is the period 2015-2030. We assume
that renewable sources will enter the electricity system to the extent (and at the annual rate)
foreseen in the most authoritative relevant study, the Renewable Energy Roadmap for the Republic
of Cyprus prepared by the International Renewable Energy Agency [5]. Out of the six electricity
demand/supply scenarios that were considered in that study, we choose to perform the CBA for
Scenario 3 (SC3), which seems to be more plausible in light of recent developments in the energy
system of the country.
With regard to energy efficiency policies, that may considerably affect electricity demand, it
was assumed that energy efficiency measures are adopted in the current decade, such as a
continuation of national subsidies for investments in energy saving technologies by households and
firms, the implementation of the ‘recast Buildings Directive’ (2010/31/EC) and the ‘Energy
Efficiency Directive’ (2012/27/EU) at EU level, and some modest adoption of further legislation on
near-zero energy buildings post-2015. Electricity demand forecasts were calibrated so as to be in
line with the official electricity forecast for the period 2014-2023 that was prepared by the
Transmission System Operator (TSO) and approved by the Cyprus Regulatory Authority for Energy
in June 2014. More details about demand assumptions can be found in IRENA ([5]; pp. 46-49). The
projections of aggregate energy demand and electricity demand for the SC3 scenario are displayed
in Figure 2.1.
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Figure 2.1: Past data and projections of energy and electricity demand according to the SC3
scenario followed in this study.
Source: IRENA [5].
As far as power generation is concerned, scenario SC3 assumes that the power system of
Cyprus will remain isolated until 2030 and, despite offshore discoveries of natural gas, the
indigenous quantities will not be sufficient to allow for the construction of a gas liquefaction (LNG)
terminal in the country. Moreover, it is assumed that imported natural gas will be used in power
plants from 2016 onwards, and indigenous natural gas will be available for electricity production
from 2023 onwards. As a result, renewable energy is projected to account for 25.6% of total
electricity produced in the country by 2030; 15% of this will come from solar PV, 6% from wind
power and the rest from biomass and CSP. Table 2.1 displays the installed capacity and power
generation by fossil fuel plants and each RES technology according to SC3 up to 2030.
Table 2.2 presents the main items of costs and benefits considered in our study. As will be
explained in Chapter 3, after a careful consideration of these aspects, some of these items were
regarded as negligible and were hence ignored in the CBA calculations.
Table 2.1: Projected evolution of installed capacity (in MW) and annual electricity generation
(in GWh) according to Scenario 3 of the Renewable Energy Roadmap of Cyprus.
Technology

2015

2020

2025

2030

ΜW

GWh

ΜW

GWh

ΜW

GWh

MW

GWh

Fossil fuelled thermal

1509

3549

1389

3818

1075

4113

1113

4547

Wind

147

205

175

244

175

244

251

350

PV

98

162

200

332

463

769

559

927

CSP

0

0

50

172

50

172

50

172

Biomass

19

81

19

81

24

100

28

120

Sum

1773

3997

1834

4647

1792

5398

2001

6116

Source: IRENA [5], pp. 96-98.
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Table 2.2: Elements considered in the Cost-Benefit Analysis of this study.
Costs
Investment cost

Benefits
Avoided cost on capital investment in fossil fuelled
power plants
Operation and maintenance cost
Avoided fuel costs due to lower operation of fossil
fuelled power plants
Cost of RES integration to the network
Avoided operation and maintenance costs of fossil
fuelled power plants
Fuel cost (applicable for biomass only)
Externalities (indirect benefits): Damages avoided due
Externalities (indirect costs) during installation to lower emissions of sulphur dioxide, particulate matter
and carbon dioxide from fossil fuelled power plants
and operation of RES

As new RES installations will enter the system every year, the CBA should theoretically be
conducted on an annual basis. For simplicity, and since important parameters (such as fuel prices)
are provided in five-year intervals, CBA calculations to be reported in Chapter 4 were performed in
five-year periods (i.e. 2015-2020, 2021-2025 and 2026-2030) rather than annually. By carefully
selecting the calculation parameters in order to reflect five-year averages, and using the cumulative
capacity to be deployed within every full five-year period, the analysis is essentially identical (but
computationally much more tractable) with the year-by-year analysis.
3

DATA AND PRELIMINARY CALCULATIONS

This chapter describes the assumptions made in order to include in the CBA calculations all
cost and benefit items shown in Table 2.2. In line with the approach followed and explained by
IRENA ([5]; Chapter 3.3), the cost of the integration of RES in the electricity transmission or
distribution network was not explicitly considered because a more detailed analysis of the
challenges of decentralised renewable power production would be necessary for this purpose.
Moreover, the penetration of RES according to the above mentioned scenario is modest and
constrained by grid stability requirements provided by the energy regulator (and cited by IRENA,
2015; pp. 69 and 87-88 [5]), so it is reasonable to assume that no serious additional stability-related
investments are required. The challenges from integration of the amount of renewable capacity
shown in Table 2.1 are considered to be overcome without a significant economic burden, also in
view of recent technological advances in load forecasting and power control electronics, which
allow maintaining grid stability in the presence of intermittent electricity sources.
3.1

Investment and Operation Costs

The cost of installation of a new RES power plant is perhaps the most crucial factor affecting
the financial viability of such a project. Declining capital costs of some technologies (especially
solar photovoltaics) have been a major determinant of their substantial deployment in recent years.
We adopt in our analysis the assumptions made by IRENA (2015) about the evolution of
investment costs of candidate RES technologies in Cyprus up to 2030. These were in line with realworld costs of installation observed in Cyprus in recent years, hence they were considered to be
authoritative and plausible. Figure 3.1 illustrates these annual projections for the RES technologies
under consideration in Cyprus. As explained in Chapter 3, the CBA calculations were carried out in
five-year periods rather than annually. The investment costs assumed were those shown in Figure
3.1 around the middle of the corresponding period, i.e. in years 2017-18, 2022-23 and 2027-28
respectively. Costs of PVs were assumed to lie at the average of utility and solar PV costs, since
both kinds of installations are projected to be deployed in Cyprus during this period.
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Figure 3.1: Projections of investment costs of renewable energy technologies for Cyprus.
Source: IRENA ([5]; p. 80).
As shown in Table 2.2, avoided investment costs for retrofitting or building new fossil fuelled
power plants should be regarded as a benefit in our CBA. However, the installed thermal capacity in
Cyprus by the end of 2014 (see Table 2.1) is currently sufficient to cover a large part of additional
electricity consumption until the mid-2020s. IRENA ([5]; pp. 92-93) estimate that for the most part,
existing thermal capacity installed in recent years can supply the required levels of fossil fuel based
power until 2030, with the possible addition of small extra capacity after 2027. If the deployment of
variable RES (such as wind and solar) requires additional reserves of thermal power capacity, it
may be more cost-effective to maintain the old thermal units of Dhekelia in operation rather than
invest in new fossil fuelled power plants. Therefore, and in order to adopt a conservative approach
in our CBA, it was assumed that no additional investment costs for thermal power plants will be
incurred until 2030; this means that the deployment of RES examined here is assumed not to yield
any financial benefits due to avoided conventional power plant investment costs.
As regards operation costs, these were also considered to follow the assumptions of IRENA
[5]. Fixed operation cost 75 Euros’2013 per kW for biomass plants, and variable costs of 14.3, 15.1,
11.3, and 21.8 Euros’2013 per MWh for wind, utility PV, rooftop PV, and CSP plants with storage,
respectively. These are assumed to remain constant in real terms throughout the 2015-2050 period.
3.2

Fuel Costs

Avoided fossil fuel costs due to reduced use of thermal power plants constitute a benefit in
our CBA calculations. These costs in each year are the product of the avoided fossil fuel
consumption (of fuel oil, diesel oil or natural gas) multiplied by the respective fuel price.
Avoided fuel consumption is calculated with the aid of the following general formula:
. .
(3)
where
E: electricity produced in a given year by all renewable installations that entered the system after
2015, thereby reducing fossil fuel generated electricity (GWh)
mf: avoided fuel quantities (tn)
Hu: net calorific value of each fossil fuel (GWh/tn)
nf: efficiency factor of each fossil fuelled power plant (%)
Assuming that fossil fuelled power generation from each thermal plant will be displaced by
RES proportionally to the percentage of electricity produced by each plant in 2014, it is possible to
assess the amount of fossil fuel consumption avoided per year.
To calculate avoided fuel costs, one can multiply the amount of fuel avoided by the
corresponding fuel price for each future year. For this purpose, a forecast of fuel prices is necessary.
This study adopts the oil price forecasts published by the International Energy Agency in November
2013 [6]. According to the IEA’s medium forecast (‘New Policies Scenario’), crude oil price was
expected to increase slightly and reach $113 per barrel in 2020 (at constant prices of year 2012)
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with a further increasing trend in later years, up to $128 in 2035. For the purpose of this study we
extrapolated IEA’s trend of the period 2030-2035 up to 2040, which leads to a crude oil price of
$135 per barrel (at 2012 prices). For the post-2040 period, fuel prices were assumed to remain
constant at 2040 levels (in real terms).
These projections of crude oil prices were then transformed to projections of fuel oil and gas
oil prices per year, starting from the base year 2013 for which official data are available. In 2013,
the Electricity Authority of Cyprus paid on average 482.18 Euros per tonne of fuel oil and 706.63
Euros per tonne of gas oil [7]. As fuels used for power generation in Cyprus are exempt from excise
taxes, it is reasonable to assume that their price will follow the patterns of the international oil price.
Using the annual variations in oil prices from the IEA forecast mentioned above, it was possible to
assume the future evolution of fuel oil and gas oil prices for power generation. All prices were
expressed in constant terms (Euros of year 2013).
By the time of this writing (early 2016), these price forecasts seemed to be too high in light of
recent developments in international oil markets. Therefore, we included a separate low oil price
scenario in the sensitivity analysis to be described in Chapter 4.
For the scenario assuming that power plants will use natural gas, it was assumed that the gas
price will evolve in line with assumptions ofIEA[6] that were reproduced by IRENA [5]: it will start
at 9 Euros’2013 per million BTU in the early 2020s and gradually reach 10 Euros’2013/MBTU by
2040.
3.3

External Costs and Benefits

A crucial aspect of a social cost-benefit analysis – equivalent to the economic CBA– is the
inclusion of external costs and benefits. External costs are defined as those that are borne by the
entire society (or parts of it), but the economic agents whose activities give rise to these costs do not
pay for them. The most common externalities associated with power generation are the emissions of
air pollutants and greenhouse gases by thermal power plants, which cause damages to human health
and ecosystems and lead to long-term climate change with several adverse consequences for
economic welfare – but these costs are not incurred by the utilities operating these plants.
Additional external costs are associated with noise, visual pollution or fragmentation of land
because of the installation of power generating units.
In our case, external cost calculations serve two purposes: on the one hand to evaluate the
costs to society from the construction and operation of plants that produce renewable electricity;
and on the other hand to assess the benefits (avoided costs) due to the reduced emissions from fossil
fuelled plants, thanks to the increased coverage of electricity needs by RES units.
Renewable electricity plants – with the partial exception of biomass units – have rather low
environmental impacts and therefore low external costs. Most of them are associated with noise
pollution and land fragmentation. Based on estimates from the international literature [8], and
expressing them in constant Eurocents of year 2013 per kWh, the following external costs were
used: 1.12, 0.41 and 6.62 for PVs, wind farms and biomass plants respectively. It was not possible
to find a corresponding externality figure for CSP plants in the literature.
As far as the emissions of fossil fuelled power plants are concerned, we focus here on two
major air pollutants, nitrogen oxides (NOx) and sulphur dioxide (SO2), and the major greenhouse
gas – carbon dioxide (CO2). CO2 and SO2 emissions are proportional to the amount of fuel burnt
during combustion, and can be readily calculated through a simple mass balance1:
→
1

→

(4)
(5)

1

Even if some carbon is not burnt entirely to CO2 and remains at the exhaust as carbon monoxide (CO), it is
quickly oxidized to CO2when the exhaust gas is mixed with atmospheric air. Remaining amounts of unburnt carbon,
e.g. in the form of particulate matter, though potentially dangerous to human health, are very small and do not
compromise the accuracy of the mass balance presented here.
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∙ ∙ 3.67

(6)
and

→
1

(7)

→

(8)
∙ ∙2

mf:
c:
s:

(9)

where
the amount of fuel used (kg),
the carbon content of the fuel (kg carbon / kg fuel)
the sulphur content of the fuel (kg sulphur / kg fuel)

NOx emissions occur through several complicated mechanisms and hence cannot be
calculated with a simple mass balance. Therefore, they were calculated on the basis of
measurements provided by the Electricity Authority of Cyprus to national air quality authorities
about the amounts emitted by each plant every year2. All calculations were cross-checked with the
official projections of the Ministry of Agriculture, Rural Development and the Environment of
Cyprus [9].
As CBA requires that all costs and benefits are expressed in the same unit, damages from the
atmospheric emissions calculated above have to be expressed in monetary terms. Several
methodological advances in recent years enable the assessment of economic costs with approaches
that are widely accepted among environmental economists and international organisations.
As far as CO2 emissions are concerned, a comprehensive assessment of their marginal
damage costs has been conducted by the U.S. Environmental Protection Agency [10]. These costs
are considered to reflect all climate change related damages over the longer term (e.g. on human
health, agricultural production, floods, ecosystems etc.). Using the central estimate of that study and
choosing a real discount rate of 3%, Table 3.1 presents the evolution of this cost up to 2040.
Table 3.1: Social Cost of Carbon for the period 2020-2040, expressed in its original form
(constant dollars of year 2007 per tonne of CO2) and converted to Euros of year 2013 per tonne of
CO2.
Year
$2007/tn CO2
€2013/tn CO2

2020
43
35.4

2025
47
38.6

2030
52
42.7

2035
56
46.0

2040
61
50.1

For assessing the cost of NOx and SO2 emissions, calculations of the European project
CASES [11]) were used, taking into account that emissions of thermal power plants are released at
a high height. The total external cost of each pollutant is the sum of damages on human health,
crops, materials and biodiversity. All values, transformed so as to be expressed in constant Euros of
year 2013, are shown in Table 3.2.
Table 3.2: Costs of NOx and SO2 emissions up to 2040 according to estimates of the CASES
project adjusted to 2013 values.
Year

2020

2025

NOx
SO2

7.62
13.92

8.29
15.12

2030
2035
Total Cost (€2013/tn)
9.01
9.39
16.42
17.12

2040
9.79
17.85

2

Private communication with the Department of Labour Inspection of the Republic of Cyprus, spring 2014.
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4

RESULTS

Based on the methodology described in Chapter 2 and the data collected and calculated in
Chapter 3, this Chapter provides the results of the social cost-benefit analysis of the deployment of
renewable power generation in Cyprus up to 2030. It should be reminded that the evolution of
installed capacity and electricity generation by type of RES follows scenario SC3 of the renewable
energy roadmap of the Republic of Cyprus, carried out by the International Renewable Energy
Agency in 2014 [5] – which however did not conduct an explicit CBA nor did it include
‘social’aspects as it did not account for external costs and benefits, as is done in this book.
The base scenario of our analysis, which assumes that thermal power plants of Cyprus will
continue burning oil products until the end of the period of our analysis, i.e. no natural gas will
enter the energy system of the country by the 2040s. Although the penetration of natural gas is
considered by public opinion of Cyprus to be the most likely development for the near future in
light of recent discoveries off the coast of the island, technical and geopolitical aspects render this
option still quite uncertain. The substantial decline in international oil and gas prices observed from
2014 until the time of this writing (early 2016) further complicates the picture and adds to the
uncertainty of natural gas deployment. We therefore considered as a ‘business as usual’ scenario the
continuation of the current situation, where thermal plants burn fuel oil and gas oil; a natural gas
option is included in the sensitivity analysis that follows.
The analysis in the base scenario is conducted with a real discount rate of 4%, which is
considered to be reasonable for public decision-making. To reflect the debate on the use of discount
rates and explore whether a higher rate changes the main findings of our assessment, a scenario
with an 8% real discount rate is also included in the sensitivity analysis.
To make the analysis computationally tractable without affecting the accuracy of the results,
the period 2016-2030 is split into three five-year periods (2016-2020, 2021-2025 and 2026-2030
respectively). For each RES technology, the social CBA is then conducted separately for the
investments foreseen by IRENA [5] in each five-year period and assuming that all RES deployment
of the specific period is implemented in the last year of each period – i.e. in 2020, 2025 and 2030
respectively. Although the useful lifetime of all RES plants is 25 years or more, we adopt a
conservative approach and assume in all calculations a lifetime of 20 years; this puts RES at a
relative disadvantage because the benefits accruedafter the 20-year period are not accounted
for.Two CBA metrics are presented – the Net Present Value and the Benefit-Cost Ratio.
As the findings of the Base Scenario are clearly favourable for RES deployment in Cyprus up
to 2030, the alternative scenarios were selected so as to assume a less favourable evolution of future
conditions. More specifically, the following scenarios were employed:
1. A scenario with 8% real discount rate (instead of the 4% used in the Base Scenario).There is a
well-known disagreement about the appropriate value of the discount rate, hence many
authorities recommend using alternative values in order to test the robustness of the assessment
results to the selection of the discount rate. Since our analysis examines the viability of RES
investments from a public policy perspective and not from a private investor’s viewpoint, a 8%
real discount rate can be considered the maximum appropriate value for this purpose. A higher
discount rate assigns relatively more value to the present than to the future compared to a lower
rate; in our case this will render the upfront investment costs of RES investments even more
important than the expected future benefits from avoided fuel and emission costs.
2. A scenario assuming the penetration of natural gas in thermal power generation of Cyprus
starting from 2016 – first as an imported fuel and from 2023 onwards as part of the indigenous
gas production of the country. This is in line with recent official plans of the national
government after the discovery of offshore natural gas fields in the Exclusive Economic Zone of
Cyprus and – under different conditions – might have been the Base Scenario of this study. By
the time of this writing, however, the uncertainties associated with available gas quantities,
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geopolitical considerations and future international gas prices render this option ambiguous,
hence it is examined here as part of the sensitivity analysis. As mentioned before, it was
assumed that gas prices in this case will evolve in line with assumptions of IEA [6] that were
reproduced by IRENA [5].
3. A Low Fuel Price scenario. As mentioned in Chapter 4, the Base Scenario of this study used oil
price forecasts of the International Energy Agency from the end of 2013 [6] which seemed to be
too high by the time of writing of this book (early 2016). As another variant in our sensitivity
analysis, we incorporated the “Low Oil Price Scenario” from the latest available forecast of the
Agency [5]. According to this, a new oil market equilibrium may emerge at prices of around
$50-60 per barrel which might last until well into the 2020s, before prices start rising again and
reach $85 per barrel in 2040 (in constant terms). As a result of such a scenario, the prices of
petroleum products used for power generation in Cyprus (fuel oil and gas oil) will lie in 2020 at
about half of the levels assumed in our Base Scenario and will increase gradually, reaching
about 70-75% of the Base Scenario levels in the decade 2040-2050.
Tables 4.1 to 4.3 summarise the results of the CBA of these three variants for each one of the
five-year periods 2016-2020, 2021-2025 and 2026-2030 respectively, and compare them with the
Base Scenario results that were presented in more detail in the previous Section. The major
conclusion to be drawn is that deployment of renewable power generation in Cyprus, at the amount
it has been planned in the national energy roadmap, remains economically viable even under less
favourable conditions. Neither the higher discount rate, which puts more emphasis on the initial
capital costs of RES investments, nor the considerably lower oil prices, which reduce the main
benefit of RES i.e. the avoided fossil fuel costs, are sufficient to turn the net present value of RES
deployment to negative levels. The only case where the picture changes somewhat is in the natural
gas scenario. Solar thermal (CSP) plants become an unviable option; all other res options still retain
a positive net present value and a benefit-cost ratio clearly above unity, largely thanks to the
environmental benefits they bring about.
Table 4.1: Summary results of social CBA for the three scenarios considered, for RES
investments in the period 2016-2020.
Base Scenario
(real discount rate
4%)

Scenario with real
discount rate 8%

Natural gas
scenario (real
discount rate 4%)

Net Present Value (million Euros at 2013 prices)
475.054
311.085
103.624
66.166
234.759
74.340
Benefit – Cost Ratio
Solar PV
3.87
2.98
Wind
3.39
2.61
Solar thermal
1.57
1.19
Biomass
Solar PV
Wind
Solar thermal
Biomass

Low Fuel Price
scenario (real
discount rate
4%)

72.440
11.260
-172.592
-

327.444
69.761
85.412
-

1.44
1.26
0.58
-

2.98
2.61
1.21
-
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Table 4.2: Summary results of social CBA for the three scenarios considered, for RES
investments in the period 2021-2026.
Base Scenario
Natural gas
Scenario with real
(real discount rate
scenario (real
discount rate 8%
4%)
discount rate 4%)
Net Present Value (million Euros at 2013 prices)
Solar PV
1331.565
890.750
224.661
Wind
Solar thermal
Biomass
58.269
39.574
10.143
Benefit – Cost Ratio
Solar PV
4.33
3.36
1.56
Wind
Solar thermal
Biomass
4.43
3.54
1.60

Low Fuel Price
scenario (real
discount rate 4%)
985.682
43.231
3.47
3.54

Table 4.3: Summary results of social CBA for the three scenarios considered, for RES
investments in the period 2026-2030.
Natural gas
Base Scenario
Scenario with real
scenario (real
(real discount rate
discount rate 8%
discount rate 4%)
4%)
Net Present Value (million Euros at 2013 prices)
Solar PV
428.858
282.245
77.993
Wind
290.814
192.884
55.424
Solar thermal
Biomass
60.644
42.227
16.230
Benefit – Cost Ratio
Solar PV
3.79
2.94
1.51
Wind
3.91
3.05
1.55
Solar thermal
Biomass
5.64
4.53
2.24

Low Fuel Price
scenario (real
discount rate 4%)
320.251
217.951
46.896
3.09
3.18
4.59

The results presented above are also summarised graphically in Figures 4.1 to 4.3 below.
Biomass/biogas is the most favourable option; wind and solar PV are also economically viable –
with wind power being somewhat more favourable in the 2026-2030 period. The limited CSP
capacity to be installed in the 2016-2020 period is marginally viable and becomes a costly option if
thermal power plants use natural gas.
It is important to note that these results should be treated with caution and used in the proper
context. They refer to an analysis of the specific RES investments that have been identified by the
national renewable energy roadmap [5] as cost-effective options, under specific restrictions posed
by the national electricity transmission and distribution system of Cyprus. For example,the finding
that wind power turns out to be more favourable than solar photovoltaics should not lead to the
conclusion that even more wind power should be deployed; such a decision might lead to higher
costs because there may not be sufficient additional wind potential on the island and/or because of
the need to store additional electricity produced by wind farms. Similarly, the relatively
unfavourable standing of concentrated solar power plants is partly due to the fact that the roadmap
has determined that CSPs will only be deployed before 2020; a deployment around 2030, when
investment costs of these plants are projected to have declined very substantially, might have led to
different conclusions.
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Figure 4.1: Benefit-Cost ratio of RES investments in the period 2016-2020 for all scenarios
considered in this study.
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Figure 4.2: Benefit-Cost ratio of RES investments in the period 2016-2020 for all scenarios
considered in this study.
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Figure 4.3: Benefit-Cost ratio of RES investments in the period 2016-2020 for all scenarios
considered in this study.
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5

CONCLUSION

Based on the presented methodology and data, a social cost-benefit analysis was carried out
for a base scenario and three alternative scenarios. Two CBA metrics were used – the Net Present
Value and the Benefit-Cost Ratio – and the assessment was performed separately for each one of
three five-year periods until 2030 (2016-2020, 2021-2025 and 2026-2030). Assuming conditions
that will be less favourable to RES deployment in the future, the alternative scenarios provided a
broad sensitivity analysis of the Base Scenario results; they assumed a higher discount rate,
penetration of natural gas in thermal power plants and considerably lower future oil prices.
Our analysis contains some simplifications that have been mentioned explicitly throughout
the book. These are in line with the assumptions of the renewable energy roadmap of IRENA [5].
We assumed that current fossil fuelled power plants are sufficient until 2030, thereby ignoring
eventual benefits due to the avoidance of costs from constructing new (or retrofitting current)
thermal units. Moreover, extra costs of RES for maintaining electric grid stability were considered
to be negligible since RES deployment will not be very strong until 2030, according to the
roadmap’s forecast – hence no particular investments to guarantee stability of the national electrical
transmission and distribution system are considered to be necessary.
To make the analysis more “conservative” (i.e. less favourable for RES), we used a 20-year
lifetime for each RES investment; we thereby underestimate the future RES benefits due to avoided
fuel costs and emissions costs from a longer operation of renewable energy plants. Finally, in order
to keep the analysis computationally tractable, instead of performing one CBA for the investments
of each year of the 2016-2030 period, we conducted one CBA for the aggregate investments
planned for each five-year period. The effect on the final CBA values – the Net Present Value and
the Benefit-Cost ratio of each investment – is most likely negligible due to this simplification.
The main finding of this assessment is that all RES options considered for the renewable
energy roadmap of Cyprus pass the social CBA test, with mostly high benefit-cost ratios. This
means that social benefits clearly outweigh the social costs of RES. With the exception of
concentrated solar power plants, all other options are favourable even if their sizeable
environmental benefits are ignored. Results do not change essentially even in the alternative
scenarios, which all assume less favourable conditions for RES deployment. Overall,
biomass/biogas is the most favourable option to the extent that it can be utilised in Cyprus. Wind
and solar PV are also economically viable – with wind power being somewhat more favourable.
The limited CSP capacity to be installed in the 2016-2020 period is marginally viable and becomes
a costly option if thermal power plants use natural gas instead of petroleum products.
It is important to use these results in the proper context and avoid drawing strong conclusions
that would extend beyond the scope of this study. One should keep in mind that this CBA has
analysed the specific RES investments that have been identified by the national renewable energy
roadmap [5] as cost-effective options, under specific restrictions posed by the national electricity
transmission and distribution system of Cyprus. Generalising its conclusions might be risky. For
example, the finding that wind power turns out to be more favourable than solar photovoltaics in the
long term should not lead to the conclusion that even more wind power should be deployed than
what is foreseen in the roadmap; such a decision might lead to higher costs because there may not
be sufficient additional wind potential on the island and/or because of the need to store additional
electricity produced by wind farms. Similarly, the relatively unfavourable standing of concentrated
solar power plants is partly due to the fact that the roadmap has determined that CSPs will only be
deployed before 2020; a deployment around 2030, when investment costs of these plants are
projected to have declined very substantially, might have shown that CSPs are economically much
more favourable.
A social CBA like this one can evidently extend to further social impacts of electricity
generation, such as the emissions of further air pollutants and greenhouse gases, noise pollution,
water contamination from specific technologies, landscape fragmentation etc. Decision makers can
also benefit from further sensitivity analyses in order to be informed about a wider range of policy
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options – for example, a scenario with lower natural gas prices will probably render many RES
options only marginally beneficial, or even more costly than natural gas plants.
Notwithstanding inevitable limitations of such a study, this assessment has provided a
framework for comparing power generation technologies from a public policy perspective. The
authors hope that this paper can make a contribution towards analysing the options for a sustainable
energy future – not only for Cyprus but for other regions and island states as well.
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ABSTRACT
Renewable Energy Sources (RES) have been growing rapidly in recent years, with their
spreading becoming stronger due to the increased air pollution. In addition to that, houses and
buildings are responsible for 40% of total EU energy consumption. Therefore, the reduction of the
energy consumption and the use of RES in buildings are believed to have a positive impact to
climate and the gradual independency of conventional fuels. Furthermore, all new buildings have to
be nearly zero energy buildings (NZEB) by the end of 2020, through the integration of renewable
technologies. On the other hand, the penetration of renewable energy technologies causes major
problems to the stability of the grid. Along with the fluctuations of the energy production of
renewable energy technologies, storage is important for power and voltage smoothing. Thus,
storage technologies have gained an increased attention in recent years considering the distributed
generation. This paper presents an up to date comprehensive overview of energy storage
technologies. It incorporates characteristics and functionalities of each storage technology, as well
as their advantages and drawbacks compared with other storage technologies. Particular attention is
given to Pumped Hydro Storage, Compressed Air Energy Storage, Batteries, Hydrogen Storage,
Thermal Storage, Superconducting Magnetic Energy Storage, Flywheel Storage and
Supercapacitors. A demonstration of a short-term energy storage application in a grid-connected
small wind turbine is given. The circuit is operated at the maximum power point (MPP), succeeding
its connection and synchronization with the low-voltage grid. It also utilizes the energy generated
by the wind turbine when a fault appears for a short period of time, through the supercapacitor.
1

INTRODUCTION

Renewable Energy Sources (RES) have been growing rapidly in recent years. The spreading
of renewables has become stronger due to the increased air pollution, which is largely believed to
be irreversible for the environment. In addition to that, houses and buildings are responsible for
40% of total EU energy consumption, and as a result they contribute to greenhouse gas emissions
and, possibly, climate changes. Therefore, the reduction of the energy consumption and the use of
RES in buildings are believed to have a positive impact to climate and the gradual independency of
conventional fuels. In March 2007, the European Council set some goals for 2020 to face the
problems of the environment; the reduction of 20% of total energy consumption, the 20%
contribution of Renewable Energies to total energy production and the 20% reduction of
Greenhouse gases below 1990 emissions (20-20-20 targets). Cyprus started taking into account the
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renewable energy policy during the past few years. Specifically, the action plan of Cyprus includes
13% contribution of Renewable energies to total energy production until 2020.
Generally, houses and buildings are the largest energy consumers in the world. The Nearly
Zero Energy Buildings (NZEB) have gained an increasing attention in recent years, because all the
EU countries are required to include the NZEB by 2020. The definition of the NZEB as given in the
EU directive 2010/31/EU, Article 2 [1] is as follows:
‘Nearly zero-energy building’ means a building that has a very high energy performance, as
determined in accordance with Annex I. The nearly zero or very low amount of energy
required should be covered to a very significant extent by energy from renewable sources,
including energy from renewable sources produced on-site or nearby;
The Annex I in [1] maintains that a building must contain at least: thermal characteristics (i.e.
thermal capacity, insulation, passive heating, cooling elements and thermal bridges), heating
installation and hot water supply, air-conditioning installations, natural and mechanical ventilation,
built-in lighting installation, the design, positioning and orientation of the building, passive solar
systems and solar protection, indoor climatic conditions and internal loads. The aim of a NZEB is
not only to minimize the energy performance of the building with the above methods, but to
integrate renewable technologies in order to balance the energy requirements of the building. From
the same EU directive 2010/31/EU, Article 9 [1], it is proposed that EU member States shall ensure
that by 31 December 2020, all new buildings are NZEB and after 31 December 2018, new buildings
occupied and owned by public authorities are NZEB. Considering the different climate in each
country and the different building traditions, each country has to adapt the net-ZEB definition and
the framework to conform to its political targets and conditions.
The exploitation of RES and the export of the produced energy to the utility grid can reduce
the carbon emissions and all the negative impacts caused by conventional fuels. On the other hand,
the distributed generation and the penetration of RES technologies can cause major problems to the
power stability of the grid and its ‘quality’. This happens because all the energy produced by RES
technologies can always be sent to the grid. The integration and development of the smart grids can
limit the stabilization problem. Therefore, the net-ZEB should be designed to be ‘smart’, to work
together with the grids and not to stress them.

Figure 1: Typical example of net ZEB [2]
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Figure 1 shows an example of a net-ZEB including energy storage. It uses solar PV
technology and small wind turbine for supplementary generation if needed for electricity
generation. Also, it utilizes geothermal energy for water heating or HVAC (heating, ventilation and
air conditioning). In addition to that, all devices and lighting are energy efficient. Appliances,
lighting and HVAC represent about 80% of electricity consumed in the home. A substantial device
in a ZEB is the home energy manager device, in which the owner of the building can control and
optimize the energy consumption. Finally, with the help of the smart meter, a communication
between the smart grid and the building can be achieved.
In the next section is given an up to date comprehensive overview of the current energy
storage technologies. The review deals with the characteristics and functionalities of each storage
technology, as well as their advantages and drawbacks compared with other storage technologies.
Particular attention is given to Pumped Hydro Storage, Compressed Air Energy Storage, Batteries,
Hydrogen Storage, Thermal Storage, Superconducting Magnetic Energy Storage, Flywheel and
Supercapacitors. The review is given for both household and industrial applications, although some
of the technologies are not suitable for home applications. Following the energy storage overview, a
short-term storage application for wind turbines is presented, where a supercapacitor (suitable for
domestic applications) is employed.
2

ENERGY STORAGE

The penetration of renewable energy technologies creates major problems to the stability of
the system. On the other hand, the utility grid is necessary when the on-site generation is greater
than the loads of the building, so the excess energy can be exported to the utility grid. Moreover,
due to the fluctuations of the energy production of renewable energy technologies, storage is
important for power and voltage smoothing. We can categorize the storage technologies by the
storage duration (long-term, short-term storage), by the kind of storage (electrical, mechanical,
chemical, thermal, etc.) or by other criteria like capital cost, capacity, efficiency, environmental
impact and so forth. Figure 2 shows a classification of Electrical Energy Storage (EES)
technologies by the form of stored energy.

Figure 2: Classification of EES technologies by the form of stored energy

2.1

Pumped Hydro Storage (PHS)

Pumped Hydroelectric Storage (PHS) is the most popular, common and mature method of
storage. PHS is considered as a large-scale energy storage. The first large-scale station for PHS was
built in 1929, in Hartford, USA [4]. The functionality of PHS is simple. Α quantity of water is
stored with high difference in water level (hence, potential energy is present). The water can either
flow from upper to lower level or be pumped from the lower to the upper level. During a period of
electricity demand, water from the upper reservoir is released and activates the turbines for
electricity generation. When there is no need for electricity, the water is pumped to the upper
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reservoir [5]. The amount of stored energy is proportional to the volume of water that can be stored
and the height difference between the two levels. The lower reservoir can be the open sea or a lake,
but it must be near a hill [4], [6]. Poullikkas [7] states that there is a rule of thumb that requires the
head to be in excess of 300 m in order for a PHS to become economically viable. Among the
advantages of PHS are the relatively high efficiency (65−75%), the long lifetime (30–50 years) and
the fast response time (< 1 min), the large power capacity (100–1000MW), the long storage period
and low cycle cost ($0.1–1.4/kWh/cycle). The drawbacks include long project lead time (~10
years), large land area, high capital cost and environmental impact (due to the removing trees from
the large land area) and the difficulty of finding a topographically suitable area with large water
capacity [4], [7]–[9].
2.2

Compressed Air Energy Storage (CAES)

In CAES systems the excess energy is stored mechanically by compressing air in natural or
mechanically formed caverns. In the most usual designs the air from the atmosphere is used [10].
CAES is classified as a long-term energy storage method because it can reserve or supply power for
days. It is not an independent system and has to be associated to a gas turbine plant. When there is
excess energy or the electricity demand is low, the compressor stores air into a sealed volume to a
high pressure. During peak loads or when the electricity price is high, the high pressured air goes
through a turbine to generate power. A typical power capacity of CAES plant ranges between 100–
300 MW. Until 2010, there were only two large-scale CAES plants in operation, one in Huntorf,
Germany, since 1978 (290 MW) and one in Alabama, USA, since 1991 (110 MW) [4], [6], [11],
[12]. Some benefits of this system are similar to PHS systems: high power capacity, long energy
storage duration (> 1 year), relatively quick start up (9–12 minutes) and high efficiency (60–80%),
significant low capital cost requirement ($400–800/kW), 40-year lifetime, the fact that it creates
little surface environmental problems due to the underground storage, and the very low selfdischarge of the system. On the other hand, CAES systems have low energy density (12 kWh/m3)
[8], [9], [13].
2.3

Batteries

Batteries are the most popular and mature energy storage devices. They are classified as longterm energy storage devices. They can connect in series and/or parallel combination to increase
their power capacity to be compatible with different applications. There are two main categories of
batteries: electrochemical and redox flow batteries.
Electrochemical batteries can store energy by creating electrically charged ions using
chemical reactions between positive and negative plates. During charging the electricity (direct
current) is converted to chemical energy and during discharging the chemical energy is converted
back to electricity (flow of electrons in direct current form).
2.3.1 Lead-acid batteries
Lead-acid batteries are the most mature (invented in 1859) and widely used rechargeable
electrochemical devices in vehicles and in stationary equipment. The anode is made of metallic lead
(Pb), the cathode is made of lead dioxide (PbO2 ) and the electrolyte is sulfuric acid. The rated
voltage of a lead-acid cell is 2 V and its lifetime is about 3–12 years. Lead-acid batteries are low
cost devices ($300–600/kWh), have relatively high efficiency (65−80%), are reliable and suitable
for power quality and spinning reserve applications, their response time is fast (< 5 ms) and they
have small daily self-discharge rate (< 0.3%/day). Among their disadvantages are the low energy
density (30–50 Wh/kg), the low specific power (180 W/kg), the limited cycle life (1000–2000
cycles), the high maintenance requirements and some environmental impacts (they emit explosive
gas and acid fumes), the slow charging and the poor low temperature performance. It is not
recommended to completely discharge the lead-acid batteries (because their lifetime depends on the
Paper No. 1614

129

cycle Depth-of-Discharge), so it is necessary to install a larger battery bank to keep the battery life
constant. Furthermore, lead-acid batteries are the most expensive devices for RES because of their
maintenance and replacement costs [3], [4], [6], [8], [12].
2.3.2 Nickel-based batteries
Nickel cadmium (NiCd) batteries are mature devices since they have been used commercially
since 1915. They use nickel hydroxide and metallic cadmium as the two electrodes and an aqueous
alkaline solution as the electrolyte. They are the only batteries capable of well performing even at
low temperatures (from –20 to –40°C). Their advantages are their high energy density (50–75
Wh/kg) and their long cycle life (2000–2500 cycles). Some barriers of the NiCd batteries are the
toxic heavy metals (cadmium and nickel) used and the environmental harm they cause. Moreover,
their lifetime and maximum capacity decrease dramatically if the battery is repeatedly recharged
after being partially discharged (memory effect). The cost of NiCd batteries is relatively high
($1000/kWh), their unit voltage is about 1.0–1.3 V and their energy efficiency is about 60–83%.
Nickel cadmium batteries are not heavily used commercially and it seems that they will not be used
for future large-scale energy storage applications [3], [5], [8], [13]. NiCd batteries have been
prohibited for consumer use since 2006 and they are used only for stationary applications [14].
Nickel-metal hydride (NiMH) batteries are similar to the NiCd batteries except that the
material used for electrodes is a hydrogen-absorbing alloy instead of cadmium. They first appeared
commercially around 1995 to replace NiCd batteries. Their specific energy is moderate (70–100
Wh/kg) but their energy density is high (170–420 Wh/L). Also, they do not get affected so much
from the memory effect and they are more environmentally benign than NiCd batteries. However,
NiMH batteries have a high rate of self-discharge (5–20%/day) and a low energy efficiency (65–
70%) [3], [6], [8], [14].
2.3.3 Sodium Sulfur (NaS) batteries
Sodium Sulfur (NaS) batteries have been introduced in the 1960s. They are considered as one
of the most promising candidates for large-scale stationary EES applications. Some of their
applications include load levelling, power quality, peak shaving and renewable energy management
and integration. The NaS battery system is constructed in a tubular design. The cell reactions
normally require a temperature of 300–350°C to ensure that the electrodes (Na and S) are in liquid
states, a fact leading to a high reactivity. At 350°C the NaS battery exhibits a voltage of 2.07 V until
60–75% of the discharge process. After that, the voltage starts to decrease linearly to 1.78 V at the
end of the discharge. The lifetime of a NaS battery is about 10–15 years. The desirable features of
NaS batteries include relatively high energy density (380–760 Wh/kg), high power density (150–
240 W/kg) and high rated capacity (up to 244.8 MWh). In addition, they have low maintenance
needs, high energy efficiency 75–90%, long cycle life (2500–4500 cycles) and very fast response
time (< 5 ms). The battery also uses inexpensive, non-toxic materials with high recyclability (~99%
recyclable). However, NaS batteries have some limitations with regard to the high annual operating
cost ($80/kW/year), the high initial capital cost ($350–550/kWh or $2000–4000/kW) and some
safety problems if both electrodes come into direct contact at high temperature. Moreover a need of
an extra system is required to ensure its operating temperature and the corrosion problem of sodium.
The research and development focuses are mainly on enhancing the cell performance indices and
decreasing or eliminating the high temperature operating constrains [3], [6], [8], [9], [15]–[17].
2.3.4 Sodium Nickel Chloride (NaNiCl) batteries
The sodium nickel chloride (NaNiCl) battery is similar to the sodium sulfur (NaS) battery. It
is commercially available since 1995 and was intended to solve some development issues that NaS
battery was experiencing at the time. It uses nickel chloride as the positive electrode, liquid sodium
as the negative electrode and ceramic electrolyte to separate the electrodes. A sodium nickel
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chloride battery is a high temperature system (250–350°C) with higher cell voltage (2.58 V) than a
NaS battery. Among the advantages of such batteries are their better safety characteristics, their less
corrosive properties, their good pulse power capability, the fact that they are cell maintenance free
and very low self-discharge, and their relatively high cycle life. Their limitations with respect to
NaS batteries are their low energy density (94–120 Wh/kg) and their low power density (150–170
W/kg). Sodium nickel chloride batteries tend to develop low resistance when faults occur and this is
why cell faults in serial connections only result in the loss of the voltage from one cell, instead of a
premature failure of the complete system. They have been successfully implemented almost
exclusively for electric vehicle applications. Today’s related research focuses in hybrid electric
vehicles and in storing renewable energy for load levelling and industrial applications. However,
very few companies have been involved in the development of this technology and produce this
type of battery, therefore its potential is limited [3], [4], [14], [15], [17].
2.3.5 Lithium ion (Li-ion) batteries
Lithium ion (Li-ion) batteries were commercialized by Sony in 1991. The cathode is made of
a lithium metal oxide and the anode is made of graphitic carbon. The electrolyte is normally a nonaqueous organic liquid containing dissolved lithium salts. Lithium ion cells have a nominal voltage
of around 3.7 V. At present, lithium battery technology has achieved significant penetration into the
portable consumer electronics and especially in laptop and mobile systems. Furthermore, it is
making the transition into hybrid and electric vehicle applications and has opportunities in grid
storage as well. The recent related research focuses on cost reduction (about $900–1300/kWh) by
use of cheaper materials, lifetime increase and reduction of high flammability risk. Their
advantages compared with NiCd and lead-acid batteries are the higher energy density (80–200
Wh/kg) and energy efficiency (95–98%), the lower self-discharge rate (< 5%/month) and the
extremely low maintenance required. In addition, lithium ion batteries have fast response time (< 5
ms), high power density (500–2000 W/kg), wide operating temperatures (–20 to 60°C for charge
and –40 to 65°C for discharge) and more than 3000–5000 life cycles. However, the lifetime of
lithium ion batteries is temperature dependent and, hence, they are unsuitable for back-up
applications where they may become completely discharged. Another drawback is the safety issue
due to the metal oxide electrodes, which are thermally unstable and can decompose at raised
temperatures, releasing oxygen and thermal energy. Therefore, to minimize this safety problem,
lithium ion batteries are equipped with a monitoring unit to avoid over-charging and overdischarging. Also, there is a maximum charge and discharge current limit on the most packs [3], [4],
[6], [14], [16], [17].
2.3.6 Metal-air batteries
Metal-air battery can be categorized as a special type of fuel cell using metal instead of fuel
and air as the oxidant. The reaction is electrochemical and only oxygen is needed from air [4], [16].
There are various metal air battery chemical couples. One of them is the lithium-air battery, which
has a theoretical specific energy of 11140 Wh/kg, however the high reactivity of lithium with air
and humidity can cause fire. At present, only zinc-air (Zn-air) batteries are technically feasible with
an energy density near 1350 Wh/kg. Metal-air technology offers high energy density, long lifetime,
reasonable cost levels and it is environmentally friendly. However, the electrical recharging is
difficult and inefficient (50% efficiency) with few hundred cycles life and a limited operating
temperature range (0–50°C). Although rechargeable metal-air batteries are still under development
some developers produce them [4], [6], [14], [16].
2.3.7 Redox flow batteries
Redox flow batteries are relatively a new storage system and are considered as long-term
energy storage devices for large-scale applications. They convert electrical energy into chemical
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potential energy by charging two liquid electrolyte solutions and releasing the stored energy. The
electrolytes are stored externally in tanks and pumped through the electrochemical cell that converts
chemical energy directly to electricity and vice versa. It is very easy to replace or increase the
amount of the electrolytes, thus their capacity is easily scalable. Flow batteries can be used to a
wide range of stationary applications. They overcome the disadvantages of typical electrochemical
batteries, in which the electrochemical reactions create solid compounds that are stored directly on
the electrodes causing limited storage capacity. Redox flow technology offers significant benefits
such as no self-discharge rate, no degradation for deep discharge, long lifetime and low
maintenance requirements. On the negative end, it requires high investment cost and it has technical
development issues. Redox flow battery is an attractive technology for large-scale EES systems
(10kW–10MW) considering all the above benefits. Some types of flow batteries that have been
developed over the past few years are the vanadium redox batteries, the polysulfide bromide
batteries, and the zinc-bromine batteries. Among all these types of flow batteries, vanadium redox
batteries (VRB) have some attractive benefits, such as better efficiency, longer cycle life, better
safety and lower operating cost and maintenance. For more information on the types of flow
batteries see [3], [8], [12]–[17].
2.4

Hydrogen Energy Storage - Fuel Cells

A fuel cell is an electrochemical cell that converts a fuel (chemical energy) into electricity.
The cell consists of two electrodes on both sides of an electrolyte (Figure 3). When the fuel (e.g.
hydrogen) is fed to the anode and an oxidant (air or oxygen) is fed to the cathode, then a potential
difference occurs between the two electrodes. The chemical equation is given by:
2H2+O22H2O+energy, where electrical and heat energy are released during the process. Most of
the cell types can do the reverse process (reversible fuel cells) by introducing electricity to split
water into hydrogen and oxygen. When electricity is needed, the stored hydrogen can be used to
feed the fuel cell [10]. During off-peak hours, electrolysis produces hydrogen, which can be stored
to generate electricity during peak hours.
Hydrogen fuel cells can be characterized as long-term storage devices. Some of their
advantages include high energy density (600–1200 Wh/kg), modular design, low maintenance
needs, low toxic emissions, low noise and vibrations, almost zero daily parasitic loss, easy
installation, low maintenance cost, transportability, high versatility, compatibility with a lot of types
of fuels and suitability for small and large-scale applications. Hydrogen fuel cells have 15 years
lifetime with more than 20000 charge and discharge cycles respectively. However, hydrogen fuel
cells remain a very expensive method of storage ($6–20/kWh) and suffer from high storage cost
($500–10000/kW) and low efficiency (20–50%). Cost reduction and durability improvement are
essential to deploy hydrogen energy storage in largescale applications [3]–[5], [8], [9].
At present, there are four main types of technology of hydrogen storage, two of which are
more mature and developed. The first one is pressurized hydrogen method that depends on high
materials permeability to hydrogen and their stability under pressure (200–350 bar). The second
type of technology is based on the use of metal hydrides as storage mediums that relies on the
excellent hydrogen absorption properties of these compounds. These compounds are capable of
absorbing the hydrogen and restoring it when required. They have low equilibrium pressure at room
temperature. This type of technology is safe for use at low pressure and it is compact because of the
high volume absorption capacities of the hydrides. However, a thermal management system is
required because the absorption of hydrogen is an exothermic reaction, while desorption of
hydrogen is endothermic. The third type is the liquid hydrogen storage, which is limited at present.
This is due to its properties, the cost of the materials that are used in the manufacturing of the tank
and the very low temperature that is required (–253°C). Among the drawbacks of this method are
the leaks from the unavoidable thermal losses, which lead to pressure increase inside the tank and
the self-discharge of the tank that reach 3%/day or 100%/month. The fourth and final type of
technology is based on the use of carbon nanofibers that is currently under research. However, there
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are many types of materials that are in the research stage depending on the temperature or the
pressure of the hydrogen [6], [9].

Figure 3: Topology of fuel cell and hydrogen storage [3]

2.5

Thermal Energy Storage (TES)

Thermal Energy Storage (TES) systems can store heat using different means in insulated
repositories for later use in many industrial and residential applications, like space heating or
cooling, hot water production or electricity generation. TES can be simply defined as the temporary
storage of thermal energy at low or high temperatures. Thermal storage systems are deployed in
order to overcome the mismatch between demand and supply of thermal energy and thus they are
important for the integration of RES. A typical TES system consists of a storage medium in a tank,
a packaged chiller or a built-up refrigeration system, piping, pumps and controls [9]. TES
technology can be divided into two categories based on the temperature level of stored thermal
energy: the low temperature TES and the high temperature TES.
Low temperature TES is developed for commercial and industrial building for heating,
cooling and water boiling. The low temperature TES technologies that are currently being used are
as follows. (i) Aquiferous low temperature TES, where water is cooled or iced by a refrigerator
during off-peak hours and stored for later use during peak hours. The amount of stored cooling
energy depends on the temperature difference between the chilled/iced water stored in the tank and
the returning warm water from the heat exchanger. This technology is applicable for peak shaving
commercial and industrial cooling loads during daytime [4]. (ii) Cryogenic energy storage (CES),
where cryogen (e.g. liquid air or liquid nitrogen) is generated by off-peak power from RES. When
electricity is needed, heat from the environment boils the cryogen and using cryogenic heat engine,
electricity is released. Meanwhile, the wasted heat from the flue gas can be used to provide direct
cooling and refrigeration. CES does not require significant capital cost per unit energy, is benign to
the environment, it has high energy density (100–200 Wh/kg) and has long storage period. Apart
from the benefits, CES has low efficiency (40–50%). CES is expected to be used for future grid
power management [3], [4].
High temperature TES is developed within solar thermal energy applications and plays vital
role in renewable energy technologies and heat recovery. The high temperature TES technologies
that are currently in use or are being under development are the following. (i) Concrete storage:
This type of technology uses concrete or castable ceramics to store energy at high temperatures for
parabolic trough power plants. The heat transfer fluid can be a synthetic oil [4]. (ii) Phase Change
Materials (PCM): They are materials that can change phase, usually solid to liquid, at constant
temperature. Latent heat or hidden heat is the energy exchanged during a phase transition, where
there is no change of temperature during energy transfer. During accumulation, the bulk material
shifts from solid to liquid and during retrieval the liquid transfers back to solid. The heat transfer
between the thermal collector and the environment are made through a heat transfer fluid (e.g.
sodium hydroxide). This type of technology can be utilized for long-term seasonal storage. The
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advantage of latent heat storage is its capacity that is storing large amounts of energy in a small
volume with a minimal temperature change, which allows efficient heat transfer [4], [13], [14],
[18]. (iii) Molten salt storage and Room Temperature Ionic Liquids: They are organic salts with
negligible vapor pressure and a melting temperature below 25°C. They can also be stored at high
temperatures (many 100s of degrees) without decomposing [4]. Concentrated Solar Power (CSP)
systems use the sunlight to produce heat. The heat energy can be stored easily before conversion to
electricity and eventually provide electrical energy by a conventional plant. CSP plants consist of
two functionality parts: one that converts solar energy into heat and another that converts heat into
electrical energy (Figure 4). At first, the heat is collected in the solar field and then it is moved to
the heat exchanger in order to heat the molten salt (heat transfer fluid) that goes from the cold tank
to the hot tank. To produce electricity the hot salt passes through a steam generator that powers a
steam turbine [11], [19]. The CSP has power capacity between 10kW (for small applications) to
200MW (for grid connection applications). It is considered as a long-term energy storage method
because it can store energy for several hours. CSP plants share some attractive qualities with solar
PVs as CSP plants can store heat energy for later use. For example, they can produce electricity
from heat even on cloudy days or after sunset. Additionally, the losses in thermal storage cycles of
CSP systems are much less than other energy storage technologies (e.g. PHS, batteries). The main
disadvantages of CSP are the risk of the liquid salt to freeze at low temperatures and the risk of salt
decomposition at higher temperatures [11], [19].

Figure 4: CSP plant energy storage [11]

2.6

Superconducting Magnetic Energy Storage (SMES)

Superconducting Magnetic Energy Storage (SMES) is a relatively new technology method
that first induces DC current into a coil of superconducting wire and then stores electrical energy in
a magnetic field. There are no resistive losses nor any need for energy conversion to other forms
[5]. When the wire reaches a temperature of –270 °C, the phenomenon of superconductivity occurs.
The main components of SMES are the superconducting unit, the refrigeration system and a power
conversion system [4]. SMES is a short-term energy storage method with an extremely high
operational cost ($1000–10000/kWh). The response time is under 100 ms, which makes the SMES
suitable for stability applications. Moreover, SMES is a reliable method and has high energy
efficiency (~97%). Also, the lifetime of the superconducting coil is high, although there is
mechanical stress in the components leading to material fatigue [9], [13]. As of 2009 there were
over 100 MW of SMES units in operation worldwide.
2.7

Flywheel Energy Storage (FES)

The energy stored in flywheel is in the form of kinetic energy into a rotating mass. It acts as a
motor during charging, and as a generator from the rotational energy during discharging. The faster
the flywheel rotates the more energy it stores. Flywheel storage is considered as a short-term
storage method, since the discharge time is from some minutes to 1 hour and the response time is
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about 5 ms. Also, the power capacity storage level is less than 100 kW [11], [12]. There are two
types of flywheel, the lower speed (up to 6000 rpm) and the higher speed (up to 60000 rpm). Low
speed flywheels have specific energy near 5 Wh/kg and they are made of steel rotors and
conventional bearings. High speed flywheels can achieve specific energy of 100 Wh/kg because of
the light weight and high strength composite rotors [5].

Figure 5: The flywheel storage system [4]

Figure 5 shows the flywheel storage system, which consists of the motor/generator, the two
magnetic bearings that rotate a mass in order to decrease friction at high speed and the vacuum to
reduce wind shear. A flywheel storage device shares some attractive qualities such as long life (15–
20 years), long cycle life (10000–100000) and high efficiency (90–95%). On the other hand,
flywheels have a high self-discharge (~20% per hour), so they do not constitute an adequate device
for long-term energy storage. In addition to that, as mentioned above, the energy density is low and
the capital cost is high [5], [6], [9].
2.8

Supercapacitors / Ultracapacitors

Supercapacitors are also known as ElectroChemical Double Layer capacitors (ECDL) and are
relatively new energy storage devices. Energy storage is achieved with no chemical reaction, in the
form of an electric field between two electrodes. The main difference between supercapacitors and
conventional capacitors is that the supercapacitors have a very high energy density because they
have a larger electrode surface area coupled with a much thinner electrical layer between the
electrode and the electrolyte. They both follow the same principle, except that supercapacitors have
an electrolyte ionic conductor instead of an insulating material, in which ion movement is made
along a conducting electrode with a large specific surface (Figure 6) [6], [13]. The electrodes are
usually made of porous carbon or any other high surface area material. Recent technological
progresses have allowed carbon aerogels and carbon nanotubes to be used as electrode material.
The electrolyte is organic (which allow a nominal voltage of up to 3 V) or aqueous (whose nominal
voltage is limited to 1 V). The function of the supercapacitor is simple; during charging, the
electrically charged ions in the electrolyte are being moved towards the electrodes of opposite
polarity due to the electric field between the charged electrodes [6]. Due to the low voltage
resistance between the terminals of the supercapacitor, which is up to 3 V per element,
supercapacitors are built up with modules of single cells connected in series or in a combination of
series and parallel connections. The module voltage is typically 200–400 V. Single cells have a
capacitance of 350–2700 F [5]. The energy stored in the supercapacitors can be calculated as E =
0.5CV2, where C is the capacitance and V is the voltage across the cell or module. Supercapacitors
exhibit some favorable characteristics when compared with other energy storage devices. Firstly,
they have high energy efficiency (95–98%), long life cycle (> 100000 cycles), high power density
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(10000 W/kg) and very fast response time (< 5 ms). Moreover, they are environmentally friendly
and no thermal heat or hazardous substances can be released during their discharge. Also, they have
high tolerance to deep discharges and an extremely low internal resistance. Some of their
drawbacks are the very short charge and discharge time (from some seconds up to some minutes),
the low energy density (5 Wh/kg) and the high cost ($20000/kWh). Finally, their lifetime is about
12 years and they have a high self-discharge rate (14% per month) [4], [6], [8].

Figure 6: Supercapacitor cell [4]

3

A SHORT-TERM STORAGE APPLICATION FOR WIND TURBINES

A connection of a small wind turbine of 20kW nominal power to the low voltage grid is
realized. The goal here is following the connection, and the synchronization of the circuit with the
low voltage grid, the implementation of short-term energy storage. As a result, the stored energy
can be used during a temporary disconnection of the wind turbine from the grid, in case of a fault on
the grid side. Also, short-term storage can help for voltage and power smoothing due to the
fluctuation caused by the instability of the wind speed. Firstly, the connection of the wind turbine to
the grid through AC/DC converter, DC/DC step up (boost) converter, and DC/AC inverter is
completed. The current wind turbine uses a Permanent Magnet Synchronous Generator (PMSG).
The following block diagram (Figure 7) represents the circuit (not shown here) under study. All
circuits were simulated using the PSIM software package. Then, the circuit is connected to the grid
and synchronization is achieved. For synchronization, grid and wind turbine side must have the
same (i) line voltage (230Vrms), (ii) frequency (50Hz), and (iii) phase angle.
Subsequently, the circuit is operated at the maximum power point (MPP) by adjusting the
duty cycle of the DC/DC converter. Letting the duty cycle of the DC/DC converter vary makes the
output current to vary, followed by a change of the input current of the DC/DC converter as well.
Then, there is a change in the electrical torque of the generator and then a change in the rotational
speed of the wind turbine. Therefore, varying the duty cycle can regulate the rotational speed of the
wind turbine to operate at the MPP. Figure 8 shows the results of the simulated system for various
speeds of the wind. Line 5 is the MPP curve that connects all the maximum power points of each
wind speed.

Figure 7: Block diagram of the simulated circuit
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Figure 8: Graph of power sent to grid v. rotational speed of wind turbine

Following is the connection and synchronization of the circuit with the low-voltage grid.
Adjusting the voltage (magnitude and phase) of the inverter, there is a change of active and reactive
power sent to the grid. Also, the frequency of 50 Hz is fixed through the inverter. Figure 9 shows
the current sent to grid and the grid voltage according to time, with a phase difference of about 8.5º
between them (power factor = cos(8.5º) = 0.989). Moreover, the voltage to the grid is 230 Vrms or
325 Vmax, which is equal and in–phase to the grid voltage (Figure 10).
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Continuing with no storage in the circuit, we set a fault to the grid side for a short period of
time. The result, as it was expected, was the short-time disconnection of the wind turbine from the
grid (Figure 11) and the increase of the rotational speed of the wind turbine (Figure 12). In other
words, all the produced energy from the wind is converted into mechanical rotational energy. The
last step is the implementation of the short-term storage method, which employs supercapacitors.
For the time period 1.0–2.0 s we have set a short circuit to the grid side. The results of the simulated
circuits during the fault show that even when the grid is disconnected with the wind turbine side,
there is a non-zero and constant wind turbine power (Figure 13), since the rotational speed remains
the same and the wind energy can be stored into the supercapacitors (Figure 14). After the fault
period, we set a zero wind speed to confirm that the energy stored during the fault can pass through
the grid side. At this period, the power and the rotational speed of the wind turbine are zero.
However, the energy that goes to the grid is equal to the stored energy. In Figure 14, we can see
also the voltage of the supercapacitor cell during charging (1.0–2.0 s) and discharging (2.0–3.0 s).
Note that during the charging period (t = 1.0–2.0 s), C = 6 F, time difference Δt = 1 s, Vstorage(t
= 1.0) = 1750 V, Vstorage(2.0) = 1752.326 V. The energy of the supercapacitor (see previous section)
is defined as:
E = 0.5CV2

(1)
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Hence, using Eq. (1), Echarge = 24.44 kJ, Pcharge = E/Δt = 24.44 kW and, from Figure 13,
Pwind_turbine = 24.43 kW. During discharging period (t = 2.0–3.0 s), C = 6 F, Δt = 1 s, Vstorage(2.0) =
1752.326 V, Vstorage(3.0) = 1750 V. From Eq. (1), Edischarge = 24.44 kJ, Pdischarge = E/Δt = 24.44 kW
and, from Figure 13, Pto_grid = 24.44 kW.
The above calculations verify that all the energy produced by the wind turbine is stored to the
supercapacitor cell (charging period), and afterwards all the stored energy is passed through the low
voltage grid side (discharging period).

Figure 11: Wind turbine Power and Power to the grid with
respect to time when a fault appears during a short period
of time without storage

Figure 13: Wind turbine Power and power to the grid with
respect to time when a fault appears during a short period
of time with storage

4

Figure 12: Rotational Speed of wind turbine according to
time when a fault appears during a short period of time
without storage

Figure 14: Rotational Speed of the wind turbine and the
Voltage of the supercapacitor cell with respect to time
when a fault appears during a short period of time

CONCLUSION

In this paper an up to date review of current energy storage technologies and their
characteristics has been presented. The review included storage properties and functionalities,
advantages, disadvantages and their history progress in the industry. We focused on Pumped Hydro
Storage, Compressed Air Energy Storage, several types of Batteries, Hydrogen Storage, Thermal
Storage, Superconducting Magnetic Energy Storage, Flywheel and Supercapacitors. The choice of
the ideal storage method to be used depends on several factors: the amount of energy or power to be
stored (small or large scale), the time for which this stored energy is required to be retained or to be
released (short- or long-term), spacing, environmental issues and cost. For example, flywheel and
supercapacitors are the most suitable technologies if there is a need for a brief auxiliary power
supply due to an unexpected interruption (short-term storage). Regarding the demonstration of the
wind turbine with supercapacitor cell storage, the results of the simulations verify the purposes of
this study. The circuit achieves maximum usage of the wind power, and synchronization with the
grid, as well as utilization of the energy generated in the case of a temporary disconnection of the
grid, through the short-term energy storage. A future research of this study can be an extension of
the small wind turbine system to a large scale wind farm. Finally, another progress of our research
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can be a hybrid storage system, which combines both short-term and long-term storage
technologies. Thus, various applications can be satisfied, such as power and voltage smoothing,
power quality improvement, seasonal storage, ancillary storage in case of a fault.
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ABSTRACT
Energy and especially electrical energy is an essential commodity worldwide. Despite the fact that
it was discovered by Thomas Johann Seebeck back in 1821, more than a century had to go by for
Maria Telkes to construct the first power generator in 1947. During the last 50 years thermoelectric
generators (TEG) have been used in space applications and resurfaced in the last 10 years for
terrestrial applications despite their low efficiency conversion rate, an object of research attraction
and incentive still today.
The proposal objective is to utilize waste heat energy from household solar thermal installations
during the summer months when there is excess hot water demand. According to the “European
Solar thermal Industry federation” Europe had installed 28.3GWth by the end of 2012 [29]. Cyprus
has the highest Solar Thermal Capacity in Operation per 1000 Capita in Europe. By the end of 2012
Cyprus had more than 495MWth in operation through thermosyphon and other solar thermal
systems justifying the utilization of the excess heat energy generated by these systems.
The work aims to study the feasibility of solar thermal waste energy recovery using thermoelectric
generation technology. The converted energy can be utilized in many different ways. This
technology is promising and in comparison to existing renewable energy sources it offers
controllability and inherent storage capability. The generated thermal energy is inherently stored in
the solar thermal hot water storage tanks and can be utilized when required, by the grid operator for
example using smart controller techniques or for individual use. This paper provides a review of
current TEG technologies and efficiency rates, the materials used, applications and electricity grid
feed-in control techniques.

1

INTRODUCTION

The global energy demand is continuously increasing, despite the temporal steadiness due to
the economic crisis. The average global electric power consumption was estimated in 2011 at more
than 17 terawatts [1]. Although photovoltaics are the number one technology used for solar to
electrical energy conversion, an old but unexploited technology is re-introduced the last years that
has great potential. According to annual reports of the Cyprus Electricity Authority (EAC) and
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Cyprus Energy regulation Authority (CERA) [2] and [3], the maximum demand in Cyprus for 2014
was 860MW and this was recorded on 25th of August 2014. It can be seen from CERA annual
reports, that the demand was more than 800MW between the hours 10:00-17:00. Although in
Cyprus more than 495MWth are installed through thermosyphon or solar thermal systems, the
majority of this energy is not utilized in the summer time due to the limited needs of domestic hot
water for household usage. This study proposes utilization of the aforementioned wasted energy to
generate electrical energy that can be fed to the electricity grid.
This study proposes the utilization of the waste heat/energy from the existing solar thermal –
Thermosyphon systems, through thermoelectric generators. Thermoelectric generators are solid
state devices that generate electricity when heat and cold is applied at their two sides. The generated
electrical voltage is a result of the temperature difference between the two sides of the material. The
ability of materials to convert thermal energy to electrical energy is called Seebeck coefficient. Due
to the pre-existing thermosyphon water storage tanks, the thermal energy can be stored as hot water
and converted to electrical energy that can be fed to the grid, providing in this way grid support for
example.
2

THERMOELECTRIC MATERIALS AND SELECTION

In 1821 Thomas Johann Seebeck discovered that applying different temperatures on junctions
made from two different metals, would deflect a compass magnet [4]. Seebeck initially believed this
was due to the Earth's magnetic field. Later, it was noticed that the magnet was deflected due to the
thermoelectric energy (force) that was produced. The effect of generated electrical energy from
different temperatures applied at junctions of different metals is known as “Seebeck effect”. The
voltage that is produced from the temperature difference across the two sides of the thermoelectric
couple is found to be proportional to the same temperature difference with a proportional constant
that is called “Seebeck coefficient” and normally is denoted by “s”.
A thermoelectric (TE) module consists of pairs of n- and p-type semiconducting materials (couples)
connected electrically in series and thermally in parallel. The ability of a given material to
efficiently produce thermoelectric power is named “figure of merit” denoted by “ZT”. ZT is
associated with the thermoelectric material properties; the Seebeck coefficient S, the electrical
conductivity σ, Temperature difference and thermal conductivity K, Where
ZT 

S 2T
K



(a p  an ) 2 T
K teg Rteg

(1)

Many different materials have been studied to identify their relative Seebeck effect such as ZnSb,
Sb2Te3, Bi2Te3, CdSb and so on and their Seebeck coefficients and electrical conductivities have
been characterized [5]. After the First World War the thermoelectric generators were studied
thoroughly and there was a high interest in this technology. Generator efficiencies of 5% have been
reached by 1950s [6]. However, after 1960s the progress had slowed down because it was believed
that the maximum figure of merit that could be reached was 1.
In order to increase ZT (Figure of merit) and thus efficiency, one has to increase the Electrical
Conductivity and Seebeck coefficient and decrease the heat conductivity. However, for most
material transformations, increasing the electrical conductivity causes an increase in the heat
conductivity as well. Slack suggested that ideal bulk thermoelectric materials should have thermal
conductivity like glass and electrical conductivity like a crystal known as phonon-glass electroncrystal (PGEC)[7]. During the last two decades a renewed interest in increasing ZT of
thermoelectric generators through nanostructured and other non-conventional materials has been
shown. Although the dominant material used for thermoelectric generators is Bi2Te3[8], within the
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last decade more materials have been suggested such as skutterudites, and PbTe especially for high
temperature applications.
It was proven from Harman et al [9] and Vankatasupramanian et al [10] in 2002 and 2001
respectively through a mathematical analysis, that through nanostructures high ZT values could be
reached with the following materials:
ZT ~2 with Bi2Te3/Sb2Te
ZT ~2.4 with PbTe/PbTeSe
ZT ~2.4 with bi doped PbTeSe/PbTe
Research on thermoelectric materials with higher efficiencies became more intensive during the last
5 years and many both theoretical and experimental papers were issued. However most of the
papers are concentrated on increasing ZT value with any term, and to achieve ZT values of more
than 2, temperatures of more than 500K are needed.
The study in this proposal concentrates on thermoelectric materials with maximum efficiencies at
temperatures (hot side of TEG) in the range of 60-100oC (333-373K). Alloys from Bismuth and
Tellurium as the main thermoelectric components, are the dominant commercial thermoelectric TE
materials for the temperature range of 200–400 K [12], [14].
For low temperature thermoelectric generator materials the current research is limited to few
studies. Bed Poudel et al [14], prompt that the highest ZT for thermoelectric materials was 1 for
more than 50 years. This study was the first that promoted ball milling and hot pressing of
nanoparticles into bulk ingots in order to increase phonon scattering in p-type BixSb2–xTe3,
reaching a peak ZT of 1.4 at 100°C. For testing purposes at the n-type leg a commercial Bismuth
Tellurium material was used. Xiao Yan et al [11], broke single crystal of Bi2Te2.7Se0.3 into nanograins, and horizontal and vertical pressing was performed to the grains to increase phonon
scattering. From this study it is showed that ZT of 0.95 is achieved, at temperature differences (ΔΤ)
of only 50oC after horizontal pressing of crystal nano-grains. The ZT value against the temperature
of the resulted thermoelectric generator (TEG) can be seen in Figure 2.1.
Wenjie Xie et al [12] concentrated on improving bismuth telluride efficiencies through a meltspinning technique along with quick spark plasma sintering (MS-SPS) to improve the performance
of a p type thermocouple of Bi0.52Sb1.48Te3. According to same study the resulting product could
lead to easy commercialization due to the simplicity of the process. With this process they reached
ZT of 1.56 at 300 K for the p-type Bi0.52Sb1.48Te3 MS-SPS bulk material. In the study of Wenjie
Xie et al [13], the values of ZT were increased more with the same Bismuth material as that of [12],
but with Zone-melted (ZM) p-type Bi0.48Sb1.52Te3 ingots and Spark Plasma Sintering process
(SPS) to the nanostructured particles. A ZT value of 1.5 at 380oK was reached.

Figure 2.1. ZT Vs Temperature of new pressed Bismuth telluride crystal grains [11]
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Figure 2.2. ZT Vs Temperature of nanostructured SPS and ZM Bismuth Telluride [13]
The study of Shufen Fan et al used [15], Bismuth- Tellurium and Antimony powder as starting
materials to prepare p-type Bi0.4Sb1.6Te3 ingots via solid-state synthesis, and then the ingots were
used as predecessors for the preparation of nanocomposites and nano-inclusions. The nanoinclusions were prepared via melt spinning. The final material composite mixture was held by
mixing the bulk phase with various amounts of nano-inclusions 0%, 10%, 20%, and 40% through a
ball milling process. The final material showed figure of merit of 1.8 at 50°C and 1.75 at 80°C with
40% nano-inclusion.
A general view on ZT values achieved from TEG materials during the last 6 years for low
temperature applications can be seen in table 2.1.
Table 2.1 Low temperature ZT and material formation
Material
BixSb2–xTe3
Bi2Te2.7Se0.3
Bi0.52Sb1.48Te3
Bi0.52Sb1.48Te3
Bi0.4Sb1.6Te3
Bi0.4Sb1.6Te3
Bi0.5Sb1.5Te3 with Al2O3

ZT max
1.4
0.95
1.56
1.5
1.8
1.75
1.4

Enhancement on P/N
P
P
P
P
P
P
P

Temperatures
100C
100C
26.85C or 300K
106C or 380K
50C
80C
100C or 375K

Reference Number
14
11
12
13
15
15
16

From the table above it can be seen that the highest ZT value for temperatures of 80-100oC can be
taken from Bi0.4Sb1.6Te3 [15], where a ZT value of 1.75 is achieved on hot side temperature of
80oC.
Assuming a uniform formation of N thermoelectric couples (same couples type used by the study of
Shufen Fan et al [15]), from calculations an overall efficiency of such a thermoelectric energy
conversion would be: n  3.63%  6.24%

Efficiency of TEG is understandably low but there are many benefits of using this technology such
as:
- Inherent energy storage due to the existing solar hot water tanks with 160-200lt of water per house
- Favorable generation to grid control system (SCADA systems) since sudden weather disturbances
(eg. clouds) do not affect the generation in high degree as in photovoltaic systems, and is
controllable through simple vane control system.
- The energy is wasted today since there are no hot water household needs during summer months.
- No Additional space for panels needed since same solar thermal panels can be used and only the
thermoelectric generator system and power electronics are needed
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3

PROPOSED SYSTEM DESIGN

The proposed system consists of the existing thermosiphon systems installed for domestic hot water
use and the encapsulation of a new thermoelectric generator system to utilize this heat in the
summer months where most of this heat energy is wasted.
Xing Niu et al[17], constructed a TEG array from commercial Bi2Te3 modules and they formulated
a system that utilizes cold and hot water to generate electrical energy. The system exhibited
efficiencies of 4.44% at hot and cold water temperatures of 150oC and 30oC respectively at flow
rates of 0.6m3/h, and efficiencies of 2.5% at hot and cold inlet water temperatures of 80oC and 25oC
respectively.
The formulation of thermoelectric heat energy that is fed to TEG array can be found in [17]:
Qheat  Ghot  fluid C fluid Thot

(2)

And then the efficiency of a thermoelectric generator can be calculated as [17]:
P
T
1  ZT  1
or n 
n 

T
Thot
Qheat
1  ZT  cold
Thot

(3)

Where Ghot is the hot fluid volume flow rate, ρfluid is the hot fluid density, Cfluid is the specific heat
capacity of hot fluid and ∆Thot is the temperature drop of hot fluid in the heat exchanger.
The water temperatures from the utility (cold water TEG side) can be found from [19] where
ground temperatures for depths of 0.8-2.8m in the ground are found to be between 15-20oC from
measurements in Cyprus for a whole year. Since the utility water tubes are non-thermal isolated and
are found at the aforementioned depths in most cases, we can assume a unified temperature of 25C
at entry point of cold water side.
Using the formulas given from K.T. Zorbas et al [18], the heat flows can be calculated as follows:
1
(4)
Qhot  K teg (Thot  Tcold )  StegThot I  I 2 Rteg
2
1
Qcold  K teg (Thot  Tcold )  StegTcold I  I 2 Rteg
(5)
2

Subsequently the Power output of the thermoelectric array can be calculated from:
Pteg  Qhot  Qcold  Vteg I

(6)

Where:
Vteg  Steg (Thot  Tcold )  Rteg I

(7)

K is the thermal conductance of the TEG and is calculated from KTEG=N(κn+κP)G
Steg is the total Seebeck coefficient (STEG=N(an+aP))
N is the number of P-N couples
Thot and Tcold are the temperatures at hot and cold side of the TEG array respectively
Rteg is the TEG internal electrical resistance (RTEG=N(ρn+ρP)/G)
G is the geometry factor (G=area/length)
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From research of Ioannis Michaelides et al [20], it can be deducted that the water hot temperature in
August (from actual measurements) at night is over 65oC (on an average night water temperature)
which is still high enough and it is indicated that there are electrical energy storage capabilities.
Under 3 different solar thermosiphon systems tested in Ioannis Michalide’s study, it is found that
energy losses during the evening are 37-43% all year round. From the same study[20], one can get
the pattern of solar thermosyphon water temperature variation per hour for no load case and for
0.8liter per minute hot water consumption case. By applying the proposed pattern, to the proposed
thermoelectric generator system, power generation per hour can be estimated. Of course there is still
a lot work need to be done in this area to have robust actual results, but for the purpose of this paper
we will work on the current known data.

Figure 3.1- Proposed solar thermoelectric power generation system
Utilizing the parametric values for the chosen thermoelectric material [15], and applying
thermoelectric calculations from given data as in [17], [18], [19] and [20], for the different aspects
of the design such as solar irradiation values, experimental temperature variations at solar
collectors, ground water temperatures of water supply and water flow volume from natural flow, the
power output can be calculated as shown in Figure 3.2 and Figure 3.3 for the no-load case.
The natural water flow rates were calculated according to Richard B. Bannerot et al [21]. The water
flow levels were 6-11ml/s for irradiation levels from 2.2MJ/m2 up to 3.3MJ/m2. Comparing with
today’s actual irradiation levels in Cyprus, the solar radiation is higher and is following a bell
shaped curve [25]. Applying calculations for the natural volume flow rates of the water in the solar
thermal panels in terms of solar radiation levels, we can come to the results shown in the charts
shown in Figures 3.2 and 3.3.
For the calculations the following assumptions and data have been taken into account:
- The water flow volume was calculated based on solar radiation levels for August in Nicosia,
Cyprus
- The temperature difference in the heat exchanger (for the heat input) is calculated from the
temperature difference of the hot and cold water entering the thermoelectric generator
system
The total calculated electrical energy per 4m2 flat type solar thermosiphon, the thermoelectric
system can generate 0.9KWh per day for the summer months if the energy is taken from natural
volume flow as shown in Figure 3.2 (calculations and simulation has been done for August).
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Figure 3.2 – Chart of calculated Power Vs time from the proposed system
The grid operator, through supervisory control and data acquisition (SCADA) system could control
the flow of the water in the thermoelectric generator system in order to increase or decrease the
supply at a given time space only by controlling the water flow using a control valve in the system,
and the generation of this energy can be either in one hour via forced water flow or following the
natural flow of water as shown in the figure 3.2.

Figure 3.3 – Chart of calculated efficiency Vs time from the proposed system
The forced flow control can be done with only 30Wh consumption for one hour. The maximum
energy that can be generated through forced circulation of water within one hour can be seen in the
chart in Figure 3.4. Moreover from this chart it can be seen that if the operator chose to get the
energy between 13:00-14:00, more than 1kWh will be available. The flow rates can have constraints
of maximum flow according to the hot water tank capacity which for this example is calculated to
be 200 litres.

146

Figure 3.4 - Maximum Energy from forced circulation of water per hour

4

UTILIZATION OF THE GENERATED ENERGY

The generated electrical energy requires specialized power electronics for easy utilization. To
acquire maximum power, one should utilize at first a maximum power point tracking system
(MPPT) with simultaneous control of the voltage output, and then grid integration electronics. The
research in this area is still limited due to the very recent advancements in thermoelectric materials.
According to Molina M.G at al [22], two (2) are the most common configurations for grid
connected MPPT systems, known as one-stage and two-stage topologies. In this paper the two-stage
solution is proposed. The reactive power control for grid integration is achieved through Voltage
control mode (VCM) and active power control mode (APCM). For best integration, the MPPT
control is employed through the “Perturbation and observation” iterative method.
Another approach examined in 2011 [23], by the same authors, the power conditioning system can
be carried out by controlling the active power flow exchanged with the grid system.
In order to increase the efficiency of the thermoelectric system Zhaoxin Qiu et al. [24] suggested a
connection of a back boost converter in series with each TEG module rather than one single back
boost converter for the whole system. It was shown that under certain conditions the efficiency of
cascaded TEG electronic system increases the efficiency of the overall power electronic system by
1-1.5%.
5

CONCLUSION

According to the International solar heating and cooling programme 2012 edition
(international Energy Agency) [26], 908,784m2 solar thermal collectors were installed till 2010. Out
of these, 895,503m2 were flat plate collectors, 3,363m2 unglazed collectors and 9,918 m2 evacuated
tube collectors. From this, we can deduct that only from flat collectors there is a pool of 223MWh
energy (stored energy) per day that can be utilized at any time of the day by the distribution system
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operator. This energy could just supply the network with electrical energy but could also provide
grid support when needed since this energy is stored.
Although the technology appears very promising and with great potential, further work is
required as well as experimental verification using a small prototype to begin with. Additionally the
cost of such a system needs to be considered in order to be viable. The construction of the
thermoelectric generators from raw materials involves many processes starting from Ingot sintering,
pressing, ingot dicing and polishing, metallization, interconnect and braze solder up to module
assembly which this increases the cost. Additionally the cost of such a system is increased from the
heat exchangers that have to be used on the cold and hot sides and power electronics. According to
Saniya LeBlanc [27], the cost of thermoelectric generator for waste heat applications at 275°C
could be as low as 1$/W. Unlikely, for lower temperatures like solar thermosiphon applications the
cost will be higher due to lower temperatures. This is due to the fact that BiTe materials have raw
costs of 100$/Kg, when other thermoelectric materials that work with higher temperature degrees
like Half-Heuslers or Skutterudites raw materials, cost about 10-40$/Kg. Another research review
study from same authors [28] on thermoelectric costs, proposes the reduction of material per
thermoelectric generator by reducing the ratio of the area covered by the active thermoelectric
material to the plate area (Called fill factor). This paper is analyzing the price and ZT values of
different materials under different temperatures and suggests a cost performance optimization
method. The paper showed that the cost per kW can change due to many factors including the
power electronics circuit to control the maximum power operation. Therefore a new method is
proposed to be used, called levelized cost of energy (LCOE) which is the capital cost per kWh and
is used to compare different energy generation technologies. A formula for cost identification is
introduced that incorporates material and manufacturing costs which includes all material costs and
heat exchangers, thermoelectric materials and so on. The cost for a system with the parameters
required and described in this proposal (thermoelectric material, temperatures, heat exchanger
types) cannot be evaluated at the moment since many parameters are affecting the cost and further
work is required.
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ABSTRACT
The project ‘Fostering the use of low temperature geothermal sources through the
development of operational exploitation guidelines and green energy solutions of
enterprising’ with the Acronym ENERGEIA is a Strategic Co-Funded Project of the European
Territorial Cooperation Programme Greece-Bulgaria 2007-2013. It focuses on strengthening
research and analysis component geothermal systems through pilot applications and through
the development of guidelines and operational implementation of efficient techno-economic
green energy use patterns both at public and commercial level.
Democritus University of Thrace (DUTH), as partner of the project “ENERGEIA” is
responsible for the study, design and implementation of a pilot hybrid solar-geothermal park
that combines low enthalpy geothermal and solar thermal energy utilizing solar parabolic
collectors and Organic Rankine Cycle (ORC) turbine in order to co-generate thermal and
electrical energy. Currently the end-users of the thermal and electrical energy produced by the
pilot park include a school building, a greenhouse and a composter. The early results of the
pilot operation of the hybrid park highlight the importance of the hybridization process in
order to increase the efficiency of the park. Solar thermal energy is considered as a potential
renewable energy (RE) technology for further exploitation of low enthalpy geothermal energy
through hybridization of these two RE sources.
1. Introduction
The “ENERGEIA”, as a strategic project, is implemented under the European Territorial
Cooperation Programme Greece-Bulgaria 2007-2013 with the title: “Fostering the use of low
temperature geothermal sources through the development of operational exploitation
guidelines and green energy solutions of enterprising - ENERGEIA”. The production of
electric energy through the hybridization of RE sources is a rapidly evolving research area
and includes significant advantages that address their intermittent behavior. The main
objective of hybridization of the RES technologies is to minimize the effect of their
intermittent behavior and increase the overall efficiency, as well as enhance the security of
energy supply.
2. The purpose of the pilot project
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The "ENERGEIA" project focuses on the research’s strengthening and the analysis of the
geothermal systems through the pilot applications and by developing guidelines for functional
implementation and energy efficient techno-economic studies, both at public and commercial
levels.
The project aims to study through pilot application the production of electric energy using
Organic Rankine Cycle (ORC) engine powered by the thermal energy produced both by the
solar parabolic collectors and the low enthalpy geothermal field as well as the potential
exploitation of the produced by the hybrid park thermal energy, in order to district heat as
public school building, a greenhouse and an anaerobic digester for biogas production. For that
purpose a pilot application has been designed and implemented by Democritus University of
Thrace that includes a solar field of parabolic trough collectors, an ORC turbine, a district
heating network from the geothermal well to the school building, as well as necessary
auxiliary and monitoring equipment.
3. Location of installation
The hybrid pilot park installation is located in the area of Ziloti, at the Municipality of
Topeiros, in the south-west of Xanthi city, located in Northern Greece. The field excerpts in
relation with the zones of the National Park of Eastern Macedonia and Thrace and the Natura
Network 2000. Later follow a climatological analysis of the installation location and a RES
potential, as well.
In climatological terms, the year can be divided in two main seasons: The cold and rainy
period lasting from mid-October until the end of March and the warm and dry season lasting
from April to October. During the first period the coldest months are January and February,
where, on average, the minimum temperature ranges from 5-10 οC and sometimes values
below zero can be observed. Rainfall, even in the winter does not last for many days. During
the warm and dry season the weather is stable, the sky is clear, the sun is bright and it does
not rain but there are some breaks with rapid rains or short storms.
The warmest period is in the last ten days of July and the first ten days of August, when the
average maximum temperature ranges from 29 οC to 35 οC. During the warm season, high
temperatures are mitigated by the cool sea breeze and from the northern winds (annual) that
blow mainly in the Aegean. Spring is short, because winter is late, and summer begins early.
Autumn is long and warm and sometimes extended in southern Greece until the middle of
December.
3.1 Solar radiation in the area of installation
With some primary calculations, the monthly average of solar radiation in the Municipality of
Topeiros is considered gratifying for the implementation of solar thermal technologies since
the mean monthly solar radiation on the horizontal level as is measured from the nearest
meteorological station (Chrysoupoli - Kavala), is:
Table 3.1: Solar Radiation Data [units in kWh / (m 2.mo)]
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
57.5 78.0 111.3 137.6 189.9 204.0 208.8 187.6 141.8 97.7 62.1 43.3
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The above data have been verified from the meteorological station installed in the pilot
application. Figure 3.1 presents the measures data of solar irradiation and ambient
temperature from October 2016 till February 2016.

Figure. 3.1: Meteo Data - Ambient Temperature [oC] and Solar Radiation [W/m2]
3.2 Low enthalpy geothermal field
The pilot project is exploiting the geothermal fluid of the characterized GP-13 productive well
on the confirmed according to national law Ν.3175/2003 and Ministerial Decisions (ΦΕΚ
1012/τ.Β’/197-2005 & ΦΕΚ 161/τ.Β’/5-2-2008) geothermal field N. Erasmiou. Its
characteristics are summarized in Table 3.1.
Table 3.2: Geothermal Characteristics
Water Properties
Geothermal Well Coordinates (EGSA'87)
X:570212,12
Y:4530263,98
Conductivity 1265μS/cm
4.87 m
8.5
Altitude
pH
ο
Temperature 65 C.
370m
Drill Depth
Max Supply 15 – 17m3/h
≈60m
Pumping Depth
The supply of the geothermal well is about 15 – 17m3/h and is enough to meet the research’s
purpose of the project. The temperature of the geothermal fluid to the drilling surface is
approximately 65οC.
4. Layout of the pilot hybrid park
The layout of the pilot hybrid park is presented in figure 4.1 and its main parts include the
solar field, the thermal energy storage system (TES), the geothermal fluid network and the
power generation system (Organic Rankine Cycle-ORC turbine).
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Figure 4.1: Simple Layout Diagram of the Park
4.1 Solar Field
The installed solar field, consist of Parabolic Trough Collectors (PTCs), which considered as
mature, both in technological and commercial terms. The parabolic troughs are linear
concentrating systems. For the conversion of solar energy into heat, a receiver is placed along
the focal line of the parabolic mirrors, which consists of an absorber tube, within a Heat
Transfer Fluid (HTF) circulates in order to transfer the thermal energy captured. The absorber
tube is enclosed in a transparent glass cover. The receiver is designed to absorb the greatest
possible amount of energy focused by parabolic troughs. For that reason, tubes are made of
stainless steel and are coated with a special selective dark cover, which increases the
concentration and absorption of the radiation. Between the tube and the protective glass of the
cylindrical housing, there is a vacuum in order to minimize the heat losses due to convection
(Kalogirou, 2009).

Figure 4.2: Solar parabolic troughs of ENERGEIA project
As far as the pilot application is concerned, the installed solar parabolic collectors are 452,16
m2 of net collector area and have a total thermal power of 282 kWth at reference conditions.

154

The total area covered for the installation of the solar collectors is approximately 1.000,00 m2.
The field of the PTCs is developed in three (3) solar loops that each includes two (2) parallel
arrays. The installation orientation is from north to south that allows the tracking system to
follow the sun orbit from East to West. The technical specifications of the PTCs installed in
the pilot application are presented in table 4.1.
Table 4.1: PTC’s technical specifications
33.58m
Collector Length
2.34m
Collector Width
Collector Area (gross)

78.58m2

Collector Area (net)

75.36m2

Heat Collection Element, O.D.
Heat Transfer Fluid Capacity

25.7mm
18.35l

Collector Weight
Focal Length
Ambient Operating
Temperatures
Maximum Wind Speed
(tracking)
Maximum Wind Speed
(stowed)
Useful Life Expectancy

783kg
800mm
-40 to 50oC
70km/h
169km/h
20years

Operating Temperature Ranges 50-340oC
4.2 Thermal Energy Storage (T.E.S.)
The intermittent behavior of RES technologies requires the development of energy storage for
the operation of RES self-consumption systems. In addition, the operation of PTCs with only
the direct irradiation and profile of the energy loads of the pilot application dictate the
development of an energy storage system. Energy storage is considered as a significant and
vital part of RES self-consumption systems, which due to budget limitation has not being
fully address in the ENERGEIA project. The energy storage installed in the pilot application
includes an indirect system, which means that it uses different fluid (thermal oil) for the
energy transportation and different for the energy storage (water) (Casati et. al., 2013). There
are many solutions proposed for thermal energy storage, however, as mentioned, the pilot
project includes a simple solution of an insulated (80mm of insulation with stainless steel
cover) cylindrical shaped (horizontal installed mounting) tank, as presented in Figure 4.3. The
capacity of the tank is 5 m3 and operates at 4 bar pressure (max. 8 bar). It has three (3)
horizontal tube bank internal heat exchangers, one of 10 m2 connected to the solar thermal
piping network, one of 5 m2 connected to the district heating network and the greenhouses
network and one back-up of 5 m2. The dimensioning of the TES system includes the operation
of ORC turbine in full capacity for approximately minimum 90 min.
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Figure 4.3: Thermal Energy Storage (TES) system of 5 m3 installed in ENERGEIA
project
4.3 Power Generation System – ORC turbine
The utilized PTCs technology of the solar thermal field of the pilot applications operated in
medium temperatures (100οC – 250οC), which limits the solutions for electricity generation to
the Organic Ranking Cycle technology. The Organic Rankine Cycle, utilizing an organic
fluid, such as butane, hexane, etc, can operate in lower temperatures compared to
conventional Rankine Cycle and therefore, ORC turbines are suitable for electricity
generation in applications of solar thermal, biomass, geothermal or waste heat systems
(Orosz, 2009). ORC turbines are commercially available.
The installed ORC turbine of the pilot application (figure 4.4) operates with R245-fa organic
fluid and has a nominal net electrical power of 5 kWe. The operating heat source temperature
range is between 70 and 140 oC. The ORC turbine installed in accompanied with a DC to AC
inverter, an off-grid inverter/charger and a battery bank of 720Ah capacity in order to
complete the self-consumption RES system, as far as electrical loads are concerned. The
operation layout of the installed ORC turbine is presented in figure 4.5. Since, cooling system
of ORC turbines plays a significant role in the efficiency of the electricity production, cold
water of approximately 17οC of a shallow drill (within site location) is utilized, providing
with heat rejection of approximately 96 kWth when operating in nominal conditions.
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Figure 4.4: ORC generator and batteries in ISOBOX installed in ENERGEIA project

35οC

17οC

Figure 4.5: Layout of ORC turbine of ENERGEIA project
5. Preliminary results of operation of the hybrid pilot park
As mentioned, the pilot park operates as a decentralized self-consumption hybrid renewable
energy power plant for the cogeneration of thermal and electrical energy in order to cover the
thermal and electrical loads of the greenhouses and the thermal loads of the anaerobic digester
and the school building. The geothermal fluid of the low-enthalpy geothermal field located in
the area of installation is of 65oC temperature, and therefore not suitable for either the heating
system of the school building or electricity generation. Hence, through the proposed
hybridization with a solar parabolic collectors’ field, it possible to deliver heat at temperature
of above 80oC and therefore provide with a promising solution of decentralized selfconsumption co-generation RES system.
5.1 Operational principle
The modes of operation of the solar field are divided in “pre-heating”, “transferring” and
“sleep”. The control logic set for the solar field at this early stage of operation is presented
below, and it is subject to adjustments in respect to operational data analysis results.
Therefore, the PTCs go from sleep mode to preheating, if the following conditions are met: a)
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wind speed is lower than 19 m/s, b) irradiance is higher than 100W/m2 for 10 min time, c)
there is energy demand and d) no errors are found in the control program. This mode includes
the recirculation of HTF in the collectors’ field until it meets the conditions to enable the
transferring mode. This mode enables the solar field to work on a steady state, the control
system regulates the parameters so that the collected heat is balanced with the TES system.
The conditions which must be fulfilled in order to enter this mode include: a) wind speed is
lower than 19 m/s, b) there is energy demand and c) no errors are found in the program and
temperature of the HTF is 40οC above the temperature of the storage medium (water). The
program will go back to preheating mode if temperature difference between the HTF and the
storage medium is below 10οC. In transferring mode, the triode control valve installed, orients
the flow to TES heat exchanger. If irradiance is lower than 100 W/m2 for 20 minutes the
collectors turn to sleep mode. For safety reasons, if wind speed is higher than 19 m/s for 5
seconds the collector field goes in to sleep.
The geothermal fluid is pumped from the geothermal well and delivered to the TES system
(figure 4.1 – HX2) through a district heating network in order to increase its temperature to
maximum 80οC. The geothermal pump is controlled by the installed PLC – SCADA system
of the hybrid park, and operates in two conditions: a) if the thermostat installed in the
greenhouses requests for thermal demand and b) according to time schedule set for heating of
school building. Currently, the anaerobic digester and the greenhouses are supplied by only
geothermal fluid through a bypass of heat exchanger (figure 4.1 – HX2). For the operation of
the anaerobic digester it required to manually start the geothermal pump. The temperature of
the heat delivered to the school is controlled by triode mixing valve to 80οC. Consequently, in
case of lower than required temperatures within the TES (e.g. due to cloudy conditions), the
thermal demand is partially covered by geothermal district heating network. Thus, the
geothermal energy is used in the hybrid park as base thermal energy. It is noted that the
thermal demand of the school building is satisfied by an oil boiler and the electrical demand
of the total pilot application (greenhouses, anaerobic digester, pumps, etc.) are covered by the
grid through a transfer switch in case they cannot be covered by the hybrid park.
Regarding the electricity generation of the hybrid park, the control logic is based on two basic
conditions: a) TES system has temperature above 80οC and b) there is demand for electricity,
either for direct electrical loads or for charging the battery station. In addition, the cooling
loop should provide with the adequate cold water supply. In case the above conditions are
met, the ORC turbine, the ORC pump and cooling loop pump start their operation. The ORC
turbine power block continues its operation until the temperature of the hot water supply falls
below 70οC. It has to be mentioned that since the electrical demand of the hybrid plant is
greater than the peak power the ORC system, the operation of the power generation system
begins as soon as the temperature of hot water stored is favorable.
5.2 Electrical and thermal demand of pilot installation
The thermal loads that are currently covered by the pilot application include, as mentioned,
the heating of greenhouses, of a school building and of an anaerobic digester. In particular,
the greenhouses are of 640 m2 total area and their thermal demand is estimated at 203,70 kWth
at ΔΤ of 30οC (Τin=60οC, Tout=30οC). Additionally, the thermal demand of the school building
is 30 kWth and the heating period is from the 15th of October to the 30th of April, during and
8.00a.m. – 3.00p.m. Since the school building heating system is equipped with conventional
thermal units (panel radiators), an inlet temperature of Τin=80οC is required (80οC/65οC). The
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thermal load of the anaerobic digester is very low and not included in the early stage
calculations.
5.3 Preliminary results and discussion
A Supervisory Control and Data Acquisition (SCADA) system is installed in the pilot project
and it is responsible for the control and monitoring of the total application. The measured data
from the operation of the pilot park are stored in SCADA and include crucial parameters for
the operation of the park. The most important parameters are summarized in the table 5.1.
Table 5.1: Important Parameters
Parameter
Units
Irradiance
W/m2
o
TES Temperature
C
Solar Thermal Power
Thermal Oil Flow
Thermal Oil Hot
Temperature
Thermal Oil Cold
Temperature

kWth
lit/min
o

C

o

C

ORC Power

kWe

Due to the early stage of the operation of the hybrid pilot park (construction finished in late
September 2015), as well issues that arose the very first months of operation mainly in
SCADA performance (see section 5.4), only indicative days with complete results of
operation were available. Nevertheless, the obtained results are considered adequate for the
energy assessment of the hybrid park performance.
Within this paper, the results of an indicative day (6th of February) of operation are presented
and discussed. The climatological conditions of the specific day included a mean temperature
of 4,4οC, heating degree days of 7, average wind speed of 5,6 km/hr and no rain. As far as
solar irradiance is concerned, the total received solar energy was 2.816,29 kWh as presented
in figure 5.1. The solar thermal power presented in this figure refers to the thermal energy that
it was delivered from the solar field to the TES (transferring mode). As shown, the solar
thermal power fluctuates significantly in time, mainly due to partial cloudy conditions, as well
as the balancing procedure performed by the control program of the solar field.
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Figure 5.1: Solar thermal power and solar irradiance (Feb 6th)
The total thermal energy delivered to the TES on February 6th was 487,26 kWhth. Figure 5.2
presents the temperature of the thermal tank during the indicative date, in comparison with the
temperature of the HTF of the solar field just before it enters the heat exchanger (Figure 4.1 –
HX1) and the ambient temperature. As shown, in a winter’s day, the solar field was able to
achieve more than 160οC of thermal oil temperature and the storage medium (water) reached
approximately 140οC.
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Figure 5.2: TES temperature, Solar Field hot temperature and Ambient temperature
(Feb 6th)
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Figure 5.3 presents the temperature of the geothermal fluid that is delivered to school at the
point of the exit of the heat exchanger (figure 4.1. HX2). As shown, the early hours of the
day, when there is heat demand from the school building, the temperature of the hot water
delivered is the temperature of the geothermal fluid. While, the TES system increases its
temperature from the operation of the solar field, the geothermal fluid increases its
temperature to maximum of approximately 80 oC. The thermal energy delivered from TES to
the school is approximately 120 kWhth for the indicative date presented here. This only
includes the solar thermal energy consumed to increase the temperature of the geothermal
fluid. In order to calculate the geothermal energy utilized, once should assume a ΔΤ of
average 20οC between the supply temperature and the return temperature of the district
heating network (currently is open loop) and calculate the thermal energy gained by the
temperature difference of the geothermal fluid to the hypothetical return of the district
heating. This thermal energy is estimated at approximately 152,50 kWhth for the operation of
the pilot installation in February 6th.
The operation of the ORC turbine in February 6th was for approximately 7 hours, which the
hours where the above described conditions were met. The total thermal energy delivered
from TES to the ORC was 357,44 kWhth and the electricity generated was 25,95 kWhe.
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Figure 5.3: TES temperature, Temperature of geothermal fluid to school (Feb 6th)
The thermal energy consumed by the greenhouses in February 6th was 974,40 kWhth and was
supplied solely by the geothermal field.
In total, in February 6th, the end-users that are covered by the hybrid pilot park
consumed 25,95 kWh of renewable electrical energy and 1.246,90 kWhth of renewable
thermal energy. For the above indicative day, 487,26 kWhth of the total received solar
energy (2.816,29 kWh), was delivered to the TES, which means that the efficiency of the
solar field was 17%. This can be explained by the fact that there is a threshold of
100W/m2 for the solar field, in order to operate and also because of the above mentioned
condition of the thermal power delivery (THTF-TTES>40oC), from the solar field to the
TES. As for the efficiency of the ORC the results showed that it was 7,26% (25,95 kWhe
out of 357,44 kWhth), achieved mainly due to the low temperature of the cooling loop
supply water (17οC).
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In case the pilot park consisted only of the solar field, it is clear that only small part of the
thermal energy demand of the greenhouses could be satisfied and the contribution of the
geothermal energy to the district heating of the school (152,50 kWhth) would have been
requested by TES system. On the contrary, in case of a sole geothermal system, as mentioned
already, it would be not possible to generate electricity and the school building heating would
require the operation an oil boiler in order to increase temperature at 80-90οC. It goes without
saying that the solar thermal and geothermal energy are supplementary renewable energy
technologies that could provide with a promising solution for RES self-consumption
decentralized systems.
Moreover, it can be concluded from the preliminary results that the TES system is undersized
and therefore significant amount of solar energy is lost. Additionally, a larger TES system
could also support the utilization of an increased power ORC turbine.
5.3 Issues encountered and future steps
It has to be mentioned that the pilot park is at very early stages of operation and its operation
is tuned in accordance with the results obtained. The task of tuning is proved to be very
demanding and time-consuming.
Until today, several actions were performed and include the adjustment tracking of the
parabolic collectors in order to improve the focus on the absorber tube as well as the
adjustment of the inclinometer. An important issue encountered concerns the operation of the
SCADA, which very often did not record the monitoring data and also often caused
unexpected “shutdowns” of the pilot park. This resulted in increased number of days without
ORC operation and consequently without electricity generation, which led to increased
(below the lower limit) discharge of the battery storage system. In order to solve this issue, an
additional photovoltaic system of 2kWp was installed and connected with the battery storage
system in order to keep the batteries “healthy”.
Another issue which is considered very important is also related with the ORC shortage of
operation. Particularly, some grid failures (which are often in rural areas), made the PLC of
the solar field to restart several times and finally for security reasons enter the control of the
solar field to manual mode. In order to switch back to automatic mode, the system requires
physical presence in the site location. Therefore, the steady electrical power of the PLC of
solar field is important for the smooth operation of the pilot hybrid park.
Moreover, an important issue is related with the district heating network of the school
building and in particular with the dimensioning of the piping network, which seems to be the
reason for increased thermal losses.
In the future, it is planned to continue the adjustments and tuning of the operation of the pilot
application, as well as to implement measures for permanent solutions of the issues
discovered. In addition, further exploitation of the waste heat of the cooling loop of the ORC
turbine is planned to be investigated. Another aspect that is planned to be investigated in the
future is the supply of thermal energy to the greenhouses from the TES system in order to
take advantage of the available solar thermal energy (e.g. provide with higher temperatures
and therefore reduce the supply requirements).
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ABSTRACT
Solar thermal systems with a total solar panel area varying from 2 to 204 m2 have been installed in
Lithuania over 20 years. Reviewed solar thermal domestic hot water systems in Lithuania produce
up to 528 kWh per year per one square meter of solar collector absorber area. However, the
performance of these systems varies depending on the type of energy users, equipment and design
of the systems, as well as their maintenance. The aim of this paper was to analyze solar thermal
systems from the perspective of energy production and economic benefit as well as to outline the
differences of their actual performance compared to the numerical simulation results. A number of
different solar thermal systems in Lithuania were selected for the analysis varying in both
equipment used (flat type solar collectors, evacuated tube collectors) and type of energy user
(swimming pool, domestic hot water heating, district heating). Simulation software “Polysun 8.1”
was used for solar thermal systems performance evaluation, as well as financial analysis of these
system alternatives. The results of the analysis showed, that in the analyzed cases the gap between
measured and modelled data of heat energy produced by solar thermal systems was up to
approximately 11%. Calculation of internal rate of return showed that a grant is required in most
cases for solar thermal project to be fully profitable.
1

INTRODUCTION

Renewable energy consumption continued to grow in recent years alongside with the
increasined global energy consumption, particularly in developing countries, and a dramatic decline
in oil prices during the second half of 2014. Renewable energy provided an estimated 19.1% of
global final energy consumption in 2013, and growth in capacity and generation continued to
expand in 2014.
Deployment of solar thermal technologies continued to slow, mostly due to declining markets
in Europe and China. Cumulative capacity of water collectors reached an estimated 406 GWth by
the end of 2014 (with air collectors adding another 2 GWth), providing approximately 341 TWh of
heat annually. China accounted for approx. 80% of the world market for solar water collectors,
followed by Turkey, Brazil, India and Germany. The trend continued towards larger domestic hot
water (DHW) systems in hotels, schools, and other large complexes. The interest in the use of
advanced collectors for district heating systems, such as solar cooling and industrial applications
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was growing as well, although advanced systems represent only a small fraction of the global
market [1].
In 2014, the European market underwent a reduction in the newly installed capacity. In 2014,
the market amounted to 2 GWth (approximately 2.9 million m²). This represents a decrease of 7.1%
in comparison with the previous year. The total installed capacity registered a net increase of 1.6
GWth, now reaching 31.8 GWth (45.4 million m²). This represents an increase of 5.3% compared
with the total installed capacity at the end of 2013. Only about 10400 m² (7280 kWth) of glazed
solar collectors were installed till the end of 2014 in Lithuania, and the applications were mostly
limited to single-family buildings [2].
The major part of thermal energy used in public and multi-family buildings in Lithuania is
supplied via the district heating network. 72.4% from all district heating produced energy was used
for household purposes in 2012 [3] and the price in different Lithuanian cities varies in the range
from 0.047 Eur/kWh to 0.091 Eur/kWh. In the last year district heating energy price dropped 9.3%
[4]. Quite frequently natural gas, solid fuel or electricity is used for building heating systems.
Despite the growth of energy prices during the past decade, switching from natural gas to bio
fuel reduced the district heating energy price significantly within last two years. However, dramatic
decline in oil prices during the second half of 2014, conventional fuel prices decreased as well [5].
Energy prices for electricity, natural gas and district heating are presented in Figure 1.

Figure 1: Dynamics of energy prices in Lithuania from 2008 to 2015.
The aim of this study was to review the existing solar thermal (ST) systems and their potential
in Lithuania in relation to traditional energy prices and government policies.
2

REVIEW OF SOLAR THERMAL MARKET IN LITHUANIA

Average global solar irradiation in Lithuania is similar to the irradiation levels in such
countries as Germany, Austria, Denmark, Poland, Latvia and Estonia with the annual potential of
solar energy yield of approx. 1000 kWh/m². The daily potential in the country varies from 0.55
kWh in January to 5.8 kWh in June, therefore, almost the whole irradiated solar energy can be
collected during the warm period of the year (from April till end of October). Due to this fact, solar
hot water (SHW) systems are most efficient in DHW applications in Lithuania [6]. Nevertheless,
technical-economic potential of solar heat energy production in the country reach up to 1.5
TWh/year (129 ktoe).
The values of expected solar energy yield are increasing during the last decade as solar
irradiation increased by 7% during the years of 2005 to 2014 compared to the long-term statistical
data [7].
165

Several studies showed that despite the fact that evacuated tube and flat plate collectors are
considered to be suitable for solar heating in Central European Climates, the evacuated tube
collectors does not reach the additional expected energy yield [8]. Flat plate collectors and
evacuated tube collectors produce the same amount of energy from effective area during summer
season in Lithuania, but it is much less expensive to use flat collectors in most cases [9; 10]. In
recent years, the price of evacuated tube collectors is slowly decreasing and the usage of this
technology is increasing, but there is still lack of real efficiency data at the moment.
Some studies in Lithuania and in other countries of similar climate showed that small and
medium scale solar DHW systems with flat plate or evacuated tube collectors can produce from 335
to 523 kWh/m² of thermal energy per year and the payback time of these systems is over 8 years
without the subsidies. The potential of ST systems is quite high however, the support from
government and EU funds is still necessary in most cases to achieve reasonable payback [7; 11; 12;
13; 14; 15; 16]. In Lithuania some limited subsidies systems and funds for renewable energy
installations exist since 2005. Depending on a project is it possible to apply for a subsidy covering
from 30 to 100% of initial costs.
Some studies showed that relation between installation costs and area of the flat plate solar
collectors (including heat storage tanks and auxiliary equipment) can vary in the range from 600 to
150 Eur/m² in SHW from 10 m² to 10000 m². The installation costs, annual maintenance and repairs
costs vary in wide range depending on type of solar collectors and other components, but in general,
larger SHW installations are relatively cheaper to maintain than small-scale SWH systems [17; 18].
Additional costs for design of the systems in Lithuania add up to 8% from the installations costs. In
some cases, installing SHW systems in existing buildings can cost up to 20% more than in new
buildings [7].
The number of medium-scale SHW systems in Lithuania is still relatively low at the time and
represent the potential direction for development of these systems. There are a number of mediumscale SHW systems installed in the country varying from 60 to 204 m² of total solar panel area.
Most of these systems are installed within the past few years in public buildings, hospitals and
industrial facilities. The oldest still operational SHW system 77 m² was installed in 2002 in children
sanatorium “Žibutė” (Kačerginė). However, it took 10 years for the first SWH system to be
installed in multi-family building as the first such system was launched only in 2012 [7; 16; 19; 30].
Some studies in Lithuania showed that public and multi-family buildings represent one of the
major potential for SWH installation as it is one of the best renewable energy alternatives for these
buildings [7; 11; 16; 21]. More uniform DHW usage during the day is common for public or multifamily buildings, compared to the single-family houses. It is related to variability of occupants and
their hot water consumption habits and this aspect brings out a higher solar energy share without
adding additional volume to the accumulation tank. Moreover, DHW consumption throughout the
day presents the possibility to keep lower temperatures in the collectors even during periods of high
solar radiation. Public or multi-family buildings provide a possibility to connect several users to the
same combined SHW system, therefore the heat losses due to transformation and transportation of
hot water will be incurred to a lesser extent during the system operation [22].
3

METHONDS OF ANALYSIS OF SOME SOLAR THERMAL SYSTEMS IN
LITHUANIA

Ten different ST systems in different Lithuanian cities were evaluated in this study. Most of
these systems were designed for DHW applications. Flat plate, evacuated tube collectors and other
equipment produced by different manufacturers were used. All of these systems are in operation for
up to 5 years. Only some of the systems are equipped with heat meters or monitoring systems and
only few have been supported by schemes of subsidy which led to reduced investments. Technical
and economical characteristics of the analysed systems are presented in Table 1.
The measured performance of the existing ST systems was compared to the theoretical values
obtained by means of simulation software “Polysun 8.1” (Velasolaris, 2015). This simulation tool
allows dynamic calculation of the annual solar energy yield, as well as to design ST systems to
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achieve economic efficiency. All technical parameters of the existing systems such as inclination
angle, orientation, energy demands and characteristics of the installed equipment were used as
boundary conditions for the simulations.
Table 1: Technical and economical characteristics of the analysed ST systems.

Evacuated tube
solar collectors

Flat plate solar
collectors

Description of ST systems
SHW, main energy source – natural gas
SHW, main energy source – district heating
SHW, main energy source – district heating
SHW, main energy source – electricity
Indoor swimming pool heating and SHW.
Main energy source – natural gas*
SHW, main energy source – electricity
SHW, main energy source – district heating
Preheating the return water in the district
heating network**
SHW, main energy source – district heating
SHW, main energy source – district heating

Total
gross /
absorber
area, m2

Investment
per 1 m2
absorber
area, Eur

25 / 23
40 / 37
72 / 67
114 / 106

564
558
449
516

Annual
energy
production
per 1 m2
gross, kWh
512 (2015)
n/a
n/a
488 (2013)

166 / 155

749

411 (2013)

27 / 15
36 / 33

1027
755

528 (2014)
n/a

82 / 72

1229

343 (2013)

110 / 66
145 / 77

741
568

n/a
n/a

* System was not in operation for three weeks during August, 2013.
** System was upgraded few times due to improper operation and the total investment is estimate.

Financial analysis was performed for ten different ST systems. In this study, the assumption
was made that the entire cost of the ST systems is covered during the installation and the systems
were installed without any subsidies. The life-span of the ST systems is considered to be 20 years.
Parameters used for financial assessment of the ST systems are presented in Table 2.
Table 2: Parameters used for the simulations of ST systems.
Life span of ST systems, years
Specific district heating energy price (average), Eur/kWh
Specific energy from natural gas price (average), Eur/kWh
Specific electricity costs (standard), Eur/kWh
Index for energy prices, % per year
Interest capital, %
Running costs, %
4

20
0.041
0,076
0.129
3.0
2.5
1.5

RESULTS OF THE ANALYSIS

Analysis showed that relation between installation costs and area of the flat plate and
evacuated tube solar collectors (including heat storage tanks and auxiliary equipment) varies in the
range of 449 - 1229 Eur/m² in ST systems from 23 m² to 155 m² absorber area. Average price of
flat plate solar collector systems is 567 Eur/m², but the investment for evacuated tube solar
collector systems per 1 m absorber area in wide range 568 - 1229 Eur/m², with the average price of
864 Eur/m².
The results of the analysis showed that ST systems with solar flat plate and evacuated tube
collectors can produce from 343 to 528 kWh/m² and almost the whole (approximately 80%)
irradiated solar energy can be collected during the warm period of the year (from March till
October).
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Simulations showed that analysed ST systems in Lithuania can reduce greenhouse gas
emissions from 49 to 232 kg CO2/m²absorber per year. However CO2 reduction per absorber area can
vary in the wide range depending on the type of the system and an alternative source of energy
production.
Price composition of the analysed ST systems is presented in Figure 2. The price of solar
collectors and mounting systems comprise more than half of the total system price in cases when
evacuated tube collectors are used.

Figure 2: Price composition of equipment in analysed ST systems.
The financial analysis showed that heat energy generated by analysed ST systems is not
competitive in most cases in comparison with district heating (payback period from 11 to 40 years)
and natural gas applications (payback period from 24 to 27 years). But projects were fully profitable
(payback period from 6 to 10 years), in cases when electrical energy was used as an alternative to
energy produced by SHW systems. Average solar energy cost (life-span 20 years) in the analyzed
cases was – 0.073 Eur/kWh.
5

DISCUSION AND CONCLUSIONS

The results of the analysis presented in this study showed that ST systems with solar flat plate
and evacuated tube collectors can produce from 343 to 528 kWh/m² heat energy and reduce
greenhouse gas emissions from 49 to 232 kg CO2/m²absorber per year. The district heating system
from return pipe into a return pipe proved to be less effective compared to local SHW applications.
The results of the analysis showed that in the analyzed cases the gap between measured and
modelled data of heat energy produced by ST systems was approx. 11%. From the economical
perspective, the system with flat type solar collectors used for DHW production is profitable if
compared with the electrical energy as an alternative.
The most expansive equipment in ST systems are solar thermal collectors. In the analysed
cases, from 28% (flat plate collectors) to 51% (evacuated tube collectors) of initial investment is
required to cover the costs of solar collectors itself.
The market growth of ST systems in most countries depends on the policy of the
governments. In Lithuania, the payback period of ST systems in most cases is too long to ensure the
stable growth of ST applications without the governmental grants.
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ABSTRACT
The trend towards high penetration of renewable energy sources (RES) in the energy mix and
particularly grid-connected photovoltaic (PV) systems in the low voltage (LV) network, offers the
benefits of green decentralized generation, at the same time requiring the development of energy
management tools to alleviate potential problems. More specifically, the fact that PV energy
production does not coincide with the electricity demand, necessitates the grid to be called upon to
act as a sink and a source thus changing the classical role of the grid requiring re-adaptation of the
grid operation. To this effect, an advanced demand side management (DSM) scheme can be
introduced to mitigate RES integration stability issues by minimizing and alleviating system
capacity violations. In this work, a dynamic price-based DSM tool has been developed and
implemented based on real data from households in Cyprus. Smart meters (SMs) have been
installed at 300 households equipped with grid-connected PV systems, in order to acquire
consumption and production profile details of typical Cypriot prosumers. The selected pilot sites
that are equipped with a 3 kWp grid-connected PV system, will use a ToU tariff allowing rates and
charges to vary based on the consumption, i.e. day or night and seasonality.
1

INTRODUCTION

Grid stability issues arise with the increasing penetration of renewable energy sources (RES)
and particularly grid-connected photovoltaic (PV) systems at the low-voltage network. It may offer
the associate benefits of a decentralized and distributed electricity generation however, this does not
remedy the problem of intermittency. To this effect, demand side management (DSM) schemes
have been introduced in the most developed countries aiming to control the demand, levelise peak
demand and allow higher penetration of RES [1]–[4].
In this work, a dynamic price-based DSM tool has been developed and implemented based on
real data from households in Cyprus. The aim is to motivate residential customers to shift load from
peak to valley periods resulting to lower electricity bills. The validation of the price-based DSM
tool and comparative analysis started in July 2015 when the data acquisition process has begun. The
comparative results of the average daily consumption profile for a typical domestic consumer as
obtained from the Electricity Authority of Cyprus (EAC) and the measured datasets from the pilot
sites are analysed showing strong correlation indicating that the participants represent the typical
domestic customer. Finally, the self-consumption and self-sufficient rates for two seasons, summer
and autumn, were derived. The yearly self-consumption and self-sufficient rates will be derived
with the acquisition of measured datasets in July 2016 and yearly comparative results will be
presented between the typical domestic consumer and the pilot sites.
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2

PROSUMERS FEATURES

In support of this work, three hundred prosumers in Cyprus have been selected through the
implementation of the SmartPV project (http://www.smartpvproject.eu/), in order to collect real
measurements from a representative sample for the Cypriot consumer. Smart meters (SMs) have
been installed to acquire consumption and production profile details. The selected pilot sites are
equipped with a 3 kWp grid-connected PV system as is the case with the existing net metering
scheme for households in Cyprus.
In addition, the participants will be able to monitor their energy habits through the use of
different monitoring devices. For one-hundred prosumers “In-House Displays (IHDs)” will be
installed at their households, while others will have access either to a web application or receive
information about their energy habits through the traditional bi-monthly mail bill. This enables an
in-depth examination of the prosumer energy behaviour changes using different monitoring
accessibilities.
3

METHODOLOGY

The development of the dynamic price-based DSM tool relies strongly on the analysis of the
basic input parameters such as electricity demand and initial rates and charges. The first step for the
development of the price-based DSM tool was to identify the peak and valley periods of the total
electricity demand. The load duration curve of the provided total electricity demand in Cyprus for
each season was provided and using statistical analysis the ToU block periods were identified.
Then, optimization procedures were performed in order to improve the load curve fitting, resulting
in an optimized price-based DSM measure [5].
Beyond the identification of the ToU block periods, the tool calculates the electricity bill
based on optimum ToU tariffs which are calculated using the well-known fminocn solver [6] which
finds a constrained minimum of a scalar function of several variables [5]. The computation of the
electricity bill is based on the ToU blocks, ToU tariffs and the associated load curve.
The collected datasets for the summer and autumn seasons have been processed and the
optimized ToU tariffs for the corresponding seasons were derived as shown in Table 1. Figure 1 (a)
presents the daily average profile for the summer period with the corresponding ToU blocks and
tariffs while Figure 1 (b) presents the daily average profile for the autumn period with the
corresponding ToU blocks and tariffs.
Table 1. Derived ToU blocks and tariffs for summer and autumn period.
Summer

Off-peak

Blocks/Time

01:00 – 06:59

Tariff/price
Middle

0.0964 €/kWh

Blocks/Time

00:00 – 05:59

Tariff/price

0.0961 €/kWh

Shoulder
19:00 – 00:59
07:00 – 08:59
0.1365 €/kWh
06:00 – 07:59
21:00 – 23:59
0.1261 €/kWh

Peak
09:00 – 18:59
0.1766 €/kWh
08:00 – 20:59
0.1561 €/kWh

Although, the ToU block periods have been derived based on the total electricity demand, the
residential load profile falls within the ToU peak and valley periods. Further analysis was
performed in order to examine the correlation between the participants load profile and the provided
domestic profile from the EAC. For this purpose, the Pearson product-moment correlation
coefficient was calculated which is defined as the covariance of the two variables divided by the
product of their standard deviations and then the correlation rate is found. Strong correlation rate
indicates that the two profiles have similar pattern while weak correlation rate implies to two jarring
patterns. This analysis is important to clarify the representativeness of the sample relatively to the
average Cypriot consumer.
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(a)

(b)

Figure 1. Derived ToU tariffs for: (a) summer and (b) autumn season.
Beyond the price-based DSM tool, the self-consumption rate is important to be identified. The
self-consumption rate shows the PV energy which is directly used over the total PV production. For
this reason, participants with 2 SMs installed at their premises provide measurements of import,
export and PV production energy. Hence, the self-consumption rate is possible to be calculated, an
analysis which was performed for the summer and the autumn period where real measurements
acquired. For the calculations of the self-consumption rate the Eq. (1) is used to find the selfconsumption energy and then converting it to the percentage rate. The self-sufficient rate shows the
share of the load consumption that is supplied by the PV energy and is calculated using the Eq. (2).
(1)
(2)

Self-consumption = (total PV production – export) / total PV production
Self-sufficient = (total consumption – import) / total consumption

Below, results from correlating the measured with the provided average consumption profiles
are provided along with the self-consumption/sufficient rates for both seasons, summer and autumn.
4
4.1

RESULTS
Correlation rates

The first results from the pilot sites show impressive correlation rates between the participants
and the provided average consumption profile. Specifically, the correlation rate for the summer
season (Figure 2) is up to 92.56 % with an increased consumption by 32.03 %. This is mainly due
to the fact that the provided average load consumption profile includes vulnerable groups, cottages
etc., which reduce the average daily consumption profile. Similar results occurred for the autumn
season (Figure 3), at which the correlation rate between the measured consumption energy and the
provided average consumption profile is about 96.5 % with an increased consumption of 19.40 %.
The strong correlation rates from the first analyses confirm the representativeness of the
selected sample over the average Cypriot consumer thus any behaviour change due to the
application of the ToU tariffs can be extrapolated to a larger scale.
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Figure 2. Comparison of household consumption profiles between measured and provided
average consumption data-sets for the summer season.

Figure 3. Comparison of household consumption profiles between measured and provided
average consumption data-sets for the autumn season.
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4.2

Self-consumption/sufficient rates

The average daily energy profiles for import, export, PV production and consumption were
derived for the summer and autumn seasons as shown in Figure 4 and Figure 5 respectively. The
self-consumption/sufficient energy and rate were calculated for each period as presented in Table 2.
The self-consumption rate for the summer period is about 53 % while for the autumn period is
around 40 %. The self-consumption rates are high, due to the fact that the participants have high
energy needs. This can be observed from the fact that the production energy does not match with
the consumption resulting in a positive-bias self-consumption rates. The rate difference is caused
due to the seasonal customers’ energy behaviour as also due to the PV energy generation. In autumn
the daily PV production is by 2.46 kWh less than the summer period. The self-consumption energy
in the summer period was almost double than the autumn period indicating that different loads are
utilizing during the summer period which coincide with the PV production profile.
The self-sufficient rates which show the share of the load consumption that is supplied by the
PV are 29.98 % and 26.88 % for the summer and autumn period respectively. These percentage
values indicate the need of shifting load to the PV production period.
Table 2. Calculation of self-consumption/sufficient energy from average daily energy data.

Consumption (kWh)
PV production (kWh)
Import (kWh)
Export (kWh)
Self-Consumption (kWh)
Self-Consumption (%)
Self-sufficiency (kWh)
Self-sufficiency (%)

SmartPV sample summer
13.81
7.77
9.67
3.64
4.13
53.17
4.13
29.98

SmartPV sample autumn
8.07
5.31
5.90
3.14
2.17
40.81
2.17
26.88

Figure 4. Energy pattern of the average SmartPV sample with 2 SMs during the summer
period 2015.
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Figure 5. Energy pattern of the average SmartPV sample with 2 SMs during the autumn
period 2015.
The results exhibit the need for energy behavior change in order to increase the season selfsufficient rate especially for the autumn period which will further allow higher PV penetration and
better utilization of the grid assets. The price-based DSM tool which is developed aims to motivate
customers to shift loads from peak periods to off-peak periods thus smoothing the profile.
5

CONCLUSION

In this paper, the development of the dynamic price-based DSM tool was presented. The
methodology followed to derive the optimum ToU blocks and tariffs was analysed and the first
results derived from the pilot sites were demonstrated. The correlation rate between the participants
and the provided average energy consumption indicated strong correlation for both seasons,
summer and autumn, clarifying the representative sample of the selected customers. A selfconsumption rate of 53.17 % and 40.81 % for the summer and autumn period respectively was
derived. Due to the fact that customers have increase energy needs these rates are positively-biased.
On the other hand, the self-sufficient rates are about 29 % and 26 % for the summer and autumn
periods demonstrating the need for better matching the load utilization with the available PV
generation. The rates are expected to change after the application of the ToU tariffs.
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ABSTRACT
The installed capacity of grid-connected photovoltaic (PV) systems worldwide is increasing
rapidly and the technology is starting to become a major part of the energy mix. The electricity
injected into the grid from these systems is intermittent as it depends on the prevailing weather
conditions and more precisely on the available solar irradiance. Any sudden irradiance changes
directly affect the power response from such systems, resulting in a negative impact on the
operation of the grid. As a result, the further deployment of grid connected PV systems depends
heavily on the identification of the existing patterns of the solar irradiance at the particular location
of interest using historical data and the reliable forecasting of the energy production from such
systems. A characterization and classification method for daily sky conditions is presented based on
5 years (2011 – 2015) of ground measurements of solar irradiance in Cyprus. The results clearly
show that the sky conditions in Cyprus experience similar patterns through the years. Moreover,
they reveal that the solar irradiance is highly predictable and that the grid operators can use solar
systems without compromising the quality and security of the supplied electricity with high PV
penetration into the energy mix provided that the system is operated with adequate flexible reserve
capacity as currently mandated by Grid Rules for the operation of the system. Finally, statistical
analysis of the results reveal that 75.4 % of solar fluctuations in Cyprus are low order fluctuations
between 1 – 5 W/m2.
1

INTRODUCTION

The share of PV systems in the energy mix of Cyprus is gradually increasing mainly due to
the falling prices of PV systems and the introduction of new market based policies, such as net
energy metering. By December 2015, the total capacity of installed PV systems in Cyprus was
74.89 MWp and the share of Fit in Tariff and Net energy metering systems was 67 and 33 %
respectively. The introduction of these new energy policies offers the advantage of decentralised
and distributed generation but also raises issues of uncontrolled electricity production. The power
system operators demand that the power produced from renewable energy sources (RES) is
adequately predicted in advance in order to ensure optimal supply of the energy needs and system
stability.
The power produced from PV systems is directly related to the available solar irradiance.
Therefore, any disturbance to the latter affects the produced energy by fluctuating the production
curve. The daily solar irradiance can be characterised by the quantity and the quality of the solar
irradiance reaching the earth’s surface. The quantity of power produced affects the scheduling of
1
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the electricity generation by the system operator particularly in cases where the PV penetration is
significant. On the other hand, the quality of the produced PV power is mainly affected by passing
clouds. The type and duration of a cloud moving over a PV system creates fluctuations in the power
production curve affecting the quality of delivered power. The quality of solar irradiance dictates
the corrective action that should be implemented (such as the size and technology of storage and the
amount of spinning reserve) to ensure secure and uninterruptible energy supply to the end users [1]–
[3].
The focus of this paper is to classify and evaluate the quantity and quality of solar irradiance in
Cyprus (Limassol) using the K-POP method. This method characterises daily sky based on the daily
sky clearness index
and the daily probability of persistence
evaluated using
ground based measurement. The results show high statistical consistency for multiple years of
investigation. Moreover, the statistical analysis of the GHI ramp rates performed for Cyprus
supports the findings of the K-POP method.
2

METHODOLOGY

2.1

K-POP Method

The characterisation method used is the “K-POP” method introduced in [4] and [5]. This
method uses two indices to define the quantity and quality of the solar irradiance at the earth’s
surface. The sky clearness index
and the probability of persistence
are used
respectively. The sky clearness index is the ratio of the global horizontal irradiance
to the
extraterrestrial irradiance
as shown in Eq. 1 [5]. This index, captures the instantaneous
fluctuations of the solar irradiance and indicates the quantity of daily solar irradiance the surface of
the earth receives during a day as depicted in Eq.2. However, this index cannot capture the quality
of solar irradiance.
(1)
(2)
The quality of solar irradiance during a day can be found using a probabilistic approach.
Firstly, the set
is calculated as the difference between consecutive values of
within a day
index for the day is the probability of the
values to be equal to zero (Eq 4).
(Eq 3). The
is for a day the lower are the chances for fluctuations to
Therefore, the higher the value of
appear during that day.
,………,
(3)
0

(4)

As a result, employing this method for each day yields the daily value of the clearness index
and the probability of persistence. The daily solar irradiance can be represented on a twodimensional plot, where the x and y axes are the daily values of
and
respectively. The
plot of
is divided into 9 classes as demonstrated in Figure 1 [6]. The x-axis is
divided into three sections based on the quantity of solar irradiance. The right column represents
days with high solar quantity, the centre column days with medium solar quantity and the left
column days with low solar quantity. Similarly, the y-axis representing the quality of solar
irradiance, is divided into 3 sections based on the quality of the daily sky conditions, clear or totally
overcast sky (top row), relatively small and infrequent fluctuations (centre row) and large and
frequent fluctuations (bottom row). Solar irradiance example profiles are shown in the cell of each
class in Figure 1.

179

Figure 1: The daily solar irradiance classes and examples of the daily solar irradiance plots for
each class.
2.2

Weather Station

The meteorological station is installed at the area of Akrotiri, Limassol, Cyprus and is operated
by the FOSS Research Centre of the University of Cyprus. The solar irradiance was measured
using a “Kipp Zonen CMP 6” pyranometer. The resolution of the data is 1 minute and 5 years of
data are used (2011 – 2015) for the analysis. The extraterrestrial irradiance data is simulated using
the online “Solar Calculator” tool of NREL [7].
3

RESULTS

3.1

K-POP Distribution plots

The solar irradiance patterns for the K-POP plots for the data collected in Cyprus during (a)
2011, (b) 2012, (c) 2013, (d) 2014, and (e) 2015 are presented in Figure 2. The black rectangular
symbols represent the K-POP data points for each day of the year and the red circular symbol
indicates the centroid of the K-POP points of each year. From a visual inspection of the results it
can be clearly seen that the distribution patterns of the data points throughout the years are very
similar. This can also be confirmed by looking at the centroid for each year. The centroids are
located around the same location for all years of investigation.
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Figure 2: Daily solar irradiance distribution in Cyprus for the year a) 2011, b) 2012, c) 2013,
d) 2014 and e) 2015.
The similarity of the distribution of the K-POP data points is better visualised in Figure 3,
where data points for all 5 years of investigation are plotted onto one K-POP plot. Examining the
results of Figure 3 it can be clearly noted that the data points for all years of investigation share a
high similarity. More precisely in the prevailing classes, such as classes 1, 4 and 5, a lot of data
points are overlapping. Additionally, the centroids are adjacent to each other confirming the
consistency of the results through the years.
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Figure 3: Daily solar irradiance distribution in Cyprus for all years of investigation.
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The similarity of the results through the years is evident from the results of Table 1. The majority
of days throughout the years are clustered in classes 1, 4 and 5 experiencing high or medium
quantity solar irradiance with rare and infrequent solar fluctuations. The average concentration of
days for these classes is 321 days which corresponds to 87.4 % of the year. Moreover, from Table 1,
it can be noted that the data points for almost half of the year are found in class 1 (48.30 % on
average) which represents cloudless days with high solar irradiance. Additionally, the consistency
of the results through the years can also be observed from the centroid of the distribution points.
The centroid is around 0.87 for the POPday and 0.63 for the kday indices, showing that the
distribution patterns of the data points exhibit high correlation and predictability (yearly).
Table 1: Daily solar irradiance percentile distribution into the 9 classes and statistical average of the
K-POP data points for each year.
1
2
3
4
Classes (%) 5
6
7
8
9
Centroid
kday
Centroid POPday

2011
45.75
1.10
1.64
30.41
11.78
1.64
2.74
4.93
0.00
0.65
0.87

2012
47.81
2.19
0.55
22.68
14.48
2.19
3.83
4.92
0.00
0.63
0.86

Year
2013
49.04
6.30
1.37
15.62
21.64
0.82
0.55
4.66
0.00
0.59
0.88

2014
47.12
1.64
1.64
30.68
13.42
0.82
2.19
2.47
0.00
0.64
0.87

2015
51.78
2.47
1.92
23.84
10.96
3.01
1.64
4.38
0.00
0.63
0.87

Average
48.30
2.74
1.42
24.65
14.46
1.70
2.19
4.27
0.00
0.63
0.88

Both solar irradiance characterisation and classification results over a 5-year period in Cyprus
clearly show that grid connected solar systems are highly predictable and potentially deliver quality
energy to the grid, without compromising the security and stability of electricity. Therefore, it can
be assumed that grid-connected PV systems do not require additional spinning reserve or large
storage facilities to cover fluctuations and disturbances made by solar systems and thus passing over
extra costs to the end user. Furthermore, the observability of these systems is strong showing that
by monitoring selected systems throughout the island a clear and accurate picture of the total PV
production can be obtained.
3.2

GHI Ramp-rate histogram analysis

By using the collected data, the GHI ramp rate statistics were derived. The ramp rate is defined
as the absolute value of the difference between the instantaneous power at the beginning
and
of the time interval period set and can be calculated using Eq. 5. In this analysis
at the end
the time interval equals the resolution of the measurements (i.e. 1 minute).
(5)

∆

The histogram of Figure 4 shows the average ramp rate frequency of occurrence (in
percentage) over 5 years for measurements taken every 1 minute in Akrotiri, Limassol, Cyprus. The
histogram clearly shows that the vast majority of ramp rates in Cyprus is in the range of 1 – 5
W/m2. More detailed results can be found in Table 2.
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Figure 4: Average ramp rate frequency of occurrence (%) over 5 years of measurements for
Cyprus.
Further analysis of the results showed that 83.9 % of the ramp-rates that occurred in Cyprus
are in the range of 1 – 10 W/m2. Additionally, the statistically significant percentile of occurrence of
90 % occurs for ramp rates between 1 and 25 W/m2 (90.7 %). These results clearly show that the
energy mix of Cyprus can rely on the power produced from such systems as the energy delivered to
the grid is stable without large fluctuations and can be predictable with high accuracy.
Table 2: Occurrence of selected GHI Ramp rate orders for Cyprus.
GHI ramp rates
(W/m2)
Ave. Occurrence
over 5 years (%)

1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

41-45

46-50

75.4

8.5

3.4

2.0

1.4

1.0

0.8

0.7

0.5

0.5

The findings of Figure 4 and Table 2 support strongly the findings from the data analysis
using the K-POP methodology. In fact, the histogram of Figure 4 clearly shows that for the vast
majority of days in Cyprus the solar irradiance is characterised by small fluctuations as it is shown
by the POPday index of the K-POP analysis. Additionally, the histogram results confirm the kday
index of the K-POP method as the small fluctuations found throughout the year translate into high
quantity of solar irradiance.
4

CONCLUSIONS

In this paper 5 years of irradiance measurements from Cyprus have been analysed using two
approaches, the K-POP method and a statistical analysis approach. The K-POP method is a simple
yet efficient way for characterising and classifying the solar irradiance during a day using ground
measurements. The K-POP method showed that the majority of days in Cyprus, 87.4 %, experience
high or medium quantity solar irradiance with rare and infrequent fluctuations. Additionally, the
global horizontal irradiance (GHI) ramp rate statistics were derived and presented. The histograms
revealed that from all fluctuations during a year 83.9 % for Cyprus were GHI ramp rates up to 10
W/m2. The results of this paper show clearly that Cyprus experiences solar irradiance with high
quantity and quality. Additionally, the solar resource of Cyprus can be predicted with high accuracy
as a result of the statistical consistency of the K-POP data point distributions. Furthermore, the
analysis results strongly suggest the good observability of solar systems. Finally, these facts
strengthen the role of PV systems in the future energy mix and show that with the proper
mechanisms PV can become a major energy source.
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ABSTRACT
In this paper we provide an assessment of the water-energy nexus for Greece. More
specifically, the amount of freshwater consumed per unit of energy produced is determined: for
both conventional (lignite, diesel and fuel oil-fired) and advanced (CCGT) thermal power plants in
the electricity generation sector; for extraction and refining activities in the primary energy
production sector; and for the production of biodiesel that is used as a blend in the ultimately
delivered automotive diesel fuel. In addition, the amount of electricity consumed for the purposes of
water supply and sewerage is presented. In view of the expected effects of climate change in the
Mediterranean region, the results of this study highlight the need for authorities to prepare a
national strategy that will ensure climate resilience in both energy and water sectors of the country.
1

INTRODUCTION

Water and energy are two of the most valuable elements of modern societies' lifestyle and
needs. Therefore, the need for determining, analysing and improving the interconnection of water
and energy has recently become an important field of research. On the one hand, water is an
essential element for the extraction, refining, processing and conveying energy and for the operation
of hydroelectric and thermal power plants (TPSs). On the other hand, provision of water for any
kind of human activities requires huge quantities of energy [1]; [2].
Availability of renewable water (which is defined as water constantly refreshed due to typical
manual river stream and the refill of aquifers caused by precipitation) is under constant stress
throughout the world [3]. The exploitable resources can differ significantly from one area to the
other. Population growth and economic development along with climate change add to the stress on
water quantity and quality. For the sake of completeness, another valuable good that is affected and
closely related to energy and water, not only in emerging and developing but also in developed
nations, is food. Numerous studies have discussed this triple water-energy-food nexus and the
interwoven implications and upcoming challenges [4]; [5]; [6]; [7].
Greece is an advantaged country, in terms of the available water resources and the ability of
exploiting the renewable energy potential such as solar power, wind power, biomass and more. In
many regions, sunshine duration can be more than 7.5 hours per day (h/d), while in Southern
Aegean, it can reach 8.5 h/d. With the wind velocity ranging between 62 and 88 km/h, wind
electricity production potential is really significant. The entire obtainable amount of biomass is
approximately 7.5 Mt from crops and 2.7 Mt from forest remainders [8]. In addition, the necessary
renewable energy applications receive quite positive response from Greek society [9]. Especially,
with the recent discussion and research for fossil fuels that can be technically extracted and
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financially exploited, this energy-water interconnection and its progressive transformation from
competitive into cooperative becomes crucial for national economic and social development.
2

METHODOLOGY

2.1

Water for energy

Water is consumed at thermal power plants and for the production of primary fuels (oil and
natural gas) and biofuels. Hydropower is considered as a renewable energy source and, since the
vast majority of water used, returns to its source (i.e. a river or a dam), the quantity of water
actually consumed is very limited and therefore not considered in our calculations. In addition,
water needs for power generation from all other renewable energy sources are negligible.
2.1.1 Thermal power plants
The majority of the installed capacity serves the interconnected system (mainland as well as
Andros, Corfu, Lefkada, Cephalonia and Zakynthos). Independent power production is conducted
in Crete and the remaining islands (Source: www.admie.gr).
In West Macedonia (located in the northwest part of Greece), lignite power plants utilize
steam's power in order to produce electricity. Based on information provided by the technical
department of one of those plants (the unit located in the Agios Dimitrios area), water is extracted
from ground or surface sources and then it is led to the plants via pumping stations and/or
gravitation pipeline networks. Water is treated in the form of unprocessed liquid in special facilities
in order to be softened (removal of salts) at the beginning of the production cycle and in the form of
wastewater at the end. In order to reject the unnecessary heat, cooling towers are used to cool the
circulating water.
Because the quantity of water that is reused (mainly for irrigation of the fields in the broader
area) cannot be subtracted from the quantity of unprocessed water that is extracted initially, the final
average consumption rate is 2.45 m3/MWh. During the summer peak demand, this figure can reach
2.70 m3/MWh. The main source of water is the lake of the river Aliakmon, but to meet the full
water demand some drillings near TPSs are also utilised.
In lignite-fired power plants in West Peloponnese (in the south of Greece) the average water
use is 3.00 m3/MWh, while in the island of Crete (diesel-fired power generation) the respective
value is in the order of 0.10 m3/MWh. Finally, in the Attica-Euboea area (near Athens) (where
some fuel-oil fired power plants are located) the consumption is 0.0015 m3/MWh [10]. Table 1
presents a summary of water consumption data for conventional thermal power plants and their
respective share in conventional power production.
Table 1: Water consumption for electricity production in conventional TPSs
in Greece (m3/MWh) and corresponding share in production [10].
Geographical region of production

Share

Value

W. Macedonia

56%

2.45-2.70

W. Peloponnese

11%

3.00

Crete

8%

0.10

Attica-Euboea

25%

0.0015
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Gas fired combined cycle (CCGT) thermal power plants rely on the combined operation of
gas turbines and steam turbines and include heat recovery boilers, three-phase modern generators
and other accompanying facilities. They are one of the most reliable options for power generation
using natural gas as a combustion fuel, especially for application in liberalised energy markets.
CCGT power plants produce less heat during electricity generation procedure compared with
conventional ones because of their higher thermal efficiency. Hence, they require smaller amounts
of water for their cooling needs. Based on data from the international literature and personal
contacts with technical departments of the above mentioned companies, the estimated water
consumption, mainly, for the needs of cooling in natural gas power plants is 1.20 m3/MWh [1]; [2];
[11].
2.1.2 Primary fuels production
The companies operating in this economic sector are Kavala Oil S.A., Hellenic Petroleum
S.A. and Motor Oil (Hellas)/Corinth Refineries S.A. The first one is responsible for the extraction
of hydrocarbons and the other two for refining oil products. For the extraction of lignite, water is
used only for drenching and avoidance of dust spreading and is considered to be negligible.
According to data from the Kavala Oil S.A. technical department, 2700 barrels/day (b/d) of
sea water are injected into the deposit in order to support the pressure. In addition, 100 m3/day of
fresh water are consumed for the creation of steam used for the operation of heat exchangers,
pumps and other mechanical equipment. The estimated production of crude oil is of the order of
1,200-1,400 b/d. Hence the demand of crude oil for water is, approximately, 0.077 m3 of water per
1 barrel produced or 0.56 m3/toe or 0.05 m3/MWh.
Regarding Hellenic Petroleum (Helpe), based on the daily production of the refinery in its
plant in Elefsina, which is around 3500 b/h and with an estimated freshwater consumption around
600 m3/h, the resulting value for the water consumption per unit of crude oil processed is 0.17 m3/b
or 1.24 m3/toe or 0.11 m3/MWh.
In Motor Oil, the water demand is covered by seawater treatment desalination units. MultiStage Flashing and Reverse Osmosis technologies are used, with the latter being the most
environmentally and economically efficient. With these units, full satisfaction of the refinery's
needs in water is accomplished and the subsequent need for purchase of additional fresh-water is
eliminated. After the water is used, a part of it is recycled in the desalinators of crude oil; the rest of
it is specially treated and led back to the sea [12]. Therefore, the consumption of freshwater is
negligible.
The consumed amounts of freshwater for primary fuels production and the respective share in
total national production are summarized in Table 2.
Table 2: Freshwater consumption for primary fuels (m3/MWh) and
corresponding share in production.
Company

Share

Value

“Kavala Oil

100%

0.05

“Helpe”

65%

0.11

“Motor Oil”

35%

-
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2.1.3 Biofuels production
The only biofuel that is currently produced at national level is biodiesel and is used in the
transport sector. Biodiesel is premixed at a small percentage in all available quantities of diesel. By
priority, the annually required amounts come from Greek energy crops and raw materials, which are
entirely used in manufacturing plants operating in the country and converted to biodiesel.
Additional quantities of biodiesel are either produced from imported raw materials in domestic units
or are directly imported as a complete product from other Member States .
The mixing rate is steadily improving over the years. Mixing started by the end of 2005 with a
rate of 2.5%. After seven years, since early 2013, fuel B7 has been available, a type of diesel
consisting of unaltered biodiesel in a percentage close to 7%. B7 is provided at any service station
within the Greek territory. The mixing is done either at refineries or companies importing diesel,
before delivering it to the wholesale domestic market. The main crops cultivated for biodiesel
production are sunflower and rapeseed. The water consumption varies approximately from 1.00 to
10.00 m3/toe or 0.086 to 0.86 m3/MWh [1].
2.2

Energy for water

The operation of water supply and sewerage systems is costly; in many cases, their energy
costs represent up to one third of a municipality's yearly expenditures. The basic reason for this is
the energy-intensive mechanical equipment used for the provision of the aforementioned services
[13]. Regarding water production and exploitation, the agricultural sector is the most freshwaterintensive. As shown in Table 3, both groundwater and surface water resources are used for the
abstraction of freshwater.
Table 3: Statistics overview on water resources and
use in Greece [13]
Category

Value

Unit

Total freshwater abstractions

8,304

Mm3 per year

Per capita freshwater abstractions

2.04

m3 per inhabitant and day

Ground freshwater abstracted

42%

-

Surface freshwater abstracted

58%

-

Domestic use

11%

-

Non-domestic use

1%

-

Agriculture

85%

-

Industry (self-supplied)

1%

-

Cooling in electricity production

1%

-

Other uses

1%

-

Uses of freshwater
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2.2.1 The case of the Municipality of Kassandra, in Northern Greece
Tourism is the main economic activity in which residents of this area are engaged. Therefore,
main water consumers are households and enterprises such as hotels and restaurants, especially
during the summer period. The collection and analysis of data is done through an advanced System
of Remote Monitoring and Remote Control of Water Supply Network that is in operation in the
municipality of Kassandra. Eleven villages are connected to this system (Afitos, Elani, Furka,
Kalandra, Kalithea, Kassandria, Kassandrino, Kriopigi, Nea Fokea, Siviri and Stavronikita).
Among many other useful features, energy efficiency, the system monitors and reports
possible mechanic failures, statistical analysis of the operation, electrical functions and graphs
concerning pressure and electricity consumption. In addition, the ability of remotely shutting down
or restarting the equipment provides the opportunity of immediate interference in case of an
emergency. The program’s interface is designed in Greek language and shows all existing
installations scattered across the selected geographical area.
45 drillings and pumping stations are under 24-hour control in this region. They operate either
at an almost permanent basis or periodically. We examined the time period of May 2014 to August
2014, when most of the tourists are gathered and the demand for water is at its maximum. After
collecting and processing all individual datasets for water production and energy consumption in
the area during that period, the resulting average specific water consumption turns out to be 0.60
kWh/m3. Table 4 provides more details of this calculation.
Table 4: Energy for water supply during high season in an eminently tourist region.
Freshwater production (m3)

Energy consumption (kWh)

Nexus (kWh/m3)

May

160304

95391,70

0,60

June

265208

152985,31

0,58

July

494822

279859,56

0,57

August

288982

195504,99

0,68

Total

1209316

723741,57

0,60

Month

2.2.2 Data from 37 Municipalities across Greece
During the 25th General Assembly of EDEYA (Hellenic Union of Municipal Enterprises for
Water Supply and Sewerage) members, data was gathered concerning the number of serviced
residents, water quantities, cost of electricity for water supply and sanitation in 2012 [14]. 37
municipalities were involved. The estimation that for the total annual production of water the
respective annual percentage of managed wastewater and sewage is 70%, is necessary for
conducting further calculations. In addition, the overall price of electricity is considered equal to
0.152 €/ kWh (Source: www.ionianeco.gr). The number of serviced inhabitants based on actual data
is approximately 2,000,000. Further analysis of the available data leads to the results presented in
Table 5.
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Table 5: Energy for water needs in 37 municipalities of Greece.
Examined figure (Annual)

Value

Unit

Water abstracted (from drillings and springs) and bought

244,145,347

m3

Sewage and waste water treated (70% of water supply)

171,986,511

m3

Electricity cost for water supply services

19,997,471.59

€

Electricity cost for sewage and wastewater treatment

8,157,778.36

€

Electricity for water supply services

131,562.31

MWh

Electricity for sewage and wastewater treatment

53,669.59

MWh

Regarding desalination in Greece, reverse osmosis units are mainly in operation. This is due
to their relatively simple operation and maintenance and lower, compared to evaporation
technologies, energy consumption. For salty water, the corresponding energy consumption ranges
between 3.0 and 15.0 kWh/m3 and for brackish, it varies from 0.5 to 3.0 kWh/m3 [15].
3

RESULTS AND DISCUSSION

The amounts of water consumed in each one of the aforementioned energy sectors and the
calculated amounts of electricity required for water supply and sewerage are summarised in Table
6.
Table 6: Water–energy nexus in Greece
Sector

Value

Unit

Conventional*1

1.81

m3/MWh

CCGT

1.20

m3/MWh

Extraction

0.05

m3/MWh

Refining*2

0.07

m3/MWh

0.47

m3/MWh

Energy for water supply

0.54

kWh/m3

Energy for wastewater treatment and sewerage

0.31

kWh/m3

Power generation

Crude oil production

Biodiesel production
Rapeseed/Sunflower (Mean value)
Water services

As Table 6 illustrates, conventional thermal power generation is the most water-intensive sector,
with an average consumption of 1.81 m3 per MWh of energy generated, followed by combined
cycle gas turbine technology power plants with 34% lower water intensity. Primary fuel production
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requires the least amount of freshwater, which does not exceed 0.1 m3/MWh. Biofuel production is
also quite water demanding with an indicative corresponding value of nearly 0.50 m3/MWh.
Regarding energy needed for water supply and wastewater treatment and sewerage, water supply
seems to be far more energy intensive than sewerage. It is interesting to note that these figures are
in line with those calculated with the aid of very detailed data for the municipality of Kassandra in
Section 2.2.1.
Globally, energy consumption seems to decouple from economic growth. Energy intensity
declines over time, meaning that less energy will be needed per unit of GDP. Oil's and coal's
contribution to primary energy consumption decreases steadily, whereas the share of natural gas
increases continuously [16].
As illustrated in the previous Sections, and as confirmed by international data [1], the substitution
of coal and oil fired power plants with modern CCGT units may be good news for the water
requirements of the electricity sector. On the other hand, it is important to keep in mind that some
methods for the extraction of natural gas (e.g. hydraulic fracturing of shale gas deposits) is waterintensive, so that the water requirements for primary energy production will not necessarily
decrease with a substantial deployment of natural gas fired power plants.
Global water consumption is following a steadily rising trend. As far as the energy sector is
concerned, biofuels are responsible to a large extent for the steady increase in amounts of water
consumed [1]. Greece, in comparison with other European countries, ranks among the ones facing
modest water pressure, since the Water Exploitation Index (which expresses the mean annual total
abstraction of fresh water divided by long-term average freshwater resources) does not exceed the
lower limit of 20% [17]. However, climate change may put significant stress on the available water
resources around the country [18]; as our analysis has demonstrated, such a stress will also have an
adverse impact on the country’s energy sector. Therefore, keeping in mind the water-energy nexus
for the specific conditions of Greece, it is important for authorities to prepare a national adaptation
strategy that will ensure climate resilience in both energy and water sectors of the country.
4

CONCLUSIONS

This paper has presented the first results of an analysis of the water-energy nexus in Greece.
In summary, the calculated values for both parts of the nexus are, approximately, at the same levels
with the ones presented in the United Nations World Water Development Report, concerning water
and energy [2]. As regards the water requirements of the energy sector, a major conclusion is that
gradually eliminating conventional power generation units, which are the most water-intensive, can
significantly reduce water needs. Modern technologies such as CCGTs should be expanded, when it
comes to fossil fuel fired power plants. An even more important priority is to increase the share of
renewable energy sources, with wind power as a leader, followed by photovoltaic systems. The
continuous pressure on the aquatic environment sets as a high priority the implementation of
sustainable development patterns, through the appropriate design, application and effective
operation of methods and projects, which improve not only the supply but, also, the demand for
water.
Among the targets of the National Strategic Reference Framework (NSRF) of Greece for the
new Planning Period of 2014-2020, water resources play an important role. Ineffective water use
both for household needs and irrigation purposes is the major problem. The actions that are
promoted are: a) tackling problems in specific protected areas, with sensitive aquatic systems, that
are intended for water abstraction and human consumption, b) implementation of water supply and
network leakage control projects in order to improve the usage efficiency and quality of drinking
water, such as replacement of water supply networks, construction of modern aqueducts, drillings,
pumping stations, reservoirs and supplies of remote monitoring and remote control systems, c)
implementation of many sewerage network projects and construction of sewage treatment plants,
especially in settlements of third priority [19]. Keeping in mind the water-energy nexus for the
specific conditions of Greece, which this paper has attempted to quantify, it is important for
authorities to prepare a national adaptation strategy that will ensure climate resilience in both
energy and water sectors of the country.
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ABSTRACT
The PROTEAS facility is a research infrastructure platform located in Cyprus that uses
Concentrated Solar Power (CSP) to power an electricity production and desalination subsystem to address a number of pressing scientific and technological issues relevant to Cyprus
and the region and areas with similar characteristics. PROTEAS is the experimental field that
incorporates several technological innovations in solar receivers, storage and solar
desalination and is the platform for the ongoing Concentrated Solar Power and Desalinated
Water (CSP-DSW) experiment. This paper is an update of the technoeconomic study
conducted in 20121 that assessed the economic performance of the facility based on the new
data and cost estimates of the procurement and utilization of realistic components and systems
etc. It also scrutinises the challenges encountered and an analysis of the future of such plants
in a context of isolated grids and areas suffering from water shortages. For this a number of
scenarios are considered factoring different policy support environments, financial parameters
of the plant and climatic conditions.

1

INTRODUCTION

The PROTEAS facility is located just outside the city of Limassol close to the sea shore and
is devoted to research on Concentrated Solar Power (CSP), Solar Thermal Energy (STE) and
thermal Desalination of Sea Water (DSW). PROTEAS is the site of the Cyprus Institute’s ongoing Concentrated Solar Power and Desalinated Water (CSP-DSW) experiment, started in
2010. The facility currently consists of a field of 50 heliostats with a total reflective area of
250 m2, with a peak thermal power of 150 kW. The field layout efficiently utilizes the hilly
terrain with a high‐density placement of heliostats. The heliostats are designed by Australia’s
CSIRO, in collaboration with CyI. A 15-meter-tall tower with multiple experimental stations
is available for the central receiver placement. Continuous monitoring of environmental
conditions is available through a fully automated weather station.

1

The Cyprus Institute. (2012). Solar Thermal Cogeneration of Electricity and Water: Research and Development
study for a Concentrated Solar Power ‐ Desalinization of Sea Water (CSP–DSW) Project (1st ed.). Nicosia,
Cyprus: The Cyprus Institute.
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Figure 1: The PROTAEAS research facility

In 2012 a comprehensive study was published (The Cyprus Institute, 2012) that detailed the
financial performance of a plant that used the technologies developed for the PROTAS
facility. That report concluded that a 4MWe facility would be financially viable under the
assumption that the support for each kWh of electricity produced would be sold at a rate of
0.26 €/kWh, the effective Feed-In-Tariff in place then. This financial incentive has been since
abolished, and CSP plants are expected to reach a PPA agreement with the utility (EAC)
instead, at rates usually much lower than that2. However, the study was done on a purely
theoretical basis, since the experimental facility was not installed yet. A later, follow-up study
by Fylaktos et al. (2014) expanded the analysis with a probabilistic sensitivity examination of
the assumptions, and concluded that for the way the system is designed the most important
parameter is the FiT for the electricity produced, but also underlined the fact that renewableenergy produced desalinated water does not have the support it deserves.
PROTEAS has been built on a smaller scale as a proof-of-concept facility in order to test the
feasibility, availability and suitability of the technologies and components chosen. The
findings and the lessons learned from the engineering, procurement and construction is the
driving force behind this follow-up study that updates the assumptions and finds of the earlier
cited works.

2

The downward selling price pressure is amplified by the low global oil prices, that makes it harder for
renewables to compete.
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2

COST AND VALUE FOR CSP POLYGENERATIVE PLANTS

There is no doubt that the cost of CSP plants has come down considerably within the last
years, and further reduction are possible (IEA, 2014b). As with most renewables, the lion’s
share of the cost is in the beginning of the life of a plant in the construction and
commissioning phase, as the electricity (or any other services) produced after that come at a
very low cost, in the region of 2-3 $c/kWh (ESTELA, Greenpeace International, &
SolarPaces, 2016). The comparison with other renewables, and most notably photovoltaics
(PV), is further blurred by the fact that a simple reference to a nominal power rating is not
enough to describe a CSP system, as is the norm for PV. A CSP plant with a solar multiple3 of
1 would have a lower cost than one with 3, but they’d still have the same nominal power
rating, but very different capacity factors.
The question of costs of an CSP plant is the subject of considerable activity in the field lately.
Zarza et. al. (2014) provide several estimates for commercial-scale plants for the main
categories of costs, but also acknowledge that there is significant variability in costs between
projects due to the limited track record of the technology itself and supply chain and
technology effects, even within the portfolio of a given developer. This, and other reports and
articles that deal with the subject, provide an overview of the major CSP technologies
(parabolic troughs, solar towers and Fresnel lens-based systems). This article examines the
PROTEAS facility and a possible upscaling of it, hence all analyses assume the use of a solar
tower technology.
2.1 Costs for solar MED
The PROTEAS system and the hypothetical upscaled system examined here are, by
definition, polygenerative plants, being able to produce both electricity and desalinated water.
There are a number of technologies that have successfully paired a concentrated solar plant
with a desalination module, with varying degrees of success, output volumes and costs. A
review of these technologies can be seen in Shatat et al. (2013b). The PROTEAS facility is
employing a Multi Effect Distillation unit, the advantages and technologies of which for the
context of Cyprus (and by extension a semi-arid isolated environment) are well documented
in the literature (Bonanos, Mitra, Tzamtzis, & Papanicolas, 2010; Georgiou, Bonanos, &
Georgiadis, 2014, 2015), Ghobeity et al. (2011) and The Cyprus Institute (2012).
Calculating the cost of the water produced is not a straightforward procedure as there are
many variables that can influence this cost. Karagiannis & Soldatos (2008) reports that the
cost of desalinating sae water from renewables is in the region of 3.5-8.0 €/m3, considerably
more than the cost of doing it using fossil fuels. Shatat et al. (2013b) also adds that the cost of
water desalination in thermal processes varies according to the size of the plant. As a rule of
thumb, they maintain that the cost of desalinated water using fossil fuels as a source can range
from €0.46 to €2.36, depending on size. Shatat, Worall, & Riffat (2013a) also point to the fact
that solar-based thermal desalination can benefit greatly from upscaling, the same relationship
is not as pronounced in conventional desalination plants. Khayet (2013) has compiled a large
list of sources for costs of solar desalination (not just for thermal) and has come to a similar
conclusion: Solar MED costs are considerably more than conventional systems, but they are
coming down, and they are acutely dependent on size. His estimated water production (WPC)
figures show large dispersion ranging between €0.80 to €8.8/m3, using data taken mostly from
experience with plants operating in the MENA region.
3

A CSP plant with a solar multiple (SM) of 1 has a solar field just large enough to provide nominal turbine
capacity under nominal irradiation conditions. Increasing the SM allows for the deployment of storage to store
the excess energy and therefore increasing the versatility of the plant.
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3

METHODOLOGY

The PROTEAS plant considered here, and any assumptions for a commercial systems based
on the technologies mentioned in this paper, are analysed using annual cash flow streams.
These are estimated and prepared in order to be able to conduct a financial efficiency analysis,
based on the Discounted Cash Flow (DCF) technique. The analysis was performed using
Microsoft Excel as the base software tool with Wehrspohn RisKit 6 used for the Monte Carlo
and sensitivity analyses seen in later paragraphs. The basic mechanism of DCF is the
comparison of estimated direct financial costs with estimated direct financial revenues. All
future cash flows are estimated and discounted to give their Present Values. Once all the
project costs, revenues and benefits are defined, this model calculates a variety of financial
measures, including:







NPV
Internal Rate of Return (IRR)
Benefit cost ratio (also known as profitability index)
Levelised Cost of Energy (LCOE)
Payback time
Minimum Debt Service Coverage Ratio (DSCR) in case project financing is included

Details and a comprehensive overview of the theory behind these calculations for renewable
energy projects can be found in Short et al. (1995).
3.1 Levelised cost of production for all cases
While the net cash flow and financial performance of the entire co-generation plant are
relatively simple to estimate, determination of the cost of electricity and water separately from
a co-generation plant is a less straightforward process. There are several methods which have
been attempted but no universally agreed final method exists. Research papers by El-Nashar
(1992), Saeed (1992) and Hamed, Al-Washmi, & Al-Otaibi (2006) have shown that cost
allocation between power and water for a cogeneration plant of simultaneous production of
water and electricity is not a settled issue. Consequently, a number of methods have been
recommended for cost analysis. Some are based on rigorous accounting procedures in which
the cost of each involved energy / exergy streams is determined, while others are based on
direct cost accounting, which allocates all cost components between water and electricity
according to certain rules of thumb such as exergy pro-rating, power loss due to extraction of
steam to the desalination unit or cost allocation based on functional considerations.
3.2 Using the kWh-eq
Generally, the Levelised Cost of Energy (LCOE) is defined as the sum of expenditures in a
project’s lifetime in present value, divided by the revenues of this project, again converted to
present value (e.g. see Hearps & McConnell, 2011). Here the LCOE for the whole plant is
calculated by converting the revenues from water into equivalent electricity production units
(kWh), essentially treating the whole plant as an electricity-only system. This way all
production can be added, used in the LCOE calculation.
The assumption however depends on the ratio between the water and electricity rates
remaining constant, to provide a fixed conversion coefficient. In cases where the MC
algorithm is used, these ratios are constantly changing with every sample, and therefore
calculating the LCOE this way leads to inconsistent results. It is therefore assumed that the
ratios remain constant according to their initial values.
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3.3 Using the ‘substitution’ principle
According to Short et al. (1995), the LCOE value is that cost which, if assigned to every unit
of energy produced by the system over the analysis period, will equal the Total Life–Cycle
Cost (TLCC) when discounted back to the base year. The TLCC is defined as
1

# 1

Where:
TLCC = present value of the TLCC
Cn
= cost in period n
N
= analysis period
d
= annual discount rate
A way to calculate a separate Levelised Cost for Water is to assume that the difference of
possible revenue streams between an electricity only plant and the cogeneration plant has
occurred because of introducing the desalination facility into the electricity only system (Case
A), according to the following:
〖

〗

1

# 2

Where:
LCOW = Levelised Cost of Water
TLCCe = Total Life-Cycle Cost of Electricity only plant (Case A)
TLCCcg
= Total Life-Cycle Cost of cogenerating plant (Cases B & C)
Qn
= water output in year n
d
= annual discount rate
N
= analysis period
This way there can be an LCOE for the electricity part only, and an LCOW for water.

4

ASSUMPTIONS AND CONSIDERATIONS

4.1 Overall financial environment
The investment environment in Cyprus, and therefore the assumptions on the financial
parameters in which the plant operates, has altered dramatically due to the financial crisis
onset since 2008, but intensely so after 2013 that experienced a partial bank collapse. The
Republic of Cyprus is using some reference values in its guidelines for Renewable Energy
Systems (RES) investments under the NER300 funding scheme4 and they are used here
unchanged. Namely, the cost and revenue values were used with an annual discount rate of
7% (which includes a 1% risk premium) and inflation rate of 1.8% that extends over 20-year
project horizon. The debt interest rate was set to be 6% and assumed to cover 50% of the
investment, maturing after 10 years.

4

NER300 is a financing instrument managed jointly by the European Commission, European Investment Bank
and Member States of the EU that aims to promote environmentally safe carbon capture and storage and
innovative renewable energy (RES) technologies on a commercial scale.
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There is no prevailing Feed-in Tariff (FiT) system for concentrating solar power plants in
Cyprus or other direct support mechanism. A FiT of 0.26 €/kWh was in place until 2012, but
it has since been frozen. The common practice now is to reach an agreement on the price per
unit of energy sold on bilateral basis under the agreement of the energy regulator (CERA). A
common way to calculate revenue streams is therefore to use the ‘avoidance cost’ by the state
utility (EAC), which are payments avoided for the supply of electricity of the same amount as
the plant is producing. This is however a bimonthly changing figure; we therefore take the
latest figures at the time of writing (Feb 2016) as a base figure for calculations, i.e. at 0.0675
€/kWh5. This is a very low figure compared to just a few years ago, mainly due to the very
low prices for petroleum products in the global market as of the beginning of 2016. A 0.5%
income tax was considered on the gross profit as per prevailing Cypriot financial system. The
equipment depreciation rate is set at a linear rate of 10% as mandated by Cyprus legislation.
In the analysis, an amount equivalent to 0.5% of initial capital requirement was allocated for
insurance. The construction time (gestation period) was assumed to be two years, the
financing of which follows the same debt assumptions as above.
4.2 Water and electricity production at the PROTEAS facility
The PROTEAS facility is a research installation, meant to showcase the technologies
involved and act as a proving ground for their possible introduction to the market. The facility
is already part of a pan-European research network6 and as such was never built with future
revenue streams from the sales of electricity or water in mind. Despite this, it’s fully equipped
to produce both. The needs of the CSP-DSW experiment (The Cyprus Institute, 2012) have
dictated the use of dedicated, proof-of-concept blocks rather than ones built for
commercialisation and hence a small, 1kWe electric motor is used for the production of
electricity. Similarly, the MED unit is capable of producing 1 l/min, or 1.44 m3 of water per
day.
Examining the financial performance of the PROITES system from an investment point of
view is beyond the goals of the facility. It is instead built as a proof of the concept and the
technologies and it was never meant to be competing with other commercial systems.
4.3 Lessons learned: A scaled-up system aimed at commercialisation
The PROTEAS facility is not only built for the conduction of experiments; the need to
address the pressing problems of water shortage and the perils of the isolated electricity
network in Cyprus were the prime motivation. A detailed development of the rationale behind
the project is presented at the CSP-DSW technoeconomic analysis (The Cyprus Institute,
2012), but also in Fylaktos, Mitra, Tzamtzis, & Papanicolas (2014). Those publications make
some crucial assumptions on the scale of a system that would be able to showcase its aims.
The following passages summarise these assumptions and updates on the lessons learned ever
since the installation was complete.
4.3.1 Solar field CAPEX
The biggest improvement experienced in the last 4 years since the authoring of the 2012 study
is the reduction in the CAPEX required for the heliostat field. CSIRO, the manufacturer of the
mirrors and supporting structures claims now that the specific type used in the PROTEAS
facility can be manufactured for 100 €/m2, down from 150 €/m2 a few years ago. Since this is
the biggest expense line in the plants upfront costs, the impact on the final performance is
acutely pronounced. Other costs are as follows:
5
6

Retrieved from https://goo.gl/e1OJOo in February 2016
As part of the FP7 EU‐SOLARIS project, more info here: http://www.eusolaris.eu/
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Annual O&M cost: 3% of the capital cost
Replacement cost: 15% of initial capital cost
Lifetime before replacement or major overhauling in addition to the annual
maintenance: 10 years for mirror replacement

The O&M cost has also come down with advances in mirror cleaning techniques and
technologies. Zarza et. al (2014) outline these changes that also include improvements in
plant monitoring and low-soiling surface treatments.
4.3.2 Receiver and Storage
This cost line includes the construction of the tower, the receiver and the storage container.
Costs here are left constant compared to the earlier study, apart from the O&M costs that are
now lower to 3.5% (from 5%).





Capital cost: €1.1m
Annual O&M cost: 3.5% of the capital cost
Replacement cost: 35% of the capital
Lifetime before replacement or major overhauling in addition to the annual
maintenance: 15 years

4.3.3 Storage medium
The salt mixture used also remains unchanged. There is however an O&M component added
to it at 2% per annum. It is also envisaged that it will be completely replaced after 20 years of
operation.
4.3.4 Power Block including steam generator
The power block is also assumed to remain unchanged. This corresponds mainly to the fact
that his is the most mature subsystem in such a facility where CAPEX and OPEX costs have
stabilised after years of iterations in thermal power plants.





Capital cost: €5.4m
Annual O&M cost: 1% of the capital cost
Lifetime: 20 years
Replacement cost: 100% of the capital

4.3.5 Desalination unit
MED desalination units are the subject of innovations to reduce their cost, but progress has
not been as strong as anticipated. Section 2.1 highlighted the cost bands for every m3 of
desalinated water produced using solar thermal technologies. Here the costs that was elected
in the previous study stays the same (at €2/m3), which is somewhere in the middle of the
band7.




4.3.6


Capital cost: €770,000
Annual O&M cost: 3,5% of Capital expenditure
Replacement cost: 100% of the capital
Lifetime before replacement or major overhauling in addition to the annual
maintenance: 20 years
Other capital costs
Utilities: €1.5m

7

Please note here that this cost is only referring to the desalination part of the whole plant, and not the overall
facility, which is not designed to produce water only.
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Site works: €1.5m
Piping: €1.5m

Land: Calculating the land cost for such a facility is not a trivial task for Cyprus. One of the
considerations is that the flat land required to build such a plant is either not available (due to
topography) or very expensive, since it has to be close to a source of sea water feed. This is
the main reason behind the concept of the heliostats being installed on a slope, facing the
tower. The assumption in the previous study was that the cost of land would be around €2.1m
for a facility of this size (214,000 m2). These costs have somewhat lowered lately however, in
line with reduced activity in the construction sector and a general slowing of the economy.
The figure assumed here is €1.8m for all the land requirements.
The following table summarises all the above assumptions:
Table 1: Summary of CAPEX and OPEX of proposed facility

O&M
Replace
Principal components
Capital
(% of CAPEX) Annual O&M (% of CAPEX)
Tower & Receiver
€ 350,000
4.00%
€ 14,000
35%
Storage
€ 750,000
3.00%
€ 22,500
Storage medium
€ 460,000
2.00%
€ 9,200
Power Block (inc. steam gen.) € 5,400,000
1.00%
€ 54,000
100%
Desalination Unit
€ 770,000
3.50%
€ 26,950
100%
Utilitites
€ 1,500,000
0.00%
€0
Piping
€ 1,500,000
0.50%
€ 7,500
Site Works
€ 1,500,000
0.00%
€0
Land
€ 1,800,000
0.05%
€ 900
Total
€ 24,030,000
€ 435,050

at year
15

20
20

4.3.7 Personnel costs
The personnel costs are slightly adjusted compared to the previous study to reflect better
automation and improved O&M practices as described in Zarza et al. (2014).
Table 2: Personnel costs for the proposed facility

Main areas of work
Heliostats
Receiver & Storage
Power block / TES
maintenance
Desalination
Supervision & administration
Total
Grand total for all O&M

no. of
people
4
2

per head monthly
cost
€ 1,700
€ 1,700

per head yearly
cost
€ 20,400
€ 20,400

total yearly
cost
€ 81,600
€ 40,800

8

€ 1,700

€ 20,400

€ 163,200

3
4
21

€ 1,700
€ 2,200

€ 20,400
€ 26,400

€ 61,200
€ 105,600
€ 452,400
€ 887,450
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The total initial capital cost need is therefore about €24m, given the assumptions above. The
annual O&M cost (including salaries) is estimated at €890,000. It can be seen from the Figure
Figure 2 that the heliostat field constitutes around 42% of the entire initial capital investment,
a substantial decrease compared to the 52% reported in the previous study.
Land
8%

Site Works
6%
Piping
6%

Utilitites
6%

Heliostat Field
42%

Desalination Unit
3%
Power Block (inc.
steam generation)
23%

Storage medium
2%

Tower & Receiver
1%
Storage
3%

Figure 2: CAPEX composition of proposed facility

4.3.8 Output assumptions
The fundamental design of the system has not altered after the construction of the PROTEAS
facility. What has changed however is the rate at which each kWh or m3 of water is sold back
to the utilities. In the beginning of this section it was mentioned that the FiT hat was
governing these initiatives in the past is no longer active, and it has since been replaced with a
promise of a PPA agreement, or selling at the ‘avoidance cost’ rate. Here, for the sake of
comparison, we’ll use the old 0.26 €/kWh and the much lower 0.0675 €/kWh for electricity.
Water selling rates are set again at 0.92 €/m3. The output figures of electricity and water
production remain the same, as follows:
Table 3

Plant output

Output

Electricity (MWh/year)
Water (m3/year)

30,309
365,730

5

Revenue at full
capacity (0.26 €/kWh)
€ 6,698,422
€ 286,001

Revenue at full
capacity (0.0675 €/kWh)
€ 1,739,013
€ 286,001

RESULTS OF FINANCIAL MODEL

5.1 Results of cashflow analysis
The plant using the high electricity tariff is expected to perform better than the one studied in
the 2012 study (The Cyprus Institute, 2012), something that is confirmed in the following
cashflow diagram:
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Figure 3: Net cashflow for high tariff system

The large negative reading on year 0 depicts the CAPEX expenditure at the beginning of the
project, but all years after that are positive. The ramping up towards a plateau after year 1 has
to do with the assumptions that full production is only assumed at year 4. The effects of
equipment depreciation are also evident until year 10 (at which point a large expense for
heliostat mirror replacement takes place), after which the income is overwhelmingly positive.
The following metrics show a more complete picture:
Table 4: Financial metrics for system with a FiT of 0.26 €/kWh for the electricity part

Benefit Cost Ratio
Nominal LCOE, kWh‐eq (€¢/kWh)
Profitability index (SIR ratio)
IRR on equity
IRR on total investment
Non‐discounted payback (yrs.)
Discounted Payback Time (yrs.)
MIRR on project
NPV on project
Minimum DSCR
Total interest paid

2.326
17.50
2.768
24.91%
16.19%
7.38
11.79
10.51%
€ 14,326,160
1.90
€ 4,309,535

It’s evident that such an investment would be performing very well. Special mention should
go to the NPV of the project (which, as a rule of thumb, classifies projects as desirable if
NPV>0) that would make it performing on par, or even better, than any other renewable
energy project constructed in Cyprus.
Conversely, if one uses the lower ‘avoidance cost’ rate, the project would not be classified as
desirable anymore. Figure 4 illustrates this point:
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Figure 4: Net cashflow for low tariff system

In this case the cashflow barely break into positive territory, and only after the 10th year. It’s
clear from the chart alone that this wouldn’t be a strong case for an investment proposal.
Table 5 reinforces this:
Table 5: Financial metrics for system with a FiT of 0.0675 €/kWh for the electricity part

Benefit Cost Ratio
Nominal LCOE, kWh‐eq (€¢/kWh)
Profitability index (SIR ratio)
IRR on equity
IRR on total investment
Non‐discounted payback (yrs.)
Discounted Payback Time (yrs.)
MIRR on project
NPV on project
Minimum DSCR
Total interest paid

0.792
14.21
0.806
‐10.06%
‐7.91%
‐
‐
‐2.44%
‐€ 30,035,116
‐0.45
€ 4,309,535

The NPV metric is deeply into negative figures, indicating a non-performing investment
proposal.
An interesting exercise here would be to investigate at which tariff the NPV of the project
would become 0, i.e., the tariff above which such an investment could be considered
profitable. Running the model seeking this value (while keeping all other variables constant)
results in a FiT for the electricity part of 0.1958 €/kWh. This is a value closer to the former
FiT regime, but it’s also a price that could be plausible in a PPA agreement; in fact, any value
below €0.20/kWh was considered low a little before or after 2010 when the FiTs for all
‘mainstream’ renewables were also finding equilibrium.
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Table 4 and Table 5 also show in the LCOE rows the results after the calculations made
according to the methodology seen in section 3. There are two things to observe here: First,
that the LCOE seems to reduce in the low FiT scenario. This is because the conversion of
water to kWh is dependent on the ratio of selling rates between electricity and water and by
changing these the results change.
The second observation is that the LCOE results are in line with the cost of many renewable
energy technologies and CSP plants in particular (see e.g., Taylor, Daniel, Ilas, & So, 2015),
but the financial performance of any system is closely tied to the selling rate of every unit of
electricity or water produced. In fact this was the main conclusion of Fylaktos et al. (2014)
where it was argued that for such dual-service systems it’s crucial to have a level of support
for desalinated water from renewables, which is usually not the case.
6

CONCLUSIONS

This paper is an update to the work done in The Cyprus Institute (2012) on the technical and
financial suitability of a CSP-DSW plant in Cyprus with an electric nominal rating of 4 MWe.
The work presented here only affects some new developments and the financial performance
of such a system. It’s become apparent that the project is financially attractive according to a
set of assumptions that have become apparent during the construction of the plant, and
internationally after the optimisation of procedures and component cost reductions. This
performance, however, deteriorates when testing a lower FiT that corresponds to the
‘avoidance cost’ that the state utility offers in the beginning of 2016, and the NPV is lower,
indicating a less attractive investment. It was found that for an NPV of 0 (indicating
borderline financial attractiveness) such a support on the electricity side should be in the
region of €0.20/kWh, if the water selling rate stayed the same at €0.92/m3.

7
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ABSTRACT
The economic recession and the environmental burden were the incentives for countries to seek for effective ways to improve their energy sectors and thus to overcome these global critical issues. This led
to the rigid development of power system engineering and the introduction of new generation technologies. The scientific world, based on the commitments of the countries through their energy policies,
is currently focusing on the optimization of existing power systems operation, the renewable energy
system (RES) integration, the introduction of alternative energy storage systems, the energy efficiency
improvement and the evolution of new green technologies which will ensure the fulfilment of these
targets.
Most of the scientific work elaborated lately relies on simulations and experiments carried out in
university and industry laboratories which obstruct the necessary rapid and qualitative technological
development. This paper discusses the opportunities that can be given through the conversion of the
existing outdated Moni Power Plant to a self-funded research centre. We discuss here the perspectives
raised through this conversion and the undeniable need for a research facility of such scale. Researchers
will be able to experiment and test new technologies and techniques in real conditions giving simultaneously a boost to energy and power system technology. Further to the development of technology, this
research facility will provide the opportunity for state of the art research in the area of smart grids to
be carried out in Cyprus and Europe, while contributing towards the current urgent need for sustainable
economic growth.
Keywords: Power plant, Research facility, New generation technologies, Renewable energy sources,
Smart grid testbed, Energy storage technologies
1.

INTRODUCTION

The global environmental burden associated with fossil fuels (oil, natural gas, etc.) along with the deep
economic recession and the unpredictable behavior of fossil fuels market coerced countries to seek for
ways to deliver energy efficiency while assisting and/or maintaining economic development. Under the
supervision of International Energy Agency (IEA), countries form their energy policies based on seven
pillars: (i) reduce the environmental pollution and the greenhouse gases (GHGs) emissions, (ii) improve
energy efficiency of residential and commercial buildings, (iii) improve existing power system operation
and security, (iv) make electricity markets more competitive, (v) increase the share of renewable sources
in energy systems in a cost-effective way, (vi) improve fossil fuels storage infrastructure and market
mechanisms with the aim to keep prices in check, and (vii) deploy Research and Development (R&D)
programmes to meet future energy challenges.
Obviously, research could play a significant role in governments’ attempts to attain the aforementioned aims. During the last decades, many countries invested on R&D programs which were elaborated
either by universities and/or private companies. For example, Italy wanted to ensure that sufficient R&D
on electricity continued after privatisation of the electricity industry, and therefore developed a mechanism whereby such R&D is funded through a small premium on consumer prices. In addition, France
has launched a major new research program aimed at bringing innovative energy projects to the market
[1].
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Recently, researchers have made considerable contribution to the areas of the optimization of existing power systems operation, the renewable energy system integration, the introduction of alternative
energy storage systems, the energy efficiency improvement and the evolution of new green technologies.
Yet, this elaborated scientific work is mostly based on lab experiments and simulations [2, 3, 4], and thus
it is difficult to be commercialised without being tested under real conditions. Therefore, the undeniable
need for a large scale research facility to provide real-time testing opportunities for such technologies
and mechanisms arises. Such research facility will not only provide a test bed for new technologies and
mechanisms, but it will also boost R&D by promoting the cross-border cooperation of universities and
private companies.
This need was primarily addressed by South Korean government in 2009. Following the announcement of the Five-Year Green Growth Plan and the national vision, Building an Advanced Green Economy, the Korean government pinpointed smart grid development as one of the several directions for
achieving low carbon green growth. The Ministry of Knowledge Economy and its subsidiary organization, the Korean Smart Grid Institute, drafted the Korean Smart Grid Roadmap 2030 in 2010, which
consists of a vision, short- to medium-term goals (2012, 2020 and 2030) and five implementing areas
smart power grid, smart consumer, smart transportation and smart renewables and smart electricity service. The starting point of this investment plan which was expected to cost 195 million EUR (Public
investment: 60 million EUR - Private investment: 135 million EUR), was the construction of world’s
largest smart grid testbed at Jeju island. By setting as an ultimate goal of this project to build a nationwide Smart Grid, Korean Government politically and strategically positioned the smart grid technology
as an emerging national industrial priority to drive future economic growth [5, 6]. The Korean case exemplified how a government can nurture promising but still immature low-carbon technologies through
appropriate national policy frameworks, short- to long-term policy measures, public investments and
innovative partnership schemes with the private sector. The Korean case also showed how a government
can support and bridge technologies in demonstration projects to move towards the commercialization
phase. The methodologies applied in the Republic of Korea can be a reference point of developing countries that seek to use technological innovations as a driver of economic growth or want to strengthen their
deployment capacity. For further reading on South Korea’s Smart grid project consult [7].
Based on South Korea’s economically and technologically innovative policy, the aim of this paper is
to represent the benefits and the opportunities arising from the conversion of the existing outdated Moni
power station to such large scale research facility. The power station’s infrastructure along with the
flexible economic policy and the geopolitical position of Cyprus make this project easily implementable
and promising as well. We give a brief description of the current condition of Moni’s power station,
and introduce our proposal for its future structure and its research capabilities. We also discuss how
research areas such as smart grids, renewable energy sources, energy storage, new generation technologies and several energy efficiency and policy topics will be incorporated in the facility’s R&D program.
Furthermore, we investigate the potential financial structure of the research facility while presenting and
evaluating a simplistic investment plan of the project. The funding opportunities provided by European
Union (EU) research funding programs, the potential investments and the offer of educational and consulting services, along with the capability of electricity generation and sale of the existing power station,
guarantee the project’s sustainable implementation and operation.
The current paper is organized as follows: In Section 2 we provide a brief description of Moni’s
power station and its current condition. Our proposal for the future structure of the research facility and
the research opportunities that arise are discussed in Section 3. In Section 4 we present a preliminary
techno-economic analysis of the proposed investment plan, and finally, we conclude the paper in Section
5.
2.

A BRIEF REVIEW OF MONI POWER STATION

Moni Power Station is one of the three power plants belonging to the Electricity Authority of Cyprus
(EAC). It is located approximately 15 kilometres east of the city of Limassol and it covers approximately
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0.3km2 of coastal area. The construction of the power station started in the early 1960s and completed
in 1966. A satellite view of the power station is given in Figure 1.

Figure 1. Sattelite view of Moni’s Power Station (taken by Google Maps).

At the beginning of its operation, Moni power station consisted of six steam turbogenerators (30MW
each) which were finally decommissioned in 2013 due to their low efficiency ratio of operation. The
current total capacity of the power station is 150MW. It consists of four gas turbines 37,5 MW each
fueled with gas oil (diesel). The two gas turbines (GT1 & GT2) were added to the system in 1992 while
the other two (GT3 & GT4), in 1995. These gas turbines are mainly used for addressing peak loads and
for emergencies. The steam turbogenerators and the gas turbines of Moni power station are presented
in Figure 2 and 3 respectively. A small diesel generator (1MW) is also installed at the facility in order
to cover the emergency needs of the station (control units, computers, cranking motors of gas turbines
etc) in a case of a black out in the power system of Cyprus.
The steam turbines were controlled via control desks and mimic panels located in the control room
at power station’s main building (see Figure 4). Control room is now offline since EAC decommissioned
steam turbines. Gas turbines are controlled through a recently installed Remote Terminal Unit (RTU)
by either Moni or Vasilikos Power Station (which is the biggest power station in Cyprus). Generators
are connected to the grid through 66kV and 132kV switchgears located in the west side of the station.
As we mentioned in Section 1, the power station is operational and it has the sufficient means of
subsistence despite the fact that it is now under graceful degradation. Station’s infrastructure mainly

Figure 2. The six steam turbogenerators of Moni power Figure 3. The four gas turbines of Moni power station.
station. Units have been in storage since 2013.
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Figure 4. The control room of Moni power station.

consists of six fuel tanks, an operational fire fighting system, a workshop for the service of turbine’s
equipment, several store rooms and staff offices. A small desalination plant was also utilized in the
station and it is now under disassembly [8].
3. THE PROPOSED STRUCTURE OF THE RESEARCH FACILITY AND THE
RESEARCH OPPORTUNITIES
In this section, we introduce our proposal for the future structure of the project and we discuss the
research opportunities coming out from the conversion of Moni power plant to a large scale research
facility. Since a facility of this scale requires a large amount of mutual funds and provides a variety of
opportunities for further expansion, its implementation has been divided in three phases. The first phase
of the investment plan involves the short-term structure and operation of the facility and is presented
in the first part of the current section. The medium-term targets and the expansion capabilities of the
research facility (second phase of the project) are introduced in the second part. In the third part, we
discuss the medium to long-term targets and the future perspectives of the research facility.
3.1 Short-term Structure and Operation
The short-term design of the facility and its operation at the beginning are derived based on the future
sustainability of the investment. As we will extensively discuss in Section 4, the starting budget of the
investment shall be limited and the operational costs shall be minimized in order to ensure the success
of the project. The facility’s design is to be implemented in such way to create and/or seek for economic
resources and thus to secure facility’s operation. In the following paragraphs we introduce our main
ideas.
The fact that Moni power station is still operational shall be the basis for its future development.
Since EAC is now in a privatization procedure due to the economic crisis in Cyprus, the design of
the facility shall be implemented in such a way to attract investors to participate in the whole project.
The potential investors will have the opportunity not only to take part in facility’s research but also
to buy share in an already established power station with total power capacity of 150MW. Thus, it is
important for the facility to ensure the operation of existing gas turbines by providing them a small-scale
maintenance. Further to the maintenance of gas turbines, power station shall also allow the connection
of additional generation units to the national grid. The existing gas turbines shall continue their current
operation (addressing peak loads and for emergencies) under the supervision of EAC.
The structure of the facility’s internal power grid is of high importance as well. It shall be designed
with such flexibility in order to be able to provide a test bed for several new technologies and equipment,
such as new generation technologies, energy storage technologies, renewable energy sources integration,
new frequency control and voltage regulation schemes, smart grid equipment, protection devices etc.,
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while ensuring the reliability of its power generation. Therefore, we propose the establishment of a
medium voltage (MV) microgrid which it will have the formation of an IEEE test system [9] and it
will be connected to Cyprus national power grid without affecting grid’s reliability and security. We
present the current structure of the Moni power station and our proposal for its future structure in the
Figures 5 and 6 respectively. As it can be seen from the figures, minor changes will be needed to
take place at 132kV and 66kV station’s switchgears along with the construction of the MV microgrid.
Facility’s loads shall be supplied through distribution transformers placed in substations at each bus
of the facility-internal microgrid. Distribution transformers will not be used only to lower the voltage
to supply facility’s loads, but also to connect technologies under testing to the grid test bed, i.e., a
population of Plug-in Electric Vehicles to test a decentralized charging control scheme [10]. In order
for the facility to be able to cover its electricity needs, the existing diesel generator (with capacity of
1MW) along with a small gas turbine of 5MW shall be connected to the facility’s microgrid.

Figure 5. Current power grid formation of Moni power station [8].

Figure 6. Proposed power grid formation of the Research Facility.

Further to the microgrid development, we also suggest the implementation of an advanced communication network consisting of both wired and wireless communication channels. Since the facility’s
microgrid will serve as smart grid test bed, ubiquitous and seamless communications are very important for enabling efficient monitoring, management, and control of all power system components. As
mentioned in [11], the smart grid is a general term to mean a modernized and upgraded electricity grid.
Thus, the advanced information and communication technologies (ICTs) are important for optimizing
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its operation and for fully accommodating new technologies of renewable generation, storage, demand
response, and so on. Despite the fact that extensive research has been taking place in recent years on
ICTs for smart grids, there exist much more future challenges to be met. It is therefore necessary for
the facility to provide such research by assisting the development of new technologies and enhancing
communication’s reliability and security.
As mentioned in Section 2, station’s power output can be controlled via a recently installed RTU by
either Moni or Vasilikos power station operators. Thus, it is necessary for facility’s normal and reliable
operation to construct a new building that will accommodate a new control room and other necessary
power station services. The proposed structure will not only secure the operation of the research facility,
but it will also offer independence from the national power grid and the ability of an extended control and
functionality. The microgrid’s operation and control will be provided only from the research facility’s
operator.
In addition, since renewable energy system integration will be one of the most significant research
areas that the research facility will deal with, our proposal requires the high penetration of renewable
sources in the facility’s microgrid. Such penetration could be achieved through the installation of photovoltaic (PV) systems on the roof of each facility’s building and the utilization of PV parks and wind
farms in the plant site. In order to promote research related to renewable energy systems integration, we
have to maintain real conditions that national grids face in facility’s test bed microgrid. Such condition
is the stochastic behavior of renewable energy generation (especially of wind generation). Therefore,
we propose that wind generation along with solar energy (PV panels) take a big share of facility’s power
capacity. To be more specific, PV panels could be oriented at a fixed angle or employ tracking systems
providing measurements of direct and diffuse sun radiation, when they are installed onto a building or
they form a small PV park in the facility’s site respectively [12, 13]. On the other hand, wind farm installation shall be carried out considering the space limitations and the environmental constraints. Wind
farms shall consist of both horizontal and vertical axis wind turbines that do not exceed the capacity
of 50kW each. It is important to mention that, such integration of renewable energy sources within the
research facility will not only provide significant incentive for scientific research but it will also increase
the power station’s total capacity providing simultaneously an additional income.
As we discussed in the previous section, the power station’s steam turbines have been decommissioned since 2013. A possible removal of these turbines from the power station’s main building will
provide both enough space that could be used for any kind engineering laboratories and additional
funds to the project. This building of the station could be renovated and formatted in such a way so as
to be able to provide more than 14000m2 of eligible space for laboratories and offices. This will attract
many universities and private international companies to participate in the research facility by establishing their laboratories, taking simultaneously the advantage of the appropriate infrastructure and benefits
provided. Such potential cooperation will give the opportunity for an extended cross-border cooperation
and the capability for increased absorption of research funding programs.
Finally, we also suggest that all renovations and building constructions in the facility’s site shall
be carried out in a research enhancing way. Facility’s researchers shall promote policies for energy
efficiency by applying bioclimatic design to both new and renovated buildings that it is based on the
evolution of Building Management Systems (BMSs), solar cooling and heating systems, and new and
improved heating, ventilating and air conditioning systems. Therefore, the research centre will allow
the researchers to deal with the research related to smart cities and communities, zero energy buildings,
and energy policy, economics and planning.
3.2 Medium-Term Targets and Expansion Capabilities
The research facility’s further design and operation shall also provide a variety of capabilities for further
technological expansion, scientific development and sustainable economic growth in the near future.
More specifically, the research facility shall concentrate on raising energy efficiency, enhancing power
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system security and reliability, reducing electricity costs and energy consumption through the application of smarter technologies, renewable energy and efficient energy services, and creating new growth
opportunities. These targets and capabilities are extensively described in the following paragraphs.
Under the pressure of the GHGs constraints and the diminishing reserves of fossil fuels, electric
energy must meet the requirements of being carbon-free and renewable in the forthcoming years, according to the countries’ energy policies. During the last decades, scientists focused on research related
to new ’greener’ and more efficient generation technologies that could achieve these aims. Thus, the
aforementioned research area could be the main pillar of the facility’s interest in the next years. New
renewable energy technologies such as Concentrated Photovoltaic (CPV) solar cells and Concentrated
Solar Power (CSP) can be installed and investigated within the research facility. CPV solar cells requirements for much smaller area to provide the same power output as conventional PV panels and their
suitability in regions like Cyprus, with high direct irradiance levels [14], form a great research perspective for the research facility. The need for further research on various techniques on focusing sunlight
on fluids, enabling the heat storage for long time periods, and production of electricity at night, makes
CSP systems very interesting as well. The integration of such systems in isolated Mediterranean islands
(like Cyprus) was extensively discussed in [15].
The option to establish a research facility at a coastal location provides the great opportunity of
studying wave energy as well. Although, wave energy can be characterized as an intermittent source
with largely random variability, it is probably the highest among renewable energy sources and its
availability reaches up to 90% of the time at a given site. The wide variety of wave energy technologies
(mainly due to the different ways in which energy can be absorbed from the waves, either onshore or
offshore) could be studied and improved within the proposed research facility under real conditions
[16, 17].
The intermittent and unpredictable nature of RES motivated the research on electrical storage systems which will be able to store electricity and supply consumers when it is needed. In order to achieve
energy policy targets, several attempts were carried out to couple RES such as solar, wind and water
with storage technologies such as compressed air energy storage (CAES) systems, electrolysis modules
and others. Energy storage systems are of high interest recently since the introduction of a reliable and
secure energy storage technology will allow increased penetration of RES in existing power systems.
Thus, the need for extensive research on such technologies forms an additional significant incentive for
Moni research facility.
The target of making wind energy more competitive could be an additional significant field of study
of the Moni research facility. The installation of wind turbines within the plant will provide the necessary
measurements which optimally combined with maps of the yearly averaged wind speed, will offer a
reliable adaptation of production to demand [18]. Moreover, the location of the plant allows a future
utilization of an offshore wind farm. The research facility could be able to elaborate a wide-variety
techno-economic analysis for such plants providing useful tools for assessing similar projects in the
forthcoming years. Furthermore, facility’s wind turbines could be combined with either electrolysis
modules or other energy storage applications providing a real-time evaluation of this technology while
improving the load factor of the power plant. The utilization of such application will also initiate the
research on hydro-based technologies within facility’s laboratories [19, 20, 21].
In addition, the research facility could also deal with the hydrocarbon fuels and how they can be
upgraded to hydrogen technology. Scientists will have access to laboratories to investigate how the various hydrocarbon fuels and hydrogen can be stored and utilized for power generation. Furthermore, the
energy requirements and the additional costs of hydrogen storage may be examined extensively as well.
The available equipment could allow researchers to elaborate several measurements and experiments
in order to increase the storage density of hydrogen gas and secure its introduction into fuel cells or
internal combustion engines.
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The location of Moni Research Facility (near district areas) will also provide the opportunity to researchers to deal with District Heating (DH) applications. DH can play a significant role in an efficient
energy system and it therefore forms an interesting area for further research. The recovery of energy
can reduce the demand for other fuels (e.g. biomass) while improving the overall efficiency. As a
medium-term target of the proposed facility could be the utilization of the steam output of an electricity production process to supply the individual or neighbouring buildings and the development of DH
technology as this was set among the European energy aims [22, 23, 24].
High voltage power electronics engineering is another scientific area with high research interest that
could be incorporated in facility’s scientific work cycle. Nowadays, more and more countries agree
to interconnect their national grids through either High Voltage Alternating Current (HVAC) or High
Voltage Direct Current (HVDC) transmission lines in order to cover their needs of electric energy. The
application of such interconnections resulted in several problems to existing power systems such as
inter-area frequency oscillations. These problems are difficult to be addressed due to power systems
complexity, and thus the undeniable need for the reliable and the secure operation of such transmission
lines (especially of HVDC transmission networks) could be an additional scientific motive for the facility’s researchers. The recent attempts of cypriot government to interconnect our national power system
(which is now isolated) with Israel and the rest Europe could lead the research facility’s interest on such
scientific area.
3.3 Medium to Long-Term Targets and Future Perspectives
Besides the scientific and technological expansion, Moni research facility shall aim to support and bridge
technologies in demonstration projects that will facilitate a move towards the commercialization phase.
Based on the case of the Republic of Korea, it shall seek to use technological innovations as a driver
of economic growth or strengthen European deployment capacity by contributing to both research and
economic development.
The existence of plentiful deposits of natural gas in the exclusive economic zones of Cyprus, Israel
and Egypt shall be the starting point for additional research. Natural gas storage, usage and transportation could be significant motives for research by the facility. Since the research facility will operate as a
power station, natural gas could be used for generation as well, promoting simultaneously the research
related to power generation using natural gas. This could lead to an increment of the power capacity of
the plant, the expansion of facility’s scientific interests and an increased economic benefit. Further to
natural gas applications, researchers could also deal with fossil fuel efficient and secure storage taking
advantage of the existing power station infrastructure (six existing fuel tanks). According to IEA [1],
several countries have begun to store large amounts of fossil fuels in order to avoid economic losses due
to the vulnerability of the fossil fuel market to current world’s political and economic conditions.
In addition, the extended cooperation with private companies dealing with energy technologies,
could be an important advantage for the proposed research centre. Since, the site of the facility is very
big, we propose that the facility shall provide the land and several benefits (such as zero electricity
bills) to attract such companies to invest in the facility and build their research centres in it. This will
not only enhance research, but it will also give the opportunity for the research facility to promote its
technologies to the global market.
The research facility will promote the extended collaboration of many universities across Europe,
as stated in previous sections of this paper. This collaboration could be very useful for a variety of interdisciplinary educational programs. M.Sc. and Ph.D. programs related to power system engineering,
renewable energy, and environmental topics could also be offered, providing simultaneously the opportunity for more qualitative research and the attraction of additional research funding. Additionally,
the facility shall be able to provide distance learning programmes as well as training and certification
schemes for engineers both within Europe and worldwide.
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Taking into account the big amount of the old power station’s generators and equipment, we also
propose the development of a technological museum which will be used both for exhibition and training
of young engineers. To be more specific, we propose that a part of the scrapped station’s equipment
(steam turbines, old control room etc.) could be used along with other old equipment/technologies as
exhibits to form a complete electrical and energy engineering museum. Such development could very
promising since it will be an attractive sight seeing for tourists (especially engineers) and simultaneously
a significant fund resource of the facility.
Since Cyprus is primarily considered as a tourist country, we also propose that the research facility’s
authorities shall conclude a beneficial agreement with the tourist industry for the construction of a small
touristic unit within the facility’s site. Such touristic unit will be able to accommodate researchers,
students and engineers who visit the facility. Taking into account that the facility is located at a coastal
area next to the Limassol tourist area, this could be attractive for visiting engineers, or people from
other disciplines to combine leisure with research, education and training. Obviously, this will provide
a significant prospect for economic development and an additional income for the facility.
Last but not least, the research facility shall pave the way for low carbon, green growth through
a smart grid technology while fulfilling the targets that have been set out within energy policies for
European countries. This could be achieved gradually based on the case of South Korea, by developing
a smart grid testbed into the facility at first, build a smart grid across Cyprus1 , and finally incorporate
smart grid technology within the European power grid. By concentrating on technologies related to
smart power grids, smart transportation, smart renewable energy, and smart electricity services, Moni
research facility could play a significant role to world’s attempts to stop climate change, improve energy
efficiency and usage and enhance economic growth.
4.

TECHNO-ECONOMIC ANALYSIS OF THE INVESTMENT

Obviously, the future implementation of such a project mainly depends on the sustainability of the
investment. The current section deals with the techno-economic analysis of the proposed project. Particularly, a brief description of the proposed economic structure of the facility will be introduced in
the first part of this section. Then, we will provide a preliminary techno-economic evaluation of the
aforementioned investment plan and finally, we will present the financial outlook of the project.
4.1 Economic Structure
As noted in Section 1, Moni Power Station is a property of EAC and thus its potential conversion to a
large scale facility may raise critical issues for its future operational and financial management. Hence,
we are about to briefly discuss the economic structure of the facility without going into economic details
that are beyond the purpose of this paper.
The flexible operation and management of the facility could be achieved through the establishment
of a public law oriented firm. Since EAC is the owner of the current power station, it will be the first
major shareholder. EAC’s participation through its scientific department and staff will be significant
for the future scientific development as it will offer the necessary technical background for the reliable
operation of the research facility. Furthermore, each investment coming of either other private firms
and/or universities, it will be considered as a capital increase. Concerning the scientific purposes of the
facility, we suggest that no restrictions on shareholding and participation should be applied in order to
provide the opportunity for broad and cross border collaboration amongst universities and companies.
Moreover, the aforementioned structure will assist and enhance research capabilities while it would be
an additional motive for scientists/companies due to the economic benefit derived by the operation of
the facility. Finally, the management of the research facility would be carried out by a central council
which will be elected by all shareholders.
1 Cyprus’

national power grid is isolated, simple and small and it is therefore easy for such technology to be
applied and evaluated
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Table 1. Initial costs and start-up capital of the investment.
Category

Description

Initial Costs:

Small scale maintenance of 4 existing gas turbines
Changes & modifications to power station switchgears
Build of power grid testbed
Build of communication network (wired and wireless communication channels)
Construction of a new control centre
Supply and installation of a new gas turbine of 5MW power output
Deployment of PV parks of 2.5MW power output
Deployment of wind farms of 2.5MW power output
Renovation of existing power station’s buildings complete with BMS and smart/energy efficient equipment
Total Initial Cost:
Income from scrapping of the old station’s equipment
Estimated income from university participation fees (100.000e/each)
Estimated income from private companies’ investments
Expected starting funds from European Union & other European Governments
Total Start-up Capital:

Start-Up Capital:

Cost
(million euros)
0.10
0.15
1.75
1.25
8.00
3.25
4.50
5.00
14.00
38.00
6.00
3.00
8.00
8.00
25.00

4.2 Techno-Economic Analysis of the Investment Plan
Although research facility’s implementation is divided in three phases, as extensively described in Section 3, we provide a brief techno-economic analysis for its short-term structure and operation. Initial
cost for the implementation of the first phase of the project is assumed to reach 38 million euros, including the deployment of both PV and wind generation with power output of 2.5MW each and the
installation of a 5MW gas turbine [25]. On the other hand, the project is expected to absorb significant
start-up income from scrapping of the old station’s equipment, private companies’ investments, universities’ participation fees and several European funds. An analytic description of the initial costs and the
start-up capital is presented in Table 1. It should be noted here that the estimations are mostly based on
income and outcome assumptions.
For investment reliability purposes, the current economic analysis is based on the assessment of two
financial indicators, namely Net Present Value (NPV), and Benefit to Cost Ratio (BCR). NPV and BCR
are given by the following equations:
NP V = − C +

N
∑
t=1

Ft
SVn
+
(1 + i)t (1 + i)n

t∈N

(1)

and
∑N

BCR

Bt
t=1 (1+i)t
= ∑N
Ct
t=0 (1+i)t

t ∈ N.

(2)

C, Ft , Bt , Ct and i denote the capital investment cost, the annual net profit, the benefit during year t, the
cost during year t and the discount rate respectively. The capital cost of the investment is derived from
the subtraction between start-up capital and initial costs given in 1.
In order to accurately derive the investment’s rate of return, we examine the operation of the research
facility during a period of 20 years. For simplicity, it is assumed that during this period the facility will
mainly deal with research while providing a share of its power output to the Cyprus national grid.
Additional expansions/investments on the research facility’s infrastructure are neglected. Furthermore,
we consider that the construction period of the facility is 2 years and, the discount rate and the payable
tax are 4.56% and 12.50% respectively2 . Depreciation is calculated using the straight-line method given
by
C − SV
(3)
D=
N
2 Discount rate and payable tax are taken according to Central Bank and Tax Department of Cyprus government

regulations respectively

217

Table 2. Analysis’ financial assumptions for a 20 years period.
Operational & Maintenance Costs:
Initial
400,000e
Steady Increase 200,000e/ 5 years
Power Generation:
Initial
4,000,000e
Steady Increase 250,000e/ 5 years

Annual Expenditures
Salaries:
Other Expenditures:
Initial
250,000e
Initial
25,000e
Steady Increase
75,000e/ year
Steady Increase 25,000e/ 4 years
Annual Income
Research Funds:
Private Projects:
Initial
250,000e
Initial
500,000e
Steady Increase 250,000e/ 2 years Steady Increase 500,000e/ 2 years

Other Income:
Initial
20,000e
Steady Increase 20,000e/ 5 years

Table 3. Investment’s sensitivity analysis data.

Rate of Contribution
0%
25%
50%
75%
100%

NPV (million euros)
34.2
38.9
43.7
48.4
53.2

DPB
11.56
10.10
8.65
6.17
4.61

BCR
0.9673
1.0270
1.0945
1.1745
1.2601

where C is the initial costs of the investment, SV is the expected salvage value of the project, and N is
the useful life of the investment. SV is estimated to be 7.875 million euros at the 20th year.
An analytic description of the annual income and expenditures is presented in Table 2, and it is based
on assumptions. As it can be seen in Table 2, significant steady increases on both income and expenditures are assumed while the biggest proportion of the facility’s cash flow emanates from research, power
generation3 and the implementation of several private projects. Our analysis does not count in year-end
dividend paid to the investors of the project. In addition, we do not consider additional income due to
GHGs emission trading.
Taking into consideration the aforementioned assumptions and economic data, the estimated NPV
and BCR of the investment plan are 53.2 million euros and 1.26 respectively. It shall be noted here,
that the present value of the power station (which exceeds 100, 000, 000e) is not considered in our
calculations. Additionally, the expected Discounted Pay Back (DPB) period is 4.61 years. In order to
have a more accurate view of the investment’s sustainability we provide a sensitivity analysis based on
large variations of start-up funds4 . Sensitivity analysis data and graphs are presented in Table 3 and
Figure 7 respectively.

Figure 7. Investment’s Sensitivity analysis.

4.3 Financial Outlook
As it can be clearly seen from the previous paragraphs, the implementation of such scale research
facility would have both positive economic and scientific effects. Besides the optimistic assessments that
were considered in the techno-economic evaluation, it is quite accurate to state that such investment’s
feasibility and sustainability are ensured under the proper management and operation of the facility.
Furthermore, the short period of DPB provides significant opportunities for short future expansion
of the project. As mentioned previously, the facility’s short-term goals are fulfilled in a time period of
3 Aggregate
4 Income

cost of generated power is assumed 0.045e/ kWh.
that come from scrapping power station’s old equipment considered unchangeable
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4 to 5 years allowing the research facility to expand (scientifically and economically) and start meeting
its medium-term targets described in Section 3.
Finally, the high rate of return of the investment in combination with the income from power generation allows the research facility to be partly self-funded. This will provide the flexibility and the
opportunity to the researchers to invest on research and thus to avoid several difficulties that could arise
in universities and private companies. Yet, research facility, following Korea’s paradigm [7], could
also deal with the commercialisation of several power and energy technologies and the implementation
of several projects across the world. Such attempt could be quite helpful since it could contribute to
financial growth and the broad promotion of the research centre.
5.

CONCLUSION

In this work, we present the scientific and the economic perspectives of the potential conversion of
Moni’s power station into a large scale research facility. We provide an extensive description of the research capabilities and the structure of the proposed project while evaluating its sustainability through a
brief techno-economic analysis. Our analysis concentrates on the first phase of project’s implementation
and is based on several economic assumptions.
The results of this analysis seem to be very promising both in a scientific and economic aspect. However, the implementation of such a project presupposes a more extensive study so as to ensure investment’s viability and the facility’s secure and reliable operation. By taking this work as a reference point
and investigating more deeply the technical and the economic issues that arise, the potential conversion
of the outdated Moni Power Plant to a Large Scale Research Facility could contribute substantially to
sustainable and economic growth, both in Cyprus and more broadly in Europe.
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ABSTRACT
The Republic of Cyprus is confronted with significant decisions as to how energy infrastructure should
develop in the coming decades. This is heavily dependent on the overall new energy system Cyprus aims to
achieve by 2030 and 2050. As this island‐country presently imports all of its required oil products for
electricity generation, transport and much of its heating needs, attempts are underway to reduce this
import dependency through the development of domestic energy resources. The continued reduction in
the cost of renewable energy technologies, coupled with abundant renewable energy potential, provides
the opportunity for reducing the island’s dependency on fossil fuels while complying with energy and
climate targets for 2020 and 2030. Further, it would bring it on track with the goals set by the COP21
agreement in Paris, which aims at peaking carbon dioxide emissions as soon as possible. Additional to these
targets, Cyprus has to conform with directives on energy efficiency improvements and transport and in
particular national emission limits, which will become stricter in 2020 due to the phase out of a derogation
on EU directives1. The need for informed decision‐making is evident and an ongoing study aims to fill this
gap through a quantitative analysis of the entire Cypriot energy system, using OSeMOSYS (Open Source
Energy Modelling System); a cost‐optimization tool used for long‐term energy planning. This paper presents
the main factors influencing the analysis and the methodology to be followed in the study, and gives some
thoughts on possibilities for development from an academic point of view.
Keywords: electricity supply; energy efficiency; Cyprus; transport sector; scenarios; energy planning;
OSeMOSYS.

1. Introduction
As IRENA’s recent Renewable Energy Roadmap for the Republic of Cyprus [1] pointed out, the island is at a
crossroads in regards to its long‐term energy planning. Since its independence in 1960, Cyprus has relied on
oil for all of its energy related needs; electricity generation, transport and heating. In the absence of any
domestic oil production, there has been high vulnerability to fluctuating oil prices. Despite the widespread
use of solar water heaters for several decades throughout the island, it was only in recent years that
additions of renewable energy technologies have been made for electricity generation, which by the end of
2015 corresponded to roughly 8.5% of total generation [2].

1

Article 10c of the Directive 2009/29/EC, The derogation adopted provides reduction in the quantity of free emission
allowances to be received by the EAC from 70% in 2013 to 0% in 2020. Also two exceptions (derogations IED) based on
Articles 34 and 33 of the IED Directive (Law 184(I)/2013).
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The past system of electricity generation has dominated for the past 40 years and has been based on
monopolised ownership of few, large, centralised and inflexible generation plants. Even though it has
served well for most of the past, recent years have increasingly exposed its vulnerability, be it from the risk
of consequences of generation incidents, be it from the emergence of rather high swing load during the day
and year due to the lack of base consumption and the high tertiary activity during the day in summer
month, or be it simply to volatility to global oil price fluctuations.
In terms of political obligations, Cyprus has agreed to a number of targets pertaining to energy use. First of
all, according to Directive 2009/28/EC, renewable energy sources in Cyprus should contribute to at least
13% of final energy consumption by 2020. According to the official National Renewable Energy Action Plan
[3], this breaks down into 16% in electricity generation, 4.9%2 in transport sector and 23.5% in heating and
cooling. Additionally, based on Directive 2012/27/EU, Cyprus has to introduce a series of measures to
improve energy efficiency across all sectors of the economy. Based on the latest version of the National
Action Plan on Energy Efficiency [4], the measures proposed by the authorities will lead to estimated
energy savings of 14.5% as compared to primary energy consumption in the national reference scenario.
Furthermore, several stricter restrictions regarding emissions of greenhouse gases and air pollutants will
effectively be introduced in 2020. These will affect electricity generation, transportation, and heating and
cooling sectors. Frequently, energy planning decisions are made in a disaggregated manner. The electricity
supply may be assessed individually and be seen as disconnected from demands for heating and cooling. At
the same time, the transport sector is often treated as a separate entity. However, it is obvious to argue
that in case of an increased electric vehicle fleet, for instance, this is no longer the case. Similarly, once
domestic gas reserves become operational, demand for natural gas may not be confined to conventional
power generation. Use of natural gas in industry, residential heating purposes or gasification of the
transport sector are potential alternatives.
Such shifts in the national energy profile can bring about challenges, but can also provide opportunities and
this study aims to address these. With the financial support of the European Commission and collaboration
with authorities in Cyprus, a long‐term least‐cost tool (OSeMOSYS) is used to simulate the entire energy
system of the island and different development pathways are explored with the aim of achieving the
country’s national targets, conforming to international policy, and ensuring access to reliable modern
energy services at cost‐optimum prices. As such, a goal of this study is to identify the areas within the
entire energy system in which investments should be directed to, in order to achieve a low‐emission and
reliable system that accommodates for all energy‐demanding services at minimum cost to the end
consumer. A main output of the effort will be an open source model of the Cypriot energy system, CypEneT
(Cyprus Energy‐planning Tool), which in the long‐run can be used to form consolidated energy planning
decisions and offer insights to potential energy policy options before they are adopted. In the short‐term,
this study will support the efforts of the Ministry of Energy, Commerce, Industry and Tourism (MECIT) to
revise its National Renewable Energy, Energy Efficiency and Transport Action Plans.
In this paper we discuss the approach taken to fulfil the set of objectives. In Section 2 of the paper, the
methodology followed is presented and the three main modules of the developed model are analysed. In
Section 3, the key pieces of legislature that have to be accounted for in the model are briefly noted. Finally,
the main themes that pertain directly to the Cypriot energy system, and are to be assessed as part of the
scope of the study, are discussed in Section 4.

2

This translates to 10% of final energy consumption in transport sector using the methodology of directive
2009/28/EC.
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2. Methodology
The MESSAGE model that was used in the development of IRENA’s Renewable Energy Roadmap for the
Republic of Cyprus [1] is used as a base. Whereas the existing version of the model focused on the
electricity supply of the island, in this study the model is expanded to include the entire energy sector
(Appendix A). In essence, the model will have three distinct modules with interlinkages between them.
These modules are:




Electricity Supply
Transport
Heating and Cooling (Energy Efficiency)

The importance of the interlinkages between these sectors relates to the many plausible synergies that can
exist between technologies in one sector and how it affects demand in another sector. For instance, in a
theoretically more technologically advanced system in 2030, the transmission system operator will be able
to temporarily shed load from less important services, such as cooling of a shopping centre or desalination
plants, so as to cope with potential rapid drops in generation. Similarly, electric vehicles can offer ancillary
services to the grid, enabling the grid operator to use them as means of electric storage from which it can
draw in cases of generation shortage.
It should be noted that data and assumptions as a first step are based on existing literature. At the same
time, several parallel studies are conducted for the relevant Ministry, which will serve as input in the final
version of the model. It is also important to mention, that the maximum level of CO2 emissions per sector
can be examined throughout the model by evaluating the least cost choice of technologies that affect the
emissions constraints.

2.1 Electricity Supply
As the cost of generation from certain renewable energy technologies gains competitiveness to that of
thermal generation, in an effort to become less dependent to imported fuels and to conform with EU
legislation in regards to renewable energy and greenhouse gas emissions, there is a general agreement on
the island that the share of renewable energy will eventually increase. Due to the fact that the power
system of Cyprus is completely isolated from grid networks of neighbouring countries, the extent to which
this will occur will be determined by the supply system’s operating flexibility. The Transmission System
Operator of Cyprus (TSOCy) is already expressing concerns that the integration of high shares of variable
renewable energy technologies in a system without storage, and in the absence of grid interconnections,
will increase the system’s vulnerability to a potential blackout substantially, as the existing primarily
inflexible thermal units may not be able to cope with rapid variations in generation from variable
renewables.
An existing electricity supply model developed in MESSAGE [1] is taken and translated into an OSeMOSYS
[5] model. Code extensions that allow the incorporation of short‐terms constraints into long‐term energy
system models are included [6]. Therefore, aspects not present in the Cyprus MESSAGE model such as ramp
up and ramp down rates of thermal plants and minimum stable generation levels are included in this new
model. In this way, aspects relating to the flexibility of the system are addressed. Furthermore, the
seasonal load variability has been redefined so as to capture the exact peak demand of the year; previously
there was an error of about 5%, due to averaging effect of days within a season. Additionally, along with
operational reserve requirements, a capacity reserve has been defined to ensure that adequate capacity is
available to cope with sudden shifts in generation from variable renewable technologies. The assumed size
of the added capacity reserve corresponds to 15% of the yearly peak demand, for which the contribution of
each technology is shown in Table 1.
Table 1 – Capacity credits assumed for each technology.
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Technology
Conventional thermal generation
Solar PV – utility scale
Solar PV – rooftop
CSP with storage
Wind
Biogas
Pumped hydro storage
Li‐ion batteries

Capacity Credit
100%
5% [7]
5%
25% [8]
5% [9]
33.3%
50%
25%

In essence, the above improvements from the existing MESSAGE model [1] aim at reducing the uncertainty
gap in a way that outputs from the long‐term focused OSeMOSYS model provide a more likely technically
feasible solution. Potential complications arising from the proposed investment plans can later be
identified in the ongoing parallel grid stability analysis conducted by the JRC.

2.2 Transport Sector
Preparatory work for this module of the model has already been completed [10] and is used as a basis for
the present effort. Lessons learned and best practices as reported in the literature [11] are used as a guide
for an appropriate representation of the transport sector. In order to examine all potential transport
technologies that can become available in the Cypriot market, a detailed breakdown of options is included
in the model (Table 2). A variety of alternative fuels is considered, while the transport sector is divided into
freight and passenger transport, which are further split into different vehicle modes; such as privately‐
owned cars, taxis and public buses. The majority of the techno‐economic performance characteristics for
this sector is taken up from IEA ETSAP technology briefs [12].
Table 2 – Technology options considered for the transport sector.
Passenger Transport
Technology
Fuel
Cars
Busses
Rail
Internal Combustion
Gasoline
×
×
Engine
Diesel
×
×
CNG
×
×
LPG
×
×
Fuel Cell
Hydrogen
×
×
Battery Electric Vehicle
Electricity
×
×
Plug‐in Hybrid
Electricity & diesel
×
×
Electricity & gasoline
×
×
Hybrid Electric
Electricity & diesel
×
×
Electricity & gasoline
×
×
Tram/Rail
Electricity
×

Freight Transport
Light Trucks Heavy Trucks
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

The main connection with the other model modules relates to the use of electricity by electric vehicles,
plug‐in hybrids and potential electric rail. As shown in previous studies, the use of electricity in the
transport sector can be used to complement a grid network with shares of variable renewable
technologies, by providing means of coping with rapid shifts in generation [13]. Furthermore, the continued
sharp decline in battery technology will affect the cost‐competitiveness of battery electric vehicles [14], so
the potential deployment of this technology in the system has to be assessed.
Even though a political decision has been reached to postpone the introduction of natural gas in the Cypriot
market, as the interim gas solution negotiations have not been successful, the proven presence of natural
gas in the exclusive economic zone of the island indicates that gas will likely become available in the future.
As such, vehicles technologies consuming natural gas will be considered. Similarly, since Cyprus is obliged to
provide infrastructure for the use of alternative fuels in the transport sector, hydrogen and LPG are
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potential fuels that can be used. Finally, the use of biofuels is used only in the form of a blend with
conventional fuels; biodiesel and bioethanol can be blended with diesel and gasoline respectively, in
conformation with the maximum share of blend. Nonetheless, oil companies in Cyprus argue that
bioethanol cannot be blended with gasoline, as due to the high temperatures on the island, this would not
respect the vapour pressure limits as set by the EU’s Fuel Quality Directive (2009/30/EC). Thus, this
possibility can only be examined if an assumption is made that the blending will occur solely during the cold
winter months.

2.3 Heating and Cooling
The heating and cooling module of the model can also be referred to as the energy efficiency module, as
most of the aspects considered here will be drawn from the National Energy Efficiency Action Plan [4]. Five
levels of demand relevant to specific useful energy services are to be defined here; namely space cooling,
space heating, water heating, industrial heat and cooking. The demand corresponding to each of these will
be drawn from work done as part of the IRENA renewable energy roadmap [15].
The demand profile for each of the fuels driving this sector could potentially change in the future. For
instance, if energy efficient air‐conditioners are installed, the peak demand of the hot summer days may
drop, while if there is higher penetration of electric heat storage units, electricity demand may rise in the
winter. Further, natural gas enters the market and sufficient infrastructure is put in place, this fuel might
take up a substantial share in the island’s energy intensive (e.g. cement and brick) industries or be used for
space heating purposes. Additionally, the seasonal variation in demand for heating and cooling will have to
be estimated based on historical measurements of heating and cooling degree days.
Technologies considered as available to provide the required energy services are shown in a simplified and
aggregate manner in Appendix A. Similar to the transport sector, assumptions on cost and performance are
taken from available literature [12]. In addition, net‐metering or net‐billing and self‐consumption support
schemes, are other important aspects that will have to be measured across the entire model.

3. Policy Context
Since the submission of the previous Cypriot National Action Plans for Renewable Energy [3] and Energy
Efficiency, the energy outlook of the island has changed. The most important developments concern the
discovery of offshore natural gas reserves, which in the long‐term have the potential to completely redefine
the energy mix in all sectors of the economy, and the rapid decrease in the cost of solar photovoltaics.
Since the primary energy supply of the island is currently dominated by oil‐products, this potential fuel shift
has relevance to a number of other legislations, such as promotion of alternative fuels in the transport
sector and reduction of industrial air pollutant emissions. Table 3 lists regional EU and international
legislations that have been adopted in national policy and are considered in this effort.
Table 3 – Relevant legislation to be accounted for in the modelling framework.
Legislation
Relevant to
Comments
Directive 2009/28/EC
Promotion of the use of 13% of final energy consumption should originate
energy from renewable from renewable energy sources by 2020. In the
energy sources
transport sector an obligatory 10% share should be
achieved, while the remaining can be distributed to
electricity generation and heating and cooling (16%
and 22.5% respectively in the case of Cyprus [3]).
Directive 2014/94/EU
Deployment of alternative Development of adequate infrastructure projects
fuels infrastructure
should occur to allow the use of alternative fuels
(e.g. LPG, CNG, hydrogen etc).
Regulation (EC) 443/2009
Emission
performance
standards
for
new
passenger cars
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Directive 2012/27/EU

Energy efficiency

Directive 2010/31/EU

Energy performance
buildings
Industrial emissions
Fuel Quality

Directive 2010/75/EU
Directive 2009/30/EC
Directive 2015/652/EU

Directive 2009/72/EC
Directive 2009/73/EC
Directive (EU) 2015/1513

Directive 2001/81/EC

Directive 2009/33/EC

Decision No 406/2009/EC

1999 Gothenburg Protocol

In the case of Cyprus, measures should be put in
place that achieve a reduction of 14.5% of total
primary energy supply from a reference scenario by
2020.
of

Calculation methods and
reporting requirements for
quality of petrol and diesel
fuels
Internal electricity market
Internal gas market
Fuel quality and promotion
of the use of energy from
renewable energy sources
National emission ceilings
for certain atmospheric
pollutants
Promotion of clean and
energy‐efficient
road
transport vehicles
Effort of EU Member States
to reduce their greenhouse
gas emissions
Abatement of Acidification,
Eutrophication and Ground‐
level Ozone

Derogation exists
Reduce greenhouse gas emissions by 6% in the
transport sector

Upper limits are set on national emissions of sulphur
dioxide, nitrogen oxides, volatile organic compounds
and ammonia.

National emission ceilings for up to 2020 and beyond
for four pollutants: sulphur dioxide (SO2), nitrogen
oxides (NOx), volatile organic compounds (VOCs)
and ammonia (NH3).

It should be highlighted that the relevant articles of legislation shown in Table 3 have a rather short‐ to
medium‐term focus, setting goals primarily up to 2020 and to some extent 2030. Even though individual
national targets have not yet been defined, the most recent EU framework for climate and energy from
2020 to 2030 indicates that significant contribution is expected from each member state. Majority of the
greenhouse gas emission reductions are to be allocated to the ETS sector, which would have to deliver a
reduction of 43% in 2030, while the non‐ETS sector would have to achieve a reduction of 30%; both
compared to 2005 emission levels [16]. However, demand for energy services, such as transportation, is not
limited to either ETS or non‐ETS sectors. For instance, deployment of electric vehicles affects power
generation, so energy‐planning decisions cannot be taken in isolation for each sector.
At the same time, the legally binding COP21 agreement in Paris calls on nations to peak their greenhouse
gas emissions as soon as possible, while the goal is to keep the global average temperature rise well below
2 oC and take adequate measures to limit it to 1.5 oC as compared to preindustrial levels [17]. As such,
taking into account that investments in energy infrastructure are long‐lasting, with technical lifetimes of 30‐
40 years, decisions have to be taken based on long‐term goals. If measures are taken at present only guided
by the binding targets of 2020, in mid‐2020s influenced by the 2030 targets and then post‐2030 based on
whatever targets may be introduced at the time, the risk of constantly nullifying previous decisions is
considerably high. In terms of socioeconomic impact, this would lead to constant patchwork investments
on different technologies, for which the cost would be immense and would inevitably be borne by
taxpaying consumers.
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Therefore, in light of the upcoming regional and global direction followed to combat climate change, the
necessity for a comprehensive energy system analysis with an outlook to 2040 or even 2050 becomes
apparent. Instead of approaching this as a race to the next flagpole, where myopic actions are pursued
every few years to achieve the next set of targets, authorities should agree on an end goal that defines the
Cypriot energy system of 2040 or 2050. Then, intermediate targets can be set that define investment needs
during different time periods using back‐casting. Ultimately, if maximizing social welfare is the primary
objective of a society, a modern energy system should aim to provide reliable and uninterruptible energy
services at an optimum cost to the final consumer, with the lowest possible environmental impact,
ensuring a better quality of life.

4. Themes to be investigated
Based on the existing obligations elaborated above, it is expected that the energy sector in Cyprus will
diversify to a significant extent. In terms of electricity generation, renewable energy technologies are
steadily increasing their share, while natural gas, either imported or domestic, will eventually substitute oil‐
fired generation. Both the introduction of natural gas and the increased share of renewable energy have
the potential to rapidly transform heating and cooling, and the transport sector. In regards to the latter,
there is a number of available options. As a preliminary list of plausible development pathways3, we
propose investigation of the following (Table 4):
a) Current Trends – Once the model is built and all technology options are included as shown in
Appendix A, the model will be allowed to provide the cost‐optimal solution across all sectors, in a
relatively unconstrained manner. This will indicate in what technologies investments should be
directed to in an environment with perfect market conditions. This takes into account existing
policies and obligations of the government and thus sets a baseline from which the remaining
pathways can be compared to.
b) Intense Gasification of Energy Sector – This scenario will investigate the case of a potential decision
for the whole economy to largely depend on domestic natural gas reserves. This would mean that
besides gas‐fired generation, industrial and residential boilers would consume natural gas, while
the automobile fleet would gradually be replaced with vehicles running on Compressed Natural Gas
(CNG) or Liquefied Natural Gas (LNG).
c) Electrification of Transport Sector and heating and cooling – In this scenario, electric vehicles4 will
be promoted instead of internal combustion engine vehicles, while oil‐fired boilers will be replaced
by heat‐pumps. In the long‐term, the option of electric public transport (i.e. intra‐city tram and
inter‐city rail) will be considered. This could mean that gas‐fired generation will increase to cope
with the increased demand in electricity. However, it could also mean that renewable energy
technologies will take up this increased demand, while with the availability of storage in car
batteries it is possible that concerns regarding system reliability and flexibility will be eliminated. At
the same time, if the majority of electricity generation is from renewable energy sources, domestic
natural gas savings can be exported to gain additional revenue.
The above scenarios necessitate investments in critical infrastructure that will be complementary to the
selected technologies. For instance, battery electric vehicles may require deployment of public charging

3

Once data becomes available from other ongoing MECIT studies, the proposed list may be adjusted, while further
alternatives may be added. Similarly, when results from the reference case are available, it is very likely that specific
areas for further investigation will be identified.
4
It is important to mention that the contribution from renewable energy sources consumed by electric road vehicles,
consumption shall be considered to be five times the energy content of the input of electricity from renewable energy
sources based on new ILUC directive.
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points, while the promotion of CNG or LNG will require facilities for the production and distribution of
these fuels. This aspect is considered in the analysis when assessing the cost of each scenario.
Table 4 – Thematic Areas Matrix.
Current Trends
Electricity Supply
‐Gas‐fired generation
replaces oil generation,
either through interim gas
solution or domestic gas
extraction.
‐Smart grids/smart meters
‐Demand‐side
management measures
‐Centralized and
decentralized storage
options.

Intense Gasification*
‐Gas‐fired generation
assumptions same as in
baseline scenario.

Electrification of Transport*
‐Increased final electricity
demand due to EVs.
‐Gas‐fired generation or RETs
are deployed to cover the
demand.
‐Batteries in EVs act as
storage, providing system
reliability with high shares of
variable RETs.

‐Promotion of BEVs (e.g. small
subsidy, tax benefits).
‐Infrastructure requirements
to support EV fleet.

Transport

‐All technology options are
considered (e.g. biofuels,
EVs, CNG/LNG, LPG) and
model provides cost‐
optimal solution.

‐ Promotion of CNG/LNG
vehicles (e.g. small subsidy,
tax benefits).
‐Infrastructure requirements
to produce and distribute
fuel.

Heating and
Cooling (Energy
Efficiency)

‐Energy efficiency targets
‐Distributed generation for
self‐consumption
purposes.

‐Promotion of natural gas for
industrial process heat and
residential/commercial
heating.

Other
considerations

‐CO2 and other industrial
‐Infrastructure requirements
emission limits across
for use of natural gas in
sectors
sectors other than electricity
‐RE targets
generation.
‐Gas export infrastructure
*Additional considerations as compared to Baseline Scenario.

‐Potential for increased
exports of domestic natural
gas.

5. Conclusion
Representing a national energy system is a demanding and iterative task. In the case of Cyprus, since it is an
island‐state, clear system boundaries can easily be defined, thus removing a degree of complexity. A
number of, primarily EU, legislations affect the course that needs to be taken but each member state has
the flexibility to decide on how to enforce adequate measures. Policy on a regional and global scale is
shifting towards low‐carbon economies, thus long‐term planning should strive in this direction. Cyprus
should not be treated as an isolated system, which can exclude itself from international obligations
regarding climate and environmental pollution. A coherent vision for the energy system is required and
development pathways for achieving the associated goals of this vision need to be investigated. From an
analytical point of view, since policy measures in one sector can adversely affect another sector, the entire
energy system should be treated as a whole.
Even though the effort described above can be considered as ambitious, it is in no way a novelty in the
field. Countries around the world base their energy planning to a considerable extent on insights offered by
such quantitative analyses [18]–[21]. In order to avoid promotion of technologies that could potentially
affect the reliability of the energy system or increase the cost of energy services, such efforts should be
taken up by the local government and relevant stakeholders. The final form of the model will have a
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structure that enables easy update of the input data and assumptions, so that its longevity and usefulness
can be ensured when it is handed over to the official authorities of Cyprus.
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Abstract
The majority of Mediterranean Sea islands possess excellent renewable energy
potential, while they hardly cover their electricity needs on the basis of expensive
imported and heavy polluting oil. With the least renewable energy sources (RES)
participation, the contribution of the transport sector in the overall final energy
consumption and GHG emissions of the EU-28 is almost 30% and 20% respectively. In
this context, taking also into consideration the limiting size of most islands and the
seasonal transportation requirements increase due to tourism, radical changes may be
applied in for the transport sector to contribute to the energy supply security and
sustainable development of local societies.
In order to contribute and support the clean-green transportation activities the present
work investigates the opportunities and any potential problems related with the
implementation of electro-mobility in the Aegean Sea islands. In this context, one may
first analyze the environmental performance and accordingly the cost related issues of a
typical electric vehicle (EV). Furthermore, special emphasis is given in order to support
the totally green solution of solar-based (powered) EVs.
More specifically, this innovative proposal, described in the present paper, is
targeting to accelerate the implementation of a European-national electrification action
plan through the adoption of EVs based on PV generators. The proposed Solar EV
Charging solution is considered to be one of the most environmentally friendly
solutions, able to support the decarbonization of the European transport sector.
Introduction
The tourist sector is one of the most profitable areas of the Greek economy and is very
likely that will stay as such (GNTO, 2015). The free-market model of steadily
increasing profits for a company in a free economy will ask for a future increase in
tourist arrivals during the high tourist period. That increase implies the necessity to
expand the infrastructures in order to cover the needs of the populace. Infrastructures
are sized in order to cover the spike caused by the tourist period and as such are most of
the time used with sub-optimal conditions. The limited physical space of islands
suggests that those have a maximum serviceability, thus it is impossible for the future
tourism industry to carry the steadily increasing vehicle density per tourist.
Furthermore, vehicles with internal combustion engines come packed with a number of
social, environmental and economic impacts well referenced in numerous scientific
publications.
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As a countermeasure, we propose the car-sharing service model of free floating all
electric vehicle green areas. The service offers the access to an all-electric vehicle at an
agreed level, at a fixed fee, including all costs. Vehicles available for renting will be
gradually replaced and large public parking stations with solar assisted chargers will be
scattered along the island. The parking lots will act as designated zones from which
users may pick up and return the vehicle. The service will be payed per session which
may be translated as charging session, distance driven or even days of utilization (Nigro
and Frades, 2015). The totality of the EV fleet will be solely charged via solar assisted
charging stations (Figure 1). During the off season period the vehicles will serve the
permanent residents free of charge as a means of transportation and as banks for energy
storage and grid frequency regulation for smart grid deployment via V2G/G2V
technologies.

Figure 1. The proposed Solar Electrical Vehicle Charging Station (CARPORT) at the SEALAB of Piraeus University
of Applied Sciences. Left: General view, Right: A vehicle charging

The Soft Energy Applications and Environmental Protection Laboratory (SEALAB)
of Piraeus University of Applied Sciences (former TEI of Piraeus) has recently
undertaken, in the framework of its innovative activities, the development, construction
and operation of the first standalone Solar EV Charging Station in the country,
"CARPORT", monitoring all energy data and supporting in this way the country’s effort
towards the infrastructure development and strengthening in the field of electromobility. This innovative effort is targeting to accelerate the implementation of a
European-national electrification action plan for the construction of EV charging
stations based on PV generators. The proposed Solar EV Charging Station is one of the
most environmentally friendly solutions, able to support an EV fleet market all over
Europe.
Our model promotes access rather than ownership, supporting the general trend
where interest in owning a car is decreasing (Beeton and Meyer, 2015), the service will
be very simple and may be conducted via a smartphone or a tablet connected to WiFi.
Furthermore, vehicle utilization is expected to increase while offering great trialability.
Moreover, electric vehicles will lessen the social and environmental impacts
accompanying the utilization of internal combustion engines (ICE) such as purchasing
and transporting diesel oil as long as avoiding emissions associated with the usage of
fossil fuels (Massiani and Weinmann, 2012; Al-Alawi and Bradley, 2013; Massiani,
2015).
Methodology and assumptions
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The island of Samos was selected as a case study. Samos is located at the central-east
Aegean Sea; it has a total area of 476km2 and a road network of approximately 350km.
With approximately 35000 permanent residents, Samos being a tourist destination is
experiencing a wide seasonal population variation. Actually, high tourist season lasts for
4 months per year and during that period the average populace is increased by
approximately 15000 capita according to local authorities (GNTO, 2015).
After interviewing commercial companies operating in the area of vehicle renting in
Samos Island, the average distance driven per customer is approximately 30km per day
while the vehicles utilized during the high tourist period are in the order of 400 or 0.03
vehicles per average capita increase during the same period.
Electric vehicles used in the present study have a battery capacity of 12kWh and an
average combined consumption of 0.16kWh/km (Shahan, 2015).
Solar charging parking lots are to be installed every 30km of road network. The
amount of charging spots in every station is analogous to the implementation ratio of the
project, meaning the volume of electrification, which is the ratio of electric to
conventional vehicles per visitor (Figure 2).

Figure 2 Samos road network and areas served by each parking lot

Solar panels are acting as shading elements of the parking stations and energy
generation modules for charging stations. The parking stations are sized with respect to
the implementation ratio, as long as the photovoltaic panel area needed to serve the
amount of electric vehicles, driven by the local average daily solar irradiation during the
high tourism season (PVGIS, 2015).
The initial cost (or Capital Expense – CAPEX) of each vehicle derived from market
analysis was found to be €18,000. Turnkey cost for each solar charging spot, may range
between €6,000 and €14,000 with the most likely value of €10,000 (Figure 3). As can
be seen from Figure 4, the driving forces of the CAPEX are the cost of charger, batteries
and PV panels.
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Figure 3 Charging station CAPEX/spot, high, low and most likely value

Maintenance and operation (M&O) cost for the EV was assumed to be €0.06 per km
driven (Bernd Propfe et al., 2012). The annual M&O cost for the solar charging station
was assumed to be 2.5% of the initial cost. An additional annual cost of €300 per
vehicle covering insurance was also considered.

Figure 4 Charging station’s CAPEX/spot breakdown of the most likely value

Discount rate and energy escalation rate and inflation, interest and income tax rate
were assumed to be 12.5%, 4.5%, 2.9%, 7.5% and 29% respectively (GG 17 Vol Α 23
Jan, 2013; BoG, 2015; Inflation.eu, 2015; Investopedia, 2015).
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Considering the environmental and social benefit of using EVs instead of ICE the
specific emissions and social cost of driving conventional vehicles was taken to be
0.095kgCO2eq/km and 0.015€/km respectively (TCGTI 20701 - 1, 2010; Georgakellos,
2012; Gössling and Choi, 2015).
Billboard advertising was also considered as a secondary source of revenue. In each
charging spot an illuminated billboard is installed acting as a rented place holder of
advertisements.
Two scenarios were developed; one with 0% subsidization and one with 30%, while
40% of the CAPEX will be covered by loans payed over 5 years. Vehicle utilization,
implementation ratio and price paid per session is subjected to sensitivity analysis. In
both scenarios, the operational life of the investment is considered to be equal to the
operational life of the vehicle’s battery bank life, the initial implementation 10%, and
the on-season and off-season fleet utilization 50% and 10% respectively.
In order to evaluate the efficiency of a business decision against a number of
competing alternatives, in the present study, the method of Life Cycle Costing (LCC) is
adopted, followed by the calculation of a number of evaluation criteria.
The discounted life cycle costing of a business path case option is calculated by
means of Eq. (1)
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: The life cycle cost
: The procurement cost of element i (0≤i≤I) at time t=0

: The fixed annual operating, maintenance and repair cost of element j at
time t (0≤t≤T)
D
: The annual discontinuous cost of replacing element k having a shorter
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operational life than that of the investment’s T.
R
V
: The residual value at the end of the investments operational life T.
dis
Co
: The disposal cost
: The escalation, discount and disposal rate of element x.
re / d / dis , xt
This particular breakdown was made in order to adopt different discount rates for
different cost elements of the proposed investment such as depreciation, labor, energy
and resources as proposed by Kishk et al. (2003).
Following the analysis of LCC, one may continue with the calculation of the decision
criteria NPV, sNPV, BCR, ROI and IRR as demonstrated by equations Eq.(2) to Eq.(6)
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Results and discussion
In the base case scenario NPV was found to be €55,000, with an IRR equal to 17%, a
BCR to 1.06, ROI to 0.06 and sNPV to 20%. All criteria are inferring the realization of
the project under investigation. As can be seen from Figure 5 the investing option is
becoming marginally profitable at a renting price per session of €113. IRR shows a
slight curvature in the lower values of renting price and as that is increasing tends to
stabilize in a straight line.

Figure 5 Sensitivity analysis of NPV and IRR vs rent per session, showing the base case scenario

The session, for which the customer is called to pay for, is translated in 3 days for the
island of Samos. The cheapest offer the authors obtained for a 3 day rent of a small
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vehicle was approximately €200, fuel not included. This value will act as a benchmark
for the evaluation of the investing option during the sensitivity analysis.

Figure 6 Nullification of ROI for different amount of subsidization, rent and fleet utilization

As can be seen from Figure 6 in the base case scenario with 30% subsidization,
minimum fleet utilization during high tourism season in order to achieve
competitiveness compared with the traditional rent-a-car business model is
approximately 20%, while in the scenario of 0% subsidization is 35%. All values
between the curves and the benchmark line are pairs for price and fleet utilization
achieving ROI greater than 0% and as such achieving investing attractiveness as an
option. The operator by means of forecasting may vary the price of each charging
session accordingly, making the service more appealing for the customer.
In Figure 7 one may find the correlation between sNPV and implementation factor.
Implementation factor gives the percentage of market penetration of the proposed
investment option upon the capacity of the island or the ratio of rentable EVs to
conventional ones. As can be seen the steep line in the first stages of implementation
normalizes after 40% and tends to stabilize at a value approximating 60%.
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Figure 7 Sensitivity analysis: sNPV vs Implementation factor

In the base case scenario with only 10% implementation, by means of the proposed
business plan, emissions of more than 9tCO2eq will be avoided, an average of €9000
will be saved from the admission of patients due to illnesses related to air pollution,
while consumption of more than 2000 barrels of diesel oil will be avoided, contributing
thereby in the energy autonomy of the area. In the case were 100% implementation is
achieved -meaning approximately 400 EVs sited in the island of Samos- the benefits of
the proposed investing option are increased tenfold.

Conclusions
Greek islands possess a high potential for renewable energy harvesting with high solar
irradiation and excellent wind resource. Many may impose opposition for the
installation of large wind farms due to physical restrictions levied by the size, resistance
to the corrosive saline environment or even how those are matching with the local
aesthetics. The installation, though, of many small and evenly distributed parking areas
with photovoltaic panels will not cause much of a problem, less even if those are
architectonically matched with their environment and may even be treated with a more
positive perspective from the permanent residents.
Utilization of such installations may act beneficially for the local communities
through the promotion of clean transportation, lifting that way some of the social,
environmental and economic burden accompanying the utilization of fossil fuels in the
transport sector. The shift from traditional ICE vehicles to electric ones is inevitable as
the environmental restrictions imposed by policy makers upon the automobile industry
are becoming stricter and the acquiring of fossil energy resources scarcer.
Through the present study, as part of a larger project under development by the
authors, a novel business model has been developed and its economic viability is proven
for the promotion of electric vehicles utilization in small islands. The island will act as a
free floating zone of electric vehicles, charged solely from solar power. Customers
during the high tourism season, will be able by means of an application use the service
for a fee covering renting the vehicle with all expenses included. During the off season
the vehicles will act as energy storage and grid frequency regulators for smart grid

239

deployment via V2G/G2V technologies and utilization of those from permanent
residents will be free of charge.
Our concluding remark is that standing for the expansion of solar assisted
electrification of the transport sector in small islands is a reasonable, sound and, as for
now proven, profitable option that comes crowded with social, environmental and
economic benefits for the local communities directly transferable to a national level.
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ABSTRACT
The growth in increased use of renewable energy sources has resulted in many technological
and scientific challenges. Most important include grid integration, power quality, distribution
network management and operation due to its variable and intermittent nature. This trend is making
conventional management approaches no longer sufficient and demands for investigation of new
tools and methods. This paper proposes multi-agent based distributed approach for control of
distributed energy resources considering communication requirements and constraints.
Communication is an enabling technology for increased automation, and it is necessary to consider
performance of management algorithms and processes in a realistic manner considering effects of
change in communication parameters. A co-simulation framework comprising power system
simulator, agent environment and communication simulator was used to validate the proposed
Multi-Agent System (MAS) based approach. IEEE 37-Node Test feeder with distributed generation
was used for simulation. The problem of voltage regulation in distribution network was addressed
using distributed generation and average consensus based distributed algorithm was used for
reactive power support. Performance of the system was observed in multiple scenarios with varying
communication parameters like bandwidth and background traffic. Comparision was made with the
base case with ideal communication between agents (no delay etc). Communication system and
traffic modeling was designed in communication tool OMNeT++. Voltage profile of the target bus
was calculated to compare the results of various scenarios. Results showed that MAS based
decentralized approach is quite effective to control of distributed energy resources; however
communication effects on the algorithm must be taken into account.
1

INTRODUCTION

Renewable Energy Sources are growing component of power grids around the world and
major reasons are increase use of distributed generation, environmental consideration, technological
development and increased customer participation. However, this poses many technological and
scientific challenges for the secured energy system. One of major aspect of research on smartgrid
realization is efficient and increase use of these renewable energy sources. Further, there is more
investment in the transition of energy system to a cleaner, local and more secure energy future.
Different paradigms are under investigation to achieve the smooth realization of smartgrid in all the
stakeholders i.e. producer, consumer and prosumer participate. Decentralization, autonomy and
active distribution management are the key features for the journey towards smartgrid. Any system
developed under agent-oriented philosophies contains all the three above mentioned properties,
that’s why Multi-agent System (MAS) have attracted various researchers and Application of MAS
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in power system is active area of research. Properly modelled agent-based systems can result in
flexible, scalable and robust systems and can contribute towards efficient use of renewable energy
sources. Example applications of MAS in power system, include powers system protection [1],
restoration [2] , diagnostics[3], voltage control[4] , management and control of microgrids [5]
[6][7] , demand response management [8].
Distributed applications for the smart grid may involve autonomous energy sources(nodes)
that are geographically separated by tens or even hundreds of kilometres and its operation and
management rely on the available data networks for communication [9]–[10 ]. Thus smartgrid
applications which include communication between nodes, communication parameters i.e. delay,
latency are the key factors which determine the feasibility and reliability of the proposed solution.
[11]. Performance characteristics under different communication network traffic conditions become
key concerns to address when MAS based application is developed. However, the process of
development, verification, and deployment of MAS applications; time critical applications in
particular, has not been adequately addressed to date [11] [12].
This paper investigates performance of MAS based voltage control algorithm in distribution
network using distributed generation in the presence various communication network conditions.
Test system was simulated in a co-simulation environment which includes power system, MAS and
communication tool and details of the framework is given in [11]. Paper is organized Section 1
gives brief introduction and literature review on application of MAS in power system. Section 2
presents the voltage regulation algorithm using MAS in distribution network. Section 3 gives details
of communication modelling and parameters. Section 4 presents test case simulation in cosimulation framework, while results are discussed in Section 5. Section 6 presents conclusions.
2

VOLTAGE REGULATION USING MAS

In conventional distribution network, Load Tap Change (LTC) transformer or Voltage
Regular (VR) placed at substation are used to control the voltage. However, introduction of
renewable and Distributed Generation (DG) in a distribution feeder have created some difficulties
in achieving a smooth voltage profile and sometime have adverse impact on voltage profile. This
impact mainly depends on the type of DG, amount of power DG supply back to the system and its
location in the feeder [13]. Thus, if these DGs are operated in an uncoordinated manner, there is a
possibility to introduce strong control interaction with other regulating devices i.e. LTC , VR etc. in
the network, due to simultaneous response of DG and other regulating devices to correct the
network voltage [14]. This results in need of a coordinated voltage control scheme for a distribution
network. This coordinated voltage control scheme can use smart reactive power dispatch for the
DGs for voltage regulation. In this paper only DGs coordination is considered for voltage regulation
by changing reactive power set points , however it not difficult to include other regulating devices
in the proposed algorithm. MAS may offer a viable solution to this problem, or at least a useful
complement, through the use of agents equipped with negotiated decision-making capabilities
operating with in a MAS so as to coordinate decision-making of individual agent (Distributed
generators in this case). In multi-agent negotiation, DGs, represented by agents, engage in
negotiation, proposing and counter-proposing until an outcome is identified that is satisfactory to
all.
2.1

Voltage support through Reactive Power

When voltage on a certain node goes out of limit DGs can support the voltage by increasing
their reactive power outputs in case of violation of lower voltage. Thus we can formulate voltage
regulation problem as, at each control session t, determine a voltage set-point for each DG and is
given as;
m

Find _ Min(Qset )   qi

(1)

i 1
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s.t. constraints :
Si  fi (v) power flow at each node i=1…n
0.95  vi  1.05 voltage constraints at each node
0  qi  qimax var limits for each DG
The cost of dispatch in above mentioned function is the total amount of reactive power
desired from all the DGs.
Changes in voltage magnitude and angle due to small changes in the active and reactive
power can be obtained through the Jacobean matrix given below;
 Jp Jpv      P 
(2)
 Jq Jq  V   Q 
  
v 
 
Where
q
p
p
q
, Jpv 
, Jq 
, Jqv 
Jp 

v

v
Assuming load will not be changed during a control period, equation (2) can be reduced by
setting P=0 , and change in voltage v can be written as
V  J qv1Q  SQ
(3)
From equation (3), we can calculate required change in reactive power q of a DG for the
desired change in voltage v (to raise or lower).
Such reactive power injections by the each DG at the neighbouring buses, has a net effect as
globally raising (or lowering) voltages of all the buses. This effect has the same result as of
adjusting the taps on an OLTC transformer or AVR, in the sense that it affects all bus voltages.
However, the action of an OLTC, or a AVR, raise or lower the voltage across the network
uniformly, but, the reactive power injections in a particular bus will primarily affect the voltage at
this bus and the voltages at buses downstream of it (in a radial system). Further, objective of
voltage regulation through DGs is to minimise use of other devices i.e. OLTC and handle the fast
voltage variation due to changes in renewable based generation.
2.2

MAS Based Algorithm

This section presents Multi-agent based distributed algorithm for voltage support. Distributed
algorithm is based on consensus algorithm presented in [15][ 16][17]. This algorithm determines the
amount of reactive power required by each agent to stabilize voltage at the target bus. A monitoring
agent calculates total amount of desired reactive power (R) according to equation (3) and sends to
neighbouring agents. It is assumed that monitoring agent also acts as a leader agent and divides the
total reactive power into two and sends to the neighbouring agents (agent 1 and agent 2 in this
case). These agents then further communicate with the neighbours. According to this distributed
algorithm each agent j maintains some value µj [k] and updates it iteratively as follows;
1

∑∈

(4)

and
are the out-degree of agent j and i.
Where
Convergence of the algorithm with different communication topologies was tested. One simple
neighbouring communication among agents is explained in the next section with the help of graph
theory in which each agent exchanges its information with the two neighbouring agents.
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3

NETWORK COMUNICATION MODELLING

Communication for information exchange between agents can be represented using graph
theory. Considering a graph G = {V, E} , where V={1, 2, 3, …, n} is the set of vertices (agents ,
which represents distributed generator). E  V  V represents the set of edges i.e., (1,2)  E means
agent 1 can receive information from agent 2. Further all the agents which can send information to
agent 1 are called in-neighbors of agent 1 and are represented by the set N 1  {1  V : (1,2)  E} .
Similarly agents that can receive information from agent 1 are called its out-neighbors and
represented by the set N 1  {k  V : (k ,1)  E} . Out-degree and in-degree of agent can be
represented as D j and D j respectively. Figure 1 shows one possible communication between

agents.

Figure 1: Communication between agents (undirected graph)

3.1

Network Traffic Modelling

Communication modeling was carried out in OMNeT++ – a discrete event simulator. The
whole network was modeled with three small (local area networks) LANs employing the Star
topology. Since these LANs are apart, they are connected to each other with a backbone network
consisting of two routers. The whole network is based on the Ethernet (IEEE 802.3) with Internet
Protocol (IP) and Transmission Control Protocol (TCP) version 4. It is assumed that some amount
of (uniformly distributed) background traffic is also going in the network. Multiple scenarios were
created by varying the backbone bandwidths (10Mbps to 1Gbps) and the intensity (from a packet
every 40 seconds to a packet every 2 seconds) of the background traffic. Among these, the selected
four scenarios are described in Table 1 below. The selection was based on the visibility of the
effects of the communication and its parameter changes on the algorithm performance. Figure 2
shows a communication network designed in OMNeT++ for scenario 1 and 2, while Figure 3
represents scenario 3 and 4.
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Figure 2: Communication network for scenario1 and 2

Figure 3: Communication network for scenario 3 and 4
Table 1 Communication scenarios
Network Scenarios

Backbone Bandwidth

Scenario 1
Scenario 2
Scenario 3
Scenario 4

10Mbps
10Mbps
1Gbps
1Gbps

Background Traffic Intensity
1 Packet every 40 seconds
1 packet every 2 seconds
1 Packet every 40 seconds
1 packet every 2 seconds
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4

TEST CASE SIMULATION

Test case was simulated using a co-simulation framework developed in
[11][18][19]. This framework comprises three simulators; DigSILENT Power factory for power
system simulation, JADE for MAS simulation and OMNeT++ for communication simulation.
Figure 4 shows how information exchange is carried out between agent 1 and agent 4. Agent 1 in
JADE gets updated information from DG1 (which is in Power system model developed in Power
Factory) sends this information to agent 4 through the communication network developed in
OMNeT++. IEEE 37 node test feeder was selected as a power distribution test system to validate
the proposed algorithm and investigate the effects of real communication between agents on
performance of the algorithm. Detail of the test system is given in [20] and is shown in Figure 5.
Test system was modified and detail of distributed generation is given in Table 2.

Figure 4: information Exchange between DGs

Figure 5: Modified IEEE 37 Node Test System
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5

RESULTS AND DISCUSSION

This section provides discussion on results obtained from simulation of test case under
different communication scenarios. Bus 735 was taken as target bus and time 520 sec (approx),
voltage at the target goes down the allowable limit i.e. < 0.95. Monitoring node at the target bus
estimate the required reactive power combined by all the DGs for voltage boost (0.02 p.u.) and
forwards to the agent 1 and 2 as discussed in section 2.2. After seven iterations of the algorithm,
convergence according to the desired tolerance is achieved. Table 2 shows the time taken for
convergence of MAS algorithm in all the scenarios; one with less bandwidth, while the other with
increased bandwidth. Data shows that algorithm converges in 33 seconds when we have no
background traffic; however it took 120 sec if background traffic is also considered.
A reference base case was considered with ideal communication and compared with all other
scenarios. Voltage profile of target bus with DGs support under base case is given in Figure 6. It is
clear that DGs using MAS algorithm were able to increase voltage to the desired level.
Table 2 Time taken for convergence of MAS algorithm (sec)
Network Scenarios

Time (sec)

Base case
Scenario 1
Scenario 2
Scenario 3
Scenario 4

0
33
120
25
93

Figure 6: Voltage profile with and without DGs support
Scenario 1 – low bandwidth and low background traffic intensity: In this scenario, a
packet is generated every 40 seconds by each node in communication network to create low
intensity background traffic. The backbone network (between the routers connecting) has a
bandwidth of 10Mbps. From Figure 7, it is clear that there is overall delay in control action by 33
seconds.
Scenario 2 – low bandwidth and high background traffic intensity: In this scenario, the
bandwidth of the backbone network remains the same as previous scenario but now a packet is
generated every 2 seconds by each node to create high intensity background traffic. In this case, it
is clear from Figure 8 that time taken by the control action is more as compared to scenario 1, which
is 120 sec and almost four times more.
Scenario 3 – high bandwidth and low background traffic intensity: In this scenario,
although a packet is generated after every 40 seconds by each node to create low intensity
background traffic, bandwidth of the backbone network has been increased 10 times to 1Gbps. In
this scenario, time taken by the control action is less than the scenario 1, which is due to increased
bandwidth. Figure 9 shows voltage profile for scenario 3.
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Scenario 4 – high bandwidth and high background traffic intensity: In this scenario, the
bandwidth of the backbone network remains the same as previous scenario but now a packet is
generated every 2 seconds by each node to create high intensity background traffic. In this case time
taken by control action is more than scenario 3 (less background) but less than scenario 2. It
indicates that bandwidth has effect on the overall time of control action. Figure 10 shows the
voltage profile with delay.

Figure 7: Voltage profile with communication scenario 1

Figure 8: Voltage profile with communication scenario 2

Figure 9: Voltage profile with communication scenario 3

249

Figure 10: Voltage profile with communication scenario 4
6

CONCLUSION

This paper investigates communication effects on voltage control algorithm in a distribution
network using distributed generation. Algorithm presented is based on Multi-agent System in which
different agents communicate and coordinate with each other to decide desired action. Test case
was simulated in a co-simulation environment which couples three powerful domain specific tools
(power system, MAS and communication). MAS was modelled and simulated in JADE while
communication modelling was done in OMNeT++. Different communication traffic settings were
considered and, it was found that change in communication parameter have clear effect on
performance of algorithm. These effects are visible on voltage profile of the power distribution
network. It is important that while designing MAS algorithm, communication effects must be taken
into account as these effects might lead towards control interference with the other equipment in the
network.

REFERENCES

[1] S. Garlapati, H. Lin, S. Sambamoorthy, S. K. Shukla, and J. Thorp, “Agent based supervision
of zone 3 relays to prevent hidden failure based tripping,” in Proc. 1st IEEE Int. Conf. Smart
Grid Commun. (SmartGridComm), 2010, pp. 256–261.
[2] Jayasinghe, S. L., & Hemapala, K. T. M. U. (2015). Multi Agent Based Power Distribution
System Restoration—A Literature Survey. Energy and Power Engineering, 7(12), 557.
[3] Ren, F., Zhang, M., & Sutanto, D. (2013). A multi-agent solution to distribution system
management by considering distributed generators.Power Systems, IEEE Transactions
on, 28(2), 1442-1451.
[4] Ahmad, I., Palensky, P., & Gawlik, W. (2015, September). Multi-Agent System based voltage
support by distributed generation in smart distribution network. In Smart Electric Distribution
Systems and Technologies (EDST), 2015 International Symposium on (pp. 329-334). IEEE.
[5] Foo Eddy, Y.S.; Gooi, H.B.; Chen, S.X., "Multi-Agent System for Distributed Management of
Microgrids," in Power Systems, IEEE Transactions on , vol.30, no.1, pp.24-34, Jan. 2015
[6] Ming Ding; Kai Ma; Rui Bi; Meiqin Mao; Liuchen Chang, "A hierarchical control scheme
based on multi-agent system for islanded multi-microgrids," in Power Electronics for
Distributed Generation Systems (PEDG), 2013 4th IEEE International Symposium on , vol.,
no., pp.1-5, 8-11 July 2013.
250

[7] Serraji, M.; Boumhidi, J.; Nfaoui, E.H., "MAS energy management of a microgrid based on
fuzzy logic control," in Intelligent Systems and Computer Vision (ISCV), 2015 , vol., no., pp.17, 25-26 March 2015
[8] Huan Aaron Li; Nair, N.-K.C., "Multi-agent systems and demand response: A systematic
review," in Power Engineering Conference (AUPEC), 2015 Australasian Universities , vol.,
no., pp.1-6, 27-30 Sept. 2015
[9] M. Ruofei, C. Hsiao-Hwa, H. Yu-Ren, and M.Weixiao, “Smart grid communication: Its
challenges and opportunities,” IEEE Trans. Smart Grid, vol. 4, no. 1, pp. 36–46, Mar. 2013.
[10] Q. Yang, J. A. Barria, and T. C. Green, “Communication infrastructures for distributed control
of power distribution networks,” IEEE Trans. Ind. Informat., vol. 7, no. 2, pp. 316–327, May
2011
[11] Ahmad, Ishtiaq; Kazmi, Jawad Haider; Shahzad, Mohsin; Palensky, Peter; Gawlik, Wolfgang,
"Co-simulation framework based on power system, AI and communication tools for evaluating
smart grid applications," in Smart Grid Technologies - Asia (ISGT ASIA), 2015 IEEE
Innovative , vol., no., pp.1-6, 3-6 Nov. 2015.
[12] Perkonigg, F.; Brujic, D.; Ristic, M., "Platform for Multiagent Application Development
Incorporating Accurate Communications Modeling," in Industrial Informatics, IEEE
Transactions on , vol.11, no.3, pp.728-736, June 2015
[13] Barker, P.P.; de Mello, R.W., "Determining the impact of distributed generation on power
systems. I. Radial distribution systems," Power Engineering Society Summer Meeting, 2000.
IEEE , vol.3, no., pp.1645,1656 vol. 3, 2000.
[14] Dothinka Ranamuka, A. P. Agalgaonkar, and K. M. Muttaqi, “Investigating the Operation of
Multiple Voltage Regulators and DG in a Distribution Feeder,” Energy Procedia, vol. 14, pp.
1945-1950, Mar. 2012.
[15] Olfati-Saber, Reza. "Flocking for multi-agent dynamic systems: Algorithms and
theory." Automatic Control, IEEE Transactions on 51.3 (2006).
[16] Olfati-Saber, R.; Fax, J.A.; Murray, R.M., "Consensus and Cooperation in Networked MultiAgent Systems," in Proceedings of the IEEE , vol.95, no.1, pp.215-233, Jan. 2007
[17] Dominguez-Garcia, A.D.; Hadjicostis, C.N., "Coordination and Control of Distributed Energy
Resources for Provision of Ancillary Services," in Smart Grid Communications
(SmartGridComm), 2010 First IEEE International Conference on , vol., no., pp.537-542, 4-6
Oct. 2010
[18] Stifter, M.; Kazmi, J.H.; Andrén, F.; Strasser, T., "Co-simulation of power systems,
communication and controls," in Modeling and Simulation of Cyber-Physical Energy Systems
(MSCPES), 2014 Workshop on , vol., no., pp.1-6, 14-14 April 2014
[19] Kazmi, J.H.; Latif, A.; Ahmad, I.; Palensky, P.; Gawlik, W., "A Flexible Smart Grid CoSimulation Environment for Cyber Physical Interdependence Analysis," in Modeling and
Simulation of Cyber-Physical Energy Systems (MSCPES), 2016 Workshop on , submitted.
[20] D. T. Feeders, “IEEE PES Distribution System Analysis Subcommittee,” Online Available:
http://www. ewh.ieee.org/soc/pes/dsacom/testfeeders/, 2011.

251

Paper No 1631

Consistent Multiphysics Approach for the Simulation of a Central
Tower CSP plant
E. V. Votyakov1 and C.N. Papanicolas 1
1

The Cyprus Institute, Energy Environment and Water Research Center,
20 Kavafi Str, Nicosia 2121, Cyprus
e.votyakov@cyi.ac.cy, cnp.energy@cyi.ac.cy

KEYWORDS - concentrated solar power, multiphysics simulation, computational fluid dynamics,
ray tracing, OpenFOAM
ABSTRACT
To the current date, simulations of concentrated solar power facilities are broken separately
into several parts. A part of the simulations deals with solar ray tracing (RT) trying to asses and
optimize heliostats field location and configuration and as well as solar receiver shape and
dimensions. As a goal in the course of the RT simulations might be solar flux maximization
absorbed by the receiver, uniformity of distribution of the solar flux over the receiver walls, etc.
Another part of the simulations is linked with computational fluid dynamics (CFD) only. The CFD
part aims to model heat transfer from the receiver walls. Then, CFD simulations are broken too: one
of them deal with air convection loses on the receiver external walls, another parts does only with
heat transfer fluid to accommodate heat energy and transfer it a thermal storage tank.
Our work will present a general multiphysics approach where various CSP parts are jointly
combined so that, for instance, a change on the sun location daily varied will manifest itself in a
change of solar radiation absorbed, and, correspondingly, in the useful heat transferred and stored in
the thermal tank. The developed framework for the model includes Monte Carlo RT and CFD parts
inside the OpenFOAM С++ software library. The RT part uses Monte-Carlo algorithm; in contrast
to available RT software, the developed RT model works effectively with CAD surfaces. The CFD
simulation is based on 3D Navier-Stokes equations; it takes into account all possible heat transfer
mechanisms.
As application, the experimental Platform for Research, Observation, and TEchnological
Applications in Solar Energy (PROTEAS), developed at the Cyprus Institute, is described with the
offered multiphysics approach.
1

INTRODUCTION

The Sun is the permanent and sustainable source of radiation energy for Earth allowing life
existence. Since Archimedes there is an idea to concentrate solar energy by mirrors [1, 2]. In
nineteenth century, there were first attempts to include concentrated solar power (CSP) in a
thermodynamic cycle to produce useful mechanical work, see e.g. [1]. In the 80th of the twentieth
century, there became popular idea to use CSP for electricity production. This sort of electricity
production is obviously ecologically clean, what is typically called as green energy. CSP has two
advantages compared to photovoltaic system (PV), which appeared approximately in the same time
as CSP and have been explosively developed lately. Firstly, PV must be incorporated into existing
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electrical grid or stored in electric batteries, while CSP can be stored as thermal energy, and the
thermal tank enables to keep much more energy than an electrical battery. The thermal storage is
much cheaper than an electrical one. Another advantage is not so evident. To produce PV panels,
one needs a lot of resources such as clean water, clean semiconductor work, etc. As far, the PV
manufacturing is located mainly in China (Asia) and PV systems are used mainly in Europe. So one
can say that PV energy is ecologically clean for Europe, however, PV manufactures are not
ecologically safe for Asia. Though this issue requires special research, the PV energy is not such
green, if one takes into account the whole PV production cycle.
Conceptually, CSP can be designed as parabolic trough [3], enclosed trough [4], dish
Stirlings[5], concentrating linear Fresnel reflector [6], and solar power tower [5]. Our paper deals
with the solar power concept. It consists of an array of dual-axis tracking reflectors (heliostats) that
concentrate sunlight on a central receiver atop a tower; the receiver contains a heat transfer fluid,
typically solar slat, which is heated to 500–1000°C and then used as a heat source for a power
generation or energy storage system, see Figure 1 (left). There are many options for receiver design.
One perspective option being under development in the Cyprus Institute is integrated storage and
receiver (iSTORE) [7], Figure 1(right). As the name suggests, the iSTORE aim and innovation is to
allow the merging of the thermal energy storage and receiver functions of a CSP point focusing
system in one unit, therefore, reducing complexity, operational and capital costs

Figure 1: Solar power tower concept (right) and integrated storage and receiver (left).
Simulation of the solar tower can be broken into two parts based on different physical
processes. The first part deals with sun rays tracing (RT) from sun via heliostats onto receiver. The
second part, which is treated by computational fluid dynamics (CFD), simulates radiation and heat
exchange processes on receiver walls. In own turn, the CFD part can be subdivided into CFD
describing air heat losses on the external receiver walls, heat transfer process inside the walls, and
CFD describing contact of the internal receiver walls with heat transfer fluid (HTF), as well as heat
transfer by HTF from the receiver in the thermal storage tank.
All the processes occurring in the solar tower, starting from the rays reflected from the
heliostats and directed onto receiver walls, and finishing by the heat energy stored in the HTF are
interconnected via various boundary conditions (BC). That is, one can naturally specify a physical
subdomain where the process under consideration takes place and describe it either by algebraic
(RT part) or by a set of partial differential equations (CFD part). Subdomain boundary conditions
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govern all the characteristics and temporal evolution of the subdomain. The standard analysis is
analysis and synthesis: (1) to specify all probable and reasonable BC and, after getting
characteristics for each physical subdomain (analysis), (2) make these BC consistent for the whole
system (synthesis). In the course of analysis, there are many unknown input parameters, which are
typically coming from simplifications of the subdomain model. One does fitting over these
parameters by comparing simulated and experimental data. Thus, the subdomain models require a
lot of empiric information, for instance, to find proper heat transfer coefficients; so a predictability
of the models depends on the availability of the empiric parameters.
Nowadays, owing to computer technique and algorithms, it is become possible to build up a
general model, which includes all the processes occurring in the sun tower. In this approach all the
issues connected with BC are resolved naturally, and the only input parameter is an incident sun
radiation which might be well measured.
The paper submits such a model developed uniquely with OpenFOAM C++ toolkit [8].
2

PLATFORM FOR RESEARCH, OBSERVATION, AND TECHNOLOGICAL
APPLICATIONS IN SOLAR ENERGY (PROTEAS)

The Cyprus Institute is developing the PROTEAS field facility to study CSP central tower
concept with new type receiver. The field consists of 50 heliostats, Figure 2, each with a reflective
area of 5 m2 and constructed out of a single mirror facet. Each mirror has a reflectivity of 93% and
was pre-stressed to form a paraboloid of revolution. The central receiver is placed on a 14 m tower.
This receiver is a novel device to integrate the receiver and storage functions, so it was named
integrated Storage and Receiver (iSTORE) [7]. Solar radiation is directed from the heliostat field
onto the internal surface of the iSTORE cavity, Figure 4. The principal cavity is of cylindrical shape
expanding in four secondary cavities on the backside. The secondary cavities help to improve the
capturing efficiency of the device and provide a larger surface area for heat transfer between the
absorber and the heat transfer/storage fluid.

Figure 2: Picture of the PROTEAS solar tower (left), and its OpenFOAM model (right), see
Figure 4 and 5 for more details
3

MODEL

There are many available tools to simulate different aspects of solar tower. Ray tracing (RT)
can be done with standalone free applications such as Tonatiuh or Soltrace, both in windows and
linux. They are as good as far they are dealing with simple symmetrically rotating surfaces; up to
know there is no software enabling to treat effectively surfaces in a computer aided design (CAD)
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format. Next Part 3.1 explains why it is difficult to work with CAD surfaces and why OpenFOAM
advantage for Monte Carlo RT.
CFD part for the solar tower can be implemented with many commercial (Ansys, Comsol) or
freeware (OpenFOAM [8]) packages. As said above, we have chosen OpenFOAM since it gives
more flexibility in terms of algorithm development as well as it fits more for massive simulation in
parallel supercomputer. Moreover, OpenFOAM allows us to include various modules, which can be
developed independently as standalone programs, so the final model contains all the needed for the
solar tower simulation.
3.1

Ray Tracing (RT) Part

Monte Carlo ray tracing (MCRT) algorithm consists roughly in the following. To initiate
simulation, one defines firstly a source of the rays; for CSP, it is sun; the direction of the rays is
determined by sun's position in the sky for each location on the earth at any time of day. For view
factor determination, the source is a point on the surface around the scene. Then, a ray is issued at
given direction, and tracked up to the intersection with a surface in the scene, which might be
heliostat or receiver’s surface. If there is no intersection, the ray is lost. At the intersection point,
one generates a random number to decide whether the ray be absorbed or reflected. In the first case,
one counts energy absorbed by the element of the surface. In the latter case, one calculates new
direction of the ray depending on the properties of the surface. Generally, there can be specular,
diffuse and specular-diffuse reflection; each sort of reflection determines new direction of the
incident ray, examples are shown in Figure 3.

Figure 3: Different kind of reflection of the incident ray with the flat surface.
The most costly part of the MCRT algorithm is calculation of the intersection point between
the incident ray and the surface. Traditional software stores all the surfaces of the scene, and check
for the intersection of the ray with each surface, depending on the kind of the surface. The simplest
are equations for triangle-ray intersection; for curved parametric surfаces one solves a set of
nonlinear equations derived explicitly depending on the kind of surface (rotating paraboloid,
ellipsoid, etc). Unfortunately, real practical applications, e.g. such as iSTORE, could not be
described by a finite simple parametric equations with a rotation axis. Instead, it is convenient to
represent it by a set of many interconnected triangles, e.g. in the so called STL format. This
naturally follows form the fact that the STL surfaces are also needed for CFD simulation. As a
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result, in the traditional RT approach, one has to check each of the triangles for the intersection. The
typical STL surface contains dozens thousands of triangles, and this is a reason why the existing RT
software fails to work.
OpenFOAM has a built-in C++ class to treat STL surfaces, as well as a sorting algorithm for
fast determination of the intersection point of the ray and STL surface. We have developed a
standalone OpenFOAM application, named raytracer STLfoam, which works effectively with
surfaces consisting of around 105 triangles and 106 rays, which is far superior to the standard RT
program working with few dozen surfaces only. Moreover, STLfoam can be used to calculate view
factors, what is missed in Tonatiuh or Soltrace; this will be demonstrated below in the Results
section. Figure 4 shows a snapshot of the Pentakomo Field simulation.

Figure 4: Heliostat field with few shown rays (left) and zoomed receiver (right).
3.2

Computational Fluid Dynamics (CFD) Part

The CFD part solves partial differential equation for heat- and mass transfer in three (air,
cavity, salt) subdomains, Figure 5 (left). These are Navier-Stokes equations with k-w SST
turbulence model in the air and salt subdomains, energy transfer equation with the surface-tosurface radiation model in the air subdomain, and heat conduction equations in cavity walls.
Between subdomains, the consistent boundary conditions are imposed, and all the equations for the
all subdomains are solved simultaneously by the appropriate OpenFOAM solver. Thus, our CFD
approach includes all possible heat transfer mechanisms: convective, conductive and radiation. 3D
mesh, Figure 5(right) might be generated either with OpenFOAM blockMesh or snappyHexMesh
utility, and standard chtMultiRegionSimpleFoam application used as a solver. Altogether, there
might be up to 106 cells in the CFD model, and typical time to obtain steady state solution is from
10 to 24 hours in the computer cluster with 8 processors.
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Figure 5: iSTORE CFD model: schematic (left) and 3D mesh (right).
4

RESULTS

4.1

Model Validation

Monte Carlo RT part has been tested by simulating a radiation view factor of differential
plane area (dA1) with respect to a disk (A2), Fd1-2, Figure 6 (left). The comparison of the simulated
and exactly calculated view factors display shows excellent accordance, Figure 5 (right). The
expression for the exact view factor can be found in the Howell catalogue [10], Eq. B-14.

Figure 6: Left: schematic of view factor calculation and exact value, Z=1+R2+H2, R=r/a,
H=h/a, Howell catalog [10], Eq.B-14. Differential plane area dA1 is located at distance h with the
offset a from the disk of radius r (left). Right: exact (lines) and simulated (symbols) view factors.
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Figure 7: Schematic diagram of the experimental configuration of Blay et al. [11]
CFD part with LES and RANS numerical models has been validated against the experimental
results of Blay et al. [11]. In particular, Blay et al. have investigated the case of mixed convection in
a cubic cavity, Figure 7. Cold horizontal jet of air was inserted from a slot in the upper left of the
cavity, while air was exported from a slot at down right. The bottom surface was at a constant,
elevated temperature. For the validation of the LES flow solver the Smagorinsky model has been
applied, while for the RANS flow solver the k-Omega SST turbulence model. Figure 8
demonstrates comparison of the computed results against the experimental results in terms of the
velocity and temperature profile, at the two mid-planes of the domain. As shown, overall the
agreement is very satisfactory with both methods, confirming the accuracy of the numerical code
and the choice of appropriate numerical parameters.
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Figure 8: Temperature (a),(b) and velocity (c),(d), along the vertical (a,c) and the horizontal
(b,d) mid-planes. Simulated OpenFOAM results are compared against Blay et al experiments [11].

4.2

PROTEAS and iSTORE Simulation

Typical solar radiation intensity distributed over iSTORE cavity surface for proteas is shown
in Figure 7. The distribution depends strongly on the heliostat aiming; the figure shows an example
when all heliostats are exactly aimed at the aperture central point. One can see that the most
radiation is concentrated in the central part of the iSTORE back face and in the secondary cavities
(four tubes) junction. The modeling proves reveals that spillage losses are approximately 17% of
the net solar irradiance from the heliostat field while only 1% is lost due to reflection, resulting in a
net energy absorption of 82%. With the secondary cavities, spillage was reduced to 2% and the net
solar absorption is increased to 91%.
The distribution of the total radiation flux inside the cavity according to ray tracing modeling
was: 24.1 kWth/m2 inside tubes and 31.2 kWth/m2 on the cavity back side, and 4.6 kWth/m2 on the
cavity cylindrical wall. The heat loss due to air convection was found to be in the range 10-15 kWth,
the conductive heat flux into molten salt 59-68 kWth, and the radiation heat loss via cavity opening
was 10-12 kWth. Thus, the thermal efficiency of ISTORE, defined as the ratio of the harvested heat
to the total heat flux input to the receiver, is in the range from 66% (59/90) up to 75% (68/90) and
approaching 90% with air suction.
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Figure 7: Example of incident radiation intensity distribution inside iSTORE: behind (left)
and front (right) view

Figure 8: Typical CFD iSTORE simulation in the salt subdomain: velocity streamlines (left)
and temperature field (right).
Figure 8 gives typical velocity (left) and temperature (right) field in the iSTORE salt
subdomain. The inlet salt pipe is located in the middle, see Figure 5, in order to cool down the
junction of tubes, which is most heated by the solar radiation. Because of all the receiver’s surfaces
are curved, there are no stagnant zones, and so the incoming cold solar salt rotates around the
cylindrical body of the cavity by promoting fast heat exchange with cavity walls and good mixing.
The salt temperature field is close to be homogeneous except for a small inlet region. In the same
time, temperature on the tubes the cavity back face can differ in about 50 centigrades.
Velocity 3D map in the air subdomain can be seen in Figure 5 (left). There is strong jet of hot
air coming from the upper part of the cavity. With air suction, this jet is planned to use for water
desalination facility conjugated with the solar tower.
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5

CONCLUSION

United OpenFOAM approach of the central tower CSP simulation is developed. The approach
allows a self-consistent modelling on Monte Carlo ray tracing (RT) for solar rays travelling from
the sky via heliostats onto the central receiver, as well as computational fluid dynamics (CFD) heatand mass transfer jointly both in receiver cavity and in heated thermal storage. In contrast to the
existing freeware software, the offered program works effectively with the surfaces given in the
computer aided design (CAD) format, such as STL format. Since the SLT surfaces are essential
parts of any cavity CFD simulation, the RT simulation part does need an extra work in the cavity
designing.
The Cyprus Institute PROTEAS facility along with a new type receiver (iSTORE) have been
modelled with the offered OpenFOAM applications.
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Abstract
The electricity supply system of Cyprus is currently dominated by oil‐fired generation, with
small but increasing contributions from renewable energy technologies. However, as
regulations regarding emissions of greenhouse gases and air pollutants will become stricter
with the turn of the decade, a change is imminent. The available offshore gas reserves and the
possibility of natural gas imports have shown that the substitution of oil with gas is likely to be
expected in a few years. However, the framework under which this will occur is not
consolidated yet. Should imports of gas occur as a medium‐term solution until domestic gas is
available? What are the infrastructure implications associated with such a medium‐term
solution? What are the aspects of security of supply and effects on the liberalized electricity
market? Could there be an alternative under which the medium‐ and long‐term solutions are
combined? A cost‐optimization model (OSeMOSYS), representing the power sector of the
island, is used to provide insights to these questions. Results regarding generation mix, capacity
and system costs are presented for a set of scenarios.
Keywords: natural gas; Cyprus; electricity supply scenarios; gas infrastructure; OSeMOSYS.

1. Introduction
Recent discoveries of offshore natural gas reserves in the exclusive economic zone of Cyprus
might eliminate the necessity for importing oil products for generating electricity, improving
trade balance and reducing cost of power generation. These discoveries and especially the
"expected discoveries" might however also contribute to blur the view of policy makers with
respect to the domestic consumption needs and decision needs in a timely manner. The extent
of the estimated volumes of potential gas reserves provide a strong incentive for the
government to evaluate a range of options, mainly being based on the prospect of exports,
given that the domestic market is rather small. It is presently expected that production of
indigenous natural gas could commence around 2023. It is argued that domestic gas reserves
will be priced at market value, even for a potential consumption at home.
In order to reduce the cost of electricity until domestic natural gas extraction commences, the
Government of Cyprus had been considering an interim solution, in which gas would be
imported from early 2017 until the end of 2022; with a possibility for extension until the end of
2024. It is argued that this would pave the way for domestic gas reserves and would make use
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of existing highly efficient combined cycle gas turbines, if operated as base load, currently run
on diesel or mostly on stand‐by. However, important investments in infrastructure to develop
the off‐shore gas deposits and to bring natural gas to the island will be required. Additionally, in
a prolonged low oil price future, it might not make any economic sense to be locked into a long‐
term off‐shore gas development project that may not result in a reduction in the cost of
electricity generation. This is especially the case when LNG can be purchased in the global spot
market as an alternative.
The primary aim of this paper is to assess the viability of a range of electricity generation
scenarios ranging from the price at which economic gains can be achieved through LNG imports
and/or the development of domestic natural gas to an increase of renewable energy
generation. Also, in a non‐quantified way, a qualitative assessment is given on flexibility,
economic robustness and allowing further policy choices per scenario. This study assesses a
number of scenarios with the aim of identifying:
a. At what price would the Interim Gas solution have been cost‐competitive taking into
consideration the need for long term infrastructure as well, given a low‐oil price
scenario (long LNG market) and the potential for RE generation?
b. What volumes of gas should be expected to be required for the Cypriot market in the
medium‐ to long‐term and what volume/price flexibility is possible with each solution to
cope with future "unexpected developments"?
c. How will a decision to postpone the shift to natural gas, until domestic reserves are
available, affect the need to reduce emissions and what are the associated costs?
Each scenario is evaluated taking into consideration the associated energy security implications
for the island.

2. Methods
An existing electricity supply model developed in MESSAGE and used in a previous IRENA study
[1] is taken and translated into an OSeMOSYS [2] model. Code extensions that allow the
incorporation of short‐terms constraints into long‐term energy system models are included [3].
Therefore, aspects not present in the Cyprus MESSAGE model such as ramp up and ramp down
rates of thermal plants and minimum stable generation are included in this effort.
In order to allow for an estimation of economic and environmental impacts of the alternative
development pathways, three main scenarios are investigated, representing the key political
decisions to be taken. As such, the following scenarios are assessed:


Interim and Domestic Gas Scenario (A1): This scenario assumes that the interim gas
solution negotiations had a successful conclusion and gas would have been imported for
the period 2017‐2022. In addition, from 2023 onwards domestic gas production
commences and thus this option becomes available for domestic power generation at
that point in time.
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No Interim Solution Scenario (A2): In this scenario it is assumed that the negotiations
regarding a potential interim gas solution are unsuccessful, as is the case, but domestic
gas reserves start to supply the local market by 2023.



Single Long‐Term Supply Scenario (A3): In this scenario, instead of having a two‐step
process for the introduction of natural gas with an initial import phase of gas for
minimum 6 years1, followed by the use of domestic reserves, an alternative long‐term
option is investigated. This consists of the purchase (or long term lease) of regasification
infrastructure (either floating, onshore or mixed) which can be used for a period of 30
years. This implies that LNG will be purchased; either imported or domestic once
liquefied in the area2.

All scenarios assume that a minimum of 16% renewable energy contribution has to be achieved
in generation, as this has been set as an official target by the government [6].

2.1. Key Assumptions
Recent available international fuel price projections have been used for the analysis [4], [5]. The
price of the interim gas solution includes infrastructure costs based on publically available data
and industry standards. The cost assumed for the gas purchased on the spot market includes
operation and maintenance costs for the regasification terminal and is based on price
projections for Europe from the World Bank [5] and the International Energy Agency [4].
Additionally, a capital cost of 300 million USD is assumed for the regasification terminal with an
annual capacity of 1 bcm, knowing that optimized solutions could further reduce the needed
investment significantly.
Table 1 – Assumptions on fuel costs.
2015
2016
2017
2018
2019
2020
2021
Crude oil
$/bbl
52.5
51.4
54.6
57.9
61.5
65.3
69.3
Interim Gas
$/mbtu
N/A
N/A
9
9.38
9.75
10.23
10.72
solution*
Assumed spot $/mbtu
N/A
N/A
N/A
8.15
8.35
8.55
8.65
price**
Domestic gas
$/mbtu
N/A
N/A
N/A
N/A
N/A
N/A
N/A
2023
2024
2025
2026
2027
2028
2029
Crude oil
$/bbl
78.2
83.1
88.3
93.45 98.91 104.68 110.78
Interim Gas
$/mbtu 12.05 12.90 13.75
N/A
N/A
N/A
N/A
solution*
Assumed spot $/mbtu
9.05
9.15
9.35
10.05 10.75
11.45
12.15
price**
Domestic gas
$/mbtu
11.5
11.5
11.5
11.5
11.5
11.5
11.5
*Includes rental fee and operation and maintenance costs for the regasification terminal.

2022
73.6
11.2
8.85
N/A
2030
117.25
N/A
12.85
11.5

1

It is important to point out that the infrastructure to be used in the Interim Gas Solution would have been rented for
the duration of the contract and, as such, would not have necessarily been available for use when domestic gas
production commences.
2
A plausible option is for Cypriot gas to be transported to Egypt via pipelines and then liquefied at existing
liquefaction facilities in Idku or Damietta, before being shipped to international markets.
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**Includes $0.35/mbtu for operation and maintenance of regasification terminal.

As shown in Table 1, a flat price has been assumed for domestic gas. This includes the cost for
the associated infrastructure, such as pipelines, floating production, storage and offloading
units (FPSO), liquefaction and regasification equipment. Nonetheless, the constant instead of
an increasing price implies that subsidies are put in place to prevent a growth comparable to
international market prices, which comes in contrast to the operation of a free market. By
comparing results of scenarios A1‐2 to A3, when can assess what effects would be expected on
gas quantities, if such a fuel subsidy was implemented.
The discount rate assumed in the model is 6%, which also corresponds to the assumed cost of
capital. For the period 2015‐2030, all values quoted in the paper assume an exchange rate of
1.1 USD to 1 EUR.

3. Results and Discussion
3.1 ‐ Scenario Comparison
As shown in Figure 1, significant capacity additions occur in all scenarios in regards to
renewable energy technologies. This concerns primarily solar PV, which reaches approximately
650 MW in scenarios A1 and A2, and 1000 MW in scenario A3 by 2030. Wind capacity increases
to a committed total of 175 MW, while by 2018 one of the planned CSP plants becomes
operational with 50 MW capacity. Finally, in regards to renewable energy options, capacity of
biomass plants reaches 40 MW from an existing 10 MW. The schedule for this addition differs
in each scenario; 40 MW are achieved by 2020 in scenario A2, by 2022 in scenario A1 and by
2024 in scenario A3.

Figure 1 – Capacity evolution in the three scenarios.

When it comes to fossil‐fired generation options, additions seemed to be required in all
scenarios, so as to achieve a cost‐optimal generation mix. In scenarios A1 and A2, results
indicate that a CCGT unit of approximately 120 MW should be installed. In the former scenario,
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assuming that natural gas is available, the unit should be operational by 2020‐2021, while in the
latter scenario, which assumes that gas becomes available in 2023, the commissioning of this
unit is delayed accordingly as well. In scenario A3, only 40 MW are required from 2020‐2021
onwards. Since in this scenario the highest renewable energy share is reached, it is
recommended that this addition should relate to flexible internal combustion engines that can
be ramped up and down fast.
Differences in capacity addition scheduling are a function of the fuel prices and the
environmental restrictions that are assumed in the model. In 2020 stricter limits come in place
regarding SOx emissions, which will prevent the use of heavy fuel oil with high Sulphur content.
As such, in the absence of natural gas at that point in time in scenario A2, heavy fuel oil with
low Sulphur content and diesel have to take up majority of the generation mix, which certainly
drives up the average cost of electricity. In the period 2020‐2022, 60‐63% of the generation
relies on diesel, while 18‐22% relates to firing of heavy fuel oil with low Sulphur content. At the
same time, the generation share of renewable energy sources is higher in 2020 in scenario A2;
18.5% as compared to the obligatory target of 16% in scenarios A1 and A3. It is worth
mentioning here, that scenarios A1 and A3 were forced to achieve this renewable energy share
in generation, which has been set as an official target by the government [6]. If this constraint is
removed from the model, the share of renewables in 2020 drops to 15.7% in both scenarios A1
and A3.

Figure 2 – Generation evolution in the three scenarios.

As shown above in Table 1, the price assumed for natural gas at the end of the model period is
higher in scenario A3 than in scenarios A1‐A2. As such, renewable energy technologies are
deemed more cost‐competitive in the former scenario; this is clearly shown in Figure 2, where
renewable generation share reaches 36.2% as opposed to 26.7% in scenarios A1‐A2. Based on
the present scenarios, fossil‐fired generation will continue to dominate the generation mix of
Cyprus, but the share of renewables will increase. Coupled with the shift away from oil‐ to gas‐
fired generation, this will lead to an improvement in the carbon intensity of the island’s
electricity supply. As shown in Figure 3, CO2 emissions decrease considerably in all scenarios.
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Despite the fact that no CO2 limit was set, the European Union’s target reduction of 43% based
on 2005 levels for the ETS sector is achieved in all cases.

Figure 3 ‐ CO2 emissions in the three scenarios over time. The red dotted line indicates the level which
needs to be reached so as to achieve a 43% reduction as compared to 2005 levels.

3.2 – Financial implications
Since OSeMOSYS is a cost‐optimization tool, important insights are offered by the estimated
cost of each scenario. As shown in Figure 4, a significant reduction in the average cost of
electricity generation has been achieved from 2013 to 2015, which can mainly be attributed to
the decreasing price of oil. Due to the considerably lower oil price projections used in the
current analysis, a potential fuel shift to gas through an interim gas solution in 2017 has a lower
impact as what was predicted in the IRENA study [1]. The present analysis estimates the cost
savings from such a fuel shift to about 550 million EUR for the period 2017‐2022, whereas in
the IRENA study the cost savings were estimated at 890 million EUR for the period 2016‐2022.
When comparing a scenario with an investment in a regasification terminal and a lower
purchase price for gas (i.e. A3) to a scenario without gas until 2023 (i.e. A2), the cost savings
achieved over the period 2017‐2022 amount to 614 million EUR. Therefore, despite the
acquirement of regasification infrastructure that can be operated on a long‐term basis and the
fuel shift occurring a year later, scenario A3 is cheaper than scenario A1. In this latter case, the
rental fee for the regasification equipment will be borne by the final consumer, without the
possibility for long‐term use3.
It is important to note that in scenario A1, even though the negotiations for the interim gas
solution are assumed to have been successful, 17‐20% of the generation relies on heavy fuel oil
for the period 2017‐2019; this is not the case for the latter two years in scenario A3 where gas
is assumed to be available by 2018 and purchased on a spot market. As such, this is a clear
indication of what level the gas price should be at for the period 2017‐2019 to ensure a
3

The 300 million EUR investment cost for the regasification infrastructure has been annualized and distributed over
an assumed economic lifetime of 25 years with an interest rate of 6%.
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complete fuel shift, in case the interim gas solution becomes a reality. The volumes of gas
consumed in each scenario are provided in Appendix A.
Due to the fact that in scenarios A1‐A2, a flat price has been assumed for the domestic gas cost
from 2023 onwards, instead of an increasing price as in scenario A3, eventually in 2027
scenarios A1 and A3 have the same cost, while from 2028 onwards scenario A1 becomes the
cheapest. However, such a scenario would imply direct subsidies, which could instead be used
elsewhere in the domestic economy. If we assume that domestic gas will be supplied in the
local market at a price close to international fuel prices, the demand for gas, and hence the
shares of gas and renewable energy in the generation mix, are expected to be around the levels
shown for scenario A3.

Figure 4 – Comparison of the average cost of electricity in the three scenarios.

3.3 – Geopolitical context and energy security
Each of the scenarios presented here carries associated geopolitical implications for Cyprus.
Firstly, if a decision is made not to import gas before domestic gas reserves start production, as
in scenario A2, the cost of electricity will be vulnerable to international oil price fluctuations.
Even though, the oil price has now reached remarkably low levels4 as opposed to recent years,
there is no guarantee that it will not climb back up. To some extent this can be compensated
with deployment of renewable energy options, which are necessary to achieve national
renewable energy targets and not exceed emission limits of air pollutants. Furthermore, even
when domestic gas production commences, a high share of RE would allow further exports of
gas and hence increased income. Similarly, saved ETS allowances allocated to the island could
be sold to external buyers and the financial gains could be recirculated in the domestic
economy. Such a scenario merits investigation and will be evaluated in future expansions of this
work.

4

Price of Brent crude oil was at $33 per barrel at the time of writing.
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If the interim gas negotiations had succeeded in ensuring gas imports (i.e. scenario A1) or gas is
imported through a spot market (i.e. scenario A3), vulnerability to international fuel price
fluctuations will still be an issue. In the case of the interim gas solution, price of gas will be
indexed on oil. This has to be done in a way to assure that no matter the price of oil, a fuel shift
to gas will have direct economic benefits for Cyprus. However, as mentioned above, funds
would inadvertently be lost for the rental fee of the regasification infrastructure to be used
throughout the duration of the interim solution. One could argue that it would be wiser to
invest these funds in infrastructure that can be used in the long‐term.
In scenario A3, it is assumed that regasification infrastructure will be purchased with the
purpose of enabling landing of imported or domestic gas. However, this implies that gas will be
supplied via LNG shipments. Hence, in the case of domestic gas, there are two options of how
this could happen; gas will be liquefied on‐site at a floating liquefaction facility or gas will be
transported via pipelines to an alternative location, where it will be liquefied and then shipped
to Cyprus. It could be argued that the second alternative is currently gaining traction, as the
British company BG has purchased a significant share of the Aphrodite concession, which holds
proven reserves of 140 bcm of recoverable gas [7]. The same company owns a significant stake
of the underutilized LNG terminal in Idku, Egypt [8], and thus potential synergies can be
identified in such a cooperation. The advantages of liquefying Cypriot gas in Egypt instead of
investing on its own infrastructure have been discussed in a separate study [9]. Nonetheless,
this would mean that the future of Cypriot gas exports would be dependent on Egyptian
interests. Potential disadvantages of such a relationship could be alleviated if all parties align
their economic interests with each other. An example where this has been successfully
implemented is in the case of Russian gas trade with Western Europe, even during the Cold
War when political friction existed between the two sides [10].

3.4 ‐ Overview of key decision pathways
Inherent decisions in the presented scenarios affect the range of plausible decisions in the
future. First of all, had the interim gas solution negotiations been successful, the island would
be locked in a monopoly provider situation for a period of 6‐8 years, which impacts the price at
which gas would be provided. In addition, the use of funds for the rental of the landing
infrastructure instead of directing the same funds to a longer‐term solution is not cost‐efficient.
Secondly, once domestic gas production commences, landing will occur either via a pipeline or
with shipment of LNG. In the former case, pipelines are permanent structures with a long
lifetime and in order to pay for the capital cost, adequate volumes for gas demand need to be
ensured within the domestic market. In addition to the monopolistic relationship such a case
creates, this carries an associated risk with it. Taking into consideration the fact that EU climate
and energy policy [11] is aiming to sharply reduce greenhouse gas emissions and the direction
shown by the recent COP21 agreement in Paris [12], investments may need to push for the
development of a low carbon economy instead.
In the case of LNG shipments, these can either originate from domestic gas reserves liquefied in
the vicinity or from LNG purchased from alternative suppliers. Hence, a potential monopoly is
avoided in this manner. Additionally, it might be preferable if the regasification infrastructure is
not a permanent structure, but rather a mobile unit that can be sold in case the gas market in

270

Cyprus does not favor its use any more; one example is that of a floating storage and
regasification unit (FSRU). Finally, the potential supply of domestic gas below market value
distorts not only the market development, unfairly outcompeting with other technologies such
as renewables, but also discourages efforts of raising energy efficiency and shifting loads to
more sustainable patterns. Similarly, sales of domestic gas at market prices can provide added
income to the Sovereign Wealth Fund, which in turn can be used to make targeted investments
in the domestic economy.

4. Conclusions
In a low oil price environment, the shift away from oil towards natural gas in the medium‐term
is not a real necessity in terms of fuel costs. However, this changes with the introduction of
stricter environmental regulations on carbon dioxide and industrial emission limits that come
into effect in 2020. At this point, heavy fuel oil with high Sulphur content cannot be used in the
absence of emission abatement technologies. As such, in the case of fossil fuel‐fired generation,
this gap will have to be filled either by more expensive oil products, namely diesel and heavy
fuel oil with low S content, or by natural gas.
The framework under which natural gas will enter the Cypriot market remains uncertain. Even
though the government’s efforts to reach a successful conclusion with natural gas suppliers
have failed numerous times in recent years, the possibility of the private sector achieving the
desired result cannot be ruled out. Since regional and global developments suggest that a path
towards low‐carbon economies should be taken, decisions regarding gas infrastructure must
consider this. Capital‐intensive investments in gas landing and generation infrastructure with
long lifetimes may lead to a locking situation, from which it would be difficult to divert without
more capital expenditure. As such, decisions at present that allow for greater flexibility in the
future are arguably more favorable.
An alternative to thermal generation is that of renewable energy. If natural gas does not
become available by the end of the next decade, it is more viable to invest heavily in renewable
energy technologies, along with significant amount of storage and flexible power generation
options to ensure system reliability. At the same time, an increased share of variable
renewables could lead to more frequent cycling of thermal plants, thus affecting their
efficiency. These aspects merit further investigation and will be analyzed as part of an ongoing
study assessing development pathways for the entire energy system of Cyprus.
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Appendix A
Table A.1 – Natural gas quantities consumed (bcm) in each scenario.

2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030

A1
0.55
0.55
0.56
0.76
0.79
0.79
0.82
0.85
0.87
0.89
0.89
0.89
0.86
0.84

A2
N/A
N/A
N/A
N/A
N/A
N/A
0.82
0.85
0.87
0.89
0.89
0.89
0.86
0.84

A3
N/A
0.74
0.76
0.77
0.80
0.83
0.86
0.87
0.89
0.86
0.81
0.79
0.76
0.73
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Abstract
In light of the ongoing financial crisis, Cyprus is called to transform its energy sector. The high
electricity cost has been recognized as a priority issue and authorities on the island are considering
several available options to reduce electricity tariffs. A fuel switch from oil to gas, domestic or
imported, an electrical cross‐border interconnection and a rapid increase in the share of renewable
energy are among the major options being considered. Focusing on the power supply of Cyprus, the
present study uses a cost‐optimization tool to investigate the impact of different combinations of
policy decision, resulting in a series of different scenarios, with some common key findings, with the
aim of directly informing future energy policy decisions. Results indicate that renewable energy
technologies will play a major role regardless the decisions taken. However, a set of enabling
regulatory and market changes on the horizon might prevent least‐cost deployment of renewables
to take place. This study will review the findings and make some recommendations on the
achievement of this optimal pathways for the evolution of Cyprus electricity sector.
Keywords: Renewable energy; cost‐optimization; Cyprus; scenarios; energy policy; MESSAGE.

1. Introduction
The Republic of Cyprus is confronted with significant decisions about how energy infrastructure,
particularly in the power sector, should develop in the coming decades. As this island‐country
presently imports all of its required oil products, attempts are underway to reduce this import
dependency through the development of domestic energy resources. The continued reduction in the
cost of renewable energy technologies, coupled with abundant renewable energy potential,
provides the opportunity for reducing the island’s dependency on fossil fuels while complying with
EU renewable energy targets for 2020 and achieving the national aspirational goals for 2030.
There are certain aspects that make the case of Cyprus particularly interesting. First, the electricity
supply system of the island is completely isolated, as there are currently no interconnections to the
electrical grids of neighbouring countries (A grid interconnection, the EuroAsia Interconnector,
between Israel, Cyprus and Greece is currently under investigation [1]). Therefore, Cyprus needs to
meet its electricity demand at all times using domestic generation resources, and faces more
challenges for integrating a high share of variable renewable energy technologies in the power grid,
due to the low inherent flexibility of the system..
At present, thermal power generation in Cyprus relies on heavy fuel oil (HFO) and to a lesser extent
diesel. Both fuels are imported, which exposes the price of electricity to international oil price
fluctuations. In the current low oil price environment in early 2015, power system planning may be

274

induced into maintaining such a reliance on HFO. On the other hand, recent discoveries of offshore
natural gas reserves in the exclusive economic zone of Cyprus might eliminate the necessity for
importing oil products for generating electricity, improving the trade balance and reducing cost of
power generation. The extent of the estimated volumes of potential gas reserves provide a strong
incentive for the government to evaluate a range of options, including the prospect of exports, for
which an onshore gas liquefaction terminal was the key option discussed in 2014. It is presently
expected that production of indigenous natural gas could commence by 2022.In order to reduce the
price of electricity until domestic natural gas extraction commences, the Government of Cyprus was
considering an interim solution, in which gas may be imported up to 2023, due to its comparatively
lower price than oil and the ability to use existing highly efficient combined cycle gas turbines.
However, important investments in infrastructure would be required in such a scenario.
Due to the uncertainty and risk associated with any such set of decisions, energy planners must
consider a wide set of scenarios. The primary aim of this paper is to examine the cost‐
competitiveness and provide insights on the future role of renewable energy technologies in the
electricity mix, ensuring a cost‐optimal power supply mix that takes into account policy targets. The
paper can be considered as an academic summary of an assessment conducted directly for the
Ministry of Energy, Commerce, Industry and Tourism (MECIT) of the Republic of Cyprus [2], in
response to a request for assistance to the International Renewable Energy Agency (IRENA). The
impetus for the analysis includes three main drivers. The policy driver is the EU renewable energy
target for Cyprus in 2020 (Directive 2009/28/EC), and the country’s own aspirational targets for
2030. The economic driver is the need to reduce the high power generation cost that has been
observed in recent years on the island [3]. The geopolitical driver is linked to the reduction of import
dependency so as to strengthen the country’s energy security. A quantitative assessment making use
of a cost‐optimization approach is employed to investigate plausible pathways for the development
of the power sector in Cyprus for a set of scenarios. To this end, building on existing work [4], an
electricity supply model is developed using the long‐term energy modelling platform called Model
for Energy Supply Strategy Alternatives and their General Environmental Impact (MESSAGE) [5].
Section 2 of the paper presents the basic structure of the constructed model and describes the
scenarios that have been formulated for the purposes of this study. In addition, since a model’s
outputs are heavily reliant on the inputs, the key assumptions are briefly discussed in this section.
Main results and a scenario comparison are shown in section 3. In section 4 key insights that can be
extracted from the results are discussed along with highlights regarding implications for policy
makers.

2. Methodology
2.1 Model development
The analysis is based on a previously developed model [4] and constructed in MESSAGE [5]1.
MESSAGE is a dynamic multi‐period optimization model for medium to long term energy system
planning, energy policy analysis and scenario development. It minimizes total discounted energy
system cost while ensuring that all energy demands, system constraints and policy objectives are
met. It does so by accounting for the vintage structure of the stock of existing plant and equipment
and related infrastructure, the domestic energy resource endowment, energy trade links and prices,
specific technology options for both capacity expansion and replacement of retired units, and
1

MESSAGE, originally developed at the International Institute for Applied Systems Analysis (IIASA), has been
widely applied for global energy assessments and climate change mitigation analyses. The model is also used
by the International Atomic Energy Agency (IAEA) for energy planning capacity building and numerous national
and regional energy systems analyses in IAEA Member States.
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relevant energy policy constraints and objectives. The model is a web of chains linking energy
sources, supply, transmission and demand‐side technologies, thus enabling the user to construct a
mathematical image of an energy system, i.e., from resource extraction to final energy use. In order
to allow for a more detailed representation of the power infrastructure on the island, the model is
updated to account for all existing and future power generating technologies. Thermal power plants
are disaggregated by fuel and technology (e.g. steam turbine, gas turbine etc.).

2.2 Current system status, future plans and key assumptions
The most recent installations of Combined Cycle Gas Turbines increased the total installed power
generation capacity to approximately 1685 MW, of which 1478 MW are operated by the Electricity
Authority of Cyprus at the sites of Vasilikos, Dhekelia and Moni (Table 1). This capacity provides a
sizable reserve margin; recorded fifteen‐minute peak demand transmission system generation was
just below 1000 MW in 2012 and 815 MW in 2013 (total load approximated as 839 ΜW ‐
Transmission System Operator ‐ Cyprus, 2014b, 2014c). Recently, reserve capacity has increased due
to the economic downturn and its dampening effect on electricity demand; maximum system
demand in 2010 was 1148 MW [8]. Once natural gas becomes available, either through domestic
production or an interim solution, as a result of provisions made in the plant, the units at the
Vasilikos site can switch to this fuel instead of diesel and heavy fuel oil. As such, infrastructure
already exists in place to accommodate for the potential arrival of this fuel.
Table 1. Total installed capacity at the end of 2013 [9], [10]

Installation
Vasilikos

Dhekelia
Moni
Vasilikos Cement
Skouriotissa Mine
Larnaca Airport
Wind
Wind
Biomass/biomass
PV

Type of Technology
Combined Cycle Gas Turbine1
Steam Turbine2
Gas Turbine
Steam Turbine3
Internal Combustion Engine4
Gas Turbine5
Internal Combustion Engine
Internal Combustion Engine
Internal Combustion Engine
connected to Transmission
connected to Distribution
connected to Distribution
connected to Distribution

Fuel
Diesel
Heavy Fuel Oil
Diesel
Heavy Fuel Oil
Heavy Fuel Oil
Diesel
Heavy Fuel Oil
Diesel
Diesel
‐‐‐
‐‐‐
‐‐‐
‐‐‐
Total

Capacity (MW)
440
390
38
360
100
150
6
6.72
6.4
144.3
2.4
9.7
31.36
1684.82

1

Consists of 4 gas turbine (75 MW each) and 2 steam turbine units (70 MW each)
Consists of 3 units of 130 MW each.
3
Consists of 6 units of 60 MW each.
4
Consists of 6 units of approximately 16 MW each.
5
Consists of 4 units of 37.5 MW each.
6
Does not include the net metering PV systems
2

Beyond the existing installed technologies, there are a number of additions that are either
committed or assessed. These include a committed wind installation of 30 MW, a committed solar
thermal (CSP) facility of 50 MW with graphite as a storage medium (for 12 hours), and an expected
annual installation of 15 MW up to 2020 in solar PV under a net metering scheme2. For the purposes
of this study and after indications from the Ministry of Energy, Commerce, Industry and Tourism
2

In the past, the Republic of Cyprus had in place the highest Feed‐in Tariff for solar PV in the European Union
[11], but at present new installations fall under a net metering scheme, if eligible.
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(MECIT), the net metering annual additions of 15 MW are considered as committed projects in all
scenarios. This is based on the assumption that the savings offered through net metering will be
recognized by utility customers and the maximum threshold will be reached in all years until 2020.

2.2.1 Demand projections
Final electricity demand projections are taken from a separate assessment developed as part of the
IRENA assistance to Cyprus, developed by the Cyprus University of Technology (CUT) [2]. Projections
(Figure 2), based on an econometric model, for eight different categories of consumers are
aggregated to five (transport, industrial, residential, service and agricultural demands) and used as
input in the MESSAGE model. The following two demand scenarios are considered:
a. Energy Efficiency ‐ where it is expected that already planned measures of energy efficiency
and Nearly Zero Energy buildings are adopted. This is in line with Cyprus TSO’s electricity
demand forecast 2014‐2023; this scenario reflects the impact of the new directives
(Directive 2010/31/EU) on energy efficiency.
b. Extra Efficiency ‐ which assumes a substantial decoupling of electricity demand and
economic activity, especially as the levels of electricity consuming equipment in most
economic sectors are approaching saturation, and adoption of aggressive policies on energy
efficiency and Nearly Zero Energy buildings legislation.

Figure 1. Final electricity demand projections by customer category in the Energy Efficiency scenario and Extra Efficiency
scenarios [2].

2.2.2 Renewable energy targets
As a European Union member state, Cyprus has to comply with the agreed renewable energy target
of 13% in final energy consumption as defined by the Directive 2009/28/EC. This target has been
disaggregated for the power sector up to 2020 [12], as shown in Table 2, but no target has been set
beyond 2020. Nonetheless, an estimation of the aspirational renewable energy share for the period
2021‐2030 has been provided by the government and has been used in the model as shown below.
It is important to clarify that the 2030 target has not yet been revised following the recent
agreement of a total contribution from renewables of 27% by 2030 across the European Union [13].
Table 2. Minimum RES contribution to final electricity consumption

2013
6.00%
2022
21.15%

2014
7.30%
2023
21.75%

2015
8.40%
2024
22.26%

2016
9.40%
2025
22.72%

2017
10.80%
2026
23.34%

2018
12.40%
2027
24.19%

2019
14.10%
2028
24.78%

2020
16.00%
2029
25.06%

2021
20.06%
2030
25.29%
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2.3 Scenario definitions
As a first step in the analysis, a baseline of the existing power system is formulated to adequately
represent the current status. The potential major infrastructure developments are then combined to
define a number of scenarios, as shown in Table 3. The significance of the above attributes for the
analysis and their effect on the power supply system is summarized below.
Table 3. Attributes considered in each of the scenarios.

Scenario

SC1
SC2
SC3
SC4
SC5
SC6

Energy
Efficiency
Demand
√

Extra
Efficiency
Demand

Interim
Gas
Solution

√
√
√

√
√
√

√
√

√
√

Electrical
Storage
Limitations
√
√
√
√

Export
Liquefaction
terminal

EuroAsia
Interconnector

√

√

√
√

Domestic
gas in
2023
√
√
√

√
√
√

Energy Efficiency versus Extra Efficiency demands: As shown in Figure 2, Extra Efficiency demands
follow a lower growth rate and remain below the 4 TWh level for the majority of the model period.
As such, a lower demand in SC2 implies that investments in electricity generation will be reduced as
compared to the other scenarios.
Interim Gas Solution: In all scenarios, with the exception of SC1, it is assumed that the negotiations
regarding arrival of natural gas for the period 2016‐2022 had been successful. In this case, all the
units at the Vasilikos power plant would shift from heavy fuel oil and diesel to natural gas.
Electricity Storage and Interconnector: As explained in section 2.2.4.3, storage is assumed to become
necessary beyond certain levels of wind and solar PV penetration. However, in scenarios where the
EuroAsia Interconnector is implemented (i.e. SC5 and SC6), constraints on the maximum amount of
solar PV and wind that can be deployed without storage are relaxed and the model is allowed to
invest in higher capacities of these two renewable energy technologies, without the need to include
electricity storage.
LNG Export Terminal: In case estimations about the volume of gas reserves are confirmed, it is
possible that a liquefaction terminal will be built to allow export of liquefied natural gas (LNG). In
such a case, a dedicated 200 MW plant will be required to serve the electricity demand of the
terminal. Therefore, the island will have to deploy more renewables in order to achieve the set
renewable energy targets, as the electricity demand of the terminal will substantially increase the
yearly electricity demand of the country.
Domestic gas: Based on the current energy plans, it is estimated that domestic gas will become
available for the power sector in 2023. As such, it is assumed that no delay will occur in any of the
scenarios.

3. Results
3.1 Scenario analysis
In SC1, where heavy fuel oil remains as the main fuel in the period 2013‐2019, strict regulations in
regards to industrial emissions come into effect in 2020, forcing a switch from HFO to diesel and low
sulphur fuel oil. The situation shifts once again as domestic natural gas production begins in 2022
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and is fully introduced for power generation in 2023; at this point all fossil‐fired generation is based
on natural gas. At the same time, generation from renewable energy sources steadily increases
primarily due to their increased cost‐competitiveness as investment costs reduce over time. Due to
the increasing demand and sizable investments in renewable energy technologies, which have a
lower capacity factor that fossil‐fuel plants, the installed capacity of the island increases gradually
from 1.68 GW in 2013 to 2 GW in 2030 (Table 4). It is important to note that solar PV deployment
occurs much faster than in any other scenario, exceeding 400 MW by 2020; this is the only scenario
without implementation of an interim gas solution.
Final electricity demand is a key driver for the level of production and mix of technologies chosen by
the model. When a lower demand is used in scenario SC2, the results change considerably. Even
though in this scenario the interim gas solution is assumed to materialize, conclusions can be made
through a comparison with SC1 for the latter half of the assessment period (i.e. 2023‐2030). In the
extra‐efficiency demand scenario, the total volume of electricity generated is considerably lower
(Figure 3), which is also reflected in the total installed capacity. Total installed capacity by 2030 is
lower by about 350 MW in SC2 as compared to scenario SC1 (Table 4). Even though this scenario
implies reduced need for investment in the power sector, benefits should be evaluated against the
costs of achieving a lower electricity demand. While fossil‐fuelled generation reaches 4,550 GWh in
scenario SC1 in 2030, in scenario SC2 this reduces to 3,200 GWh. At the same time, generation from
renewable energy sources drops slightly from 1,570 GWh to 1,260 GWh for the same year.
Table 4. Total installed capacity evolution in the six scenarios (MW)

SC1

SC2

SC3

SC4

SC5

SC6

2015
2020
2025
2030
2015
2020
2025
2030
2015
2020
2025
2030
2015
2020
2025
2030
2015
2020
2025
2030
2015
2020
2025
2030

Fossils
1,509
1,389
1,075
1,113
1,509
1,389
1,075
943
1,509
1,389
1,079
1,113
1,509
1,389
1,075
976
1,509
1,389
1,075
943
1,509
1,389
1,075
943

Wind
147
213
213
251
147
175
175
175
147
175
175
251
147
175
248
275
147
175
175
372
147
175
277
352

PV
125
427
460
559*
85
157
252
468
98
200
463
559*
77
210
571
688**
98
200
568
968
77
198
598
998

CSP
0
50
50
50
0
50
50
50
0
50
50
50
0
50
50
83
0
50
50
50
0
50
50
50

Biomass
20
28
28
28
17
17
17
17
19
19
24
28
19
20
40
40
19
19
22
24
19
20
40
40

Total
1,801
2,108
1,826
2,001
1,758
1,789
1,569
1,653
1,773
1,834
1,792
2,001
1,751
1,844
1,983
2,062
1,773
1,834
1,890
2,356
1,751
1,833
2,039
2,382

*9 MW of distributed solar PV are deployed with storage (i.e. Li‐Ion batteries)
**138 MW of distributed solar PV are deployed with storage (i.e. Li‐Ion batteries)

In scenario SC3 the generation mix and total installed capacity are identical to SC1 by the end of the
model horizon (i.e. 2030). However, in SC3 investments in renewables generally occur later in the
model period. For instance, in 2020 capacities of solar PV and wind amount to 200 and 175 MW
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respectively in SC3; the corresponding values for the same year are 427 and 213 MW in SC1. This
difference can be attributed to the fact that imports of gas through the interim gas solution in SC3
allow generation at lower costs than currently observed, which will reduce the urgency of investing
in RE, without however changing the long term need for shifting Cyprus electricity system towards
RE.
In case a liquefaction terminal is developed on the island (SC4), additional installations of
renewables will be required for the island to meet its aspirational renewable energy targets. This is
apparent in the results of this scenario, where solar PV capacity reaches 688 MW by 2030. In order
for the capacity of PV to reach such high levels, capacities of 138 MW are served by storage at the
distribution level (Li‐Ion batteries). At the same time, in this scenario an additional 33 MW of CSP
with storage are installed, further to the committed 50 MW. Similarly, capacity of biomass‐fired
facilities reaches 40 MW. It should be noted that it would not be surprising if Cyprus requests that
the 200 MW gas‐fired unit at the LNG terminal be exempted from the country’s own energy
consumption. Since the LNG terminal may potentially serve the interests of other European Union
member states, such an argument may be supported.
Results from SC5 provide interesting insights. In this scenario Cyprus becomes interconnected with
Greece and Israel, and as such limitations on variable renewables’ capacity are removed and a
greater flexibility is given to the model. In this case, installed capacities of PV and wind reach 968
and 372 MW respectively by 2030. As a result, the share of renewable energy generation exceeds
40% by 2030.
Similarly to SC5, generation from renewables in a scenario with both an interconnector and an LNG
terminal (SC6) exceeds aspirational renewable energy targets in 2030, as within this timeframe, the
share manages to reach 33%. Contribution from renewables to the generation mix is comparable to
SC4 until 2024 (both scenarios consider development of an LNG terminal), but capacity additions of
renewables without storage continue to occur in SC6, due to the assumed flexibility offered by the
interconnector. As such, wind capacity reaches 352 MW while solar PV capacity is 998 MW by 2030.
As this study does not include a detailed engineering feasibility of how this capacity should be
integrated in the grid, the key message is that – unless major technical limitations remain in Cyprus
grid – an interconnector would allow for large scale deployment of RE as part of a least‐cost power
generation mix. Some additional cost might be incurred to deploy measures to integrate such large
capacity of variable renewables. However, the cost of such measures will not alter the key message
that renewables will play a major role in reducing the cost of electricity generation and in ensuring
compliance with global and local emissions limits.
As mentioned above, solar PV at the transmission level is the most cost‐efficient renewable
technology for Cyprus. It is the dominant renewable energy technology in all scenarios, with limited
contributions from CSP, wind and biomass‐fired facilities. Investments in solar PV are quite high in all
scenarios; and remarkably high in scenarios SC5 and SC6, which assume deployment of the EuroAsia
Interconnector. In the case of wind, no expansion occurs in scenario SC2 beyond the committed level
of 175 MW. In SC1 and SC3 wind capacity amounts to 251 MW in 2030. In SC5 and SC6 wind capacity
in 2030 reaches 372 and 352 MW respectively. Finally, in SC4 wind capacity reaches 275 MW by
2030, which is the deployment limit without storage for that year.
Based on scenario results from SC5 and SC6, it could be argued that benefits from a grid
interconnection are threefold. First of all, Cyprus gains access to separate power supply systems,
from which it can import during periods of peak demand to avoid expensive generation options (as
in 2020 – Figure 3) or to cover periodic shortages in supply. Secondly, a higher share of variable
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renewables can be deployed with lower requirements for storage, as variations in renewable energy
generation can possibly be balanced via the grid interconnection. At the same time, exports of
electricity can occur (although not explicitly modelled in this analysis), thus preventing curtailment.
Finally, by replacing gas‐fired generation with renewables, a larger volume of indigenous gas is
available for exports.
7,000

Generation Mix (GWh)

6,000
5,000
4,000
3,000
2,000
1,000
0
SC1 SC2 SC3 SC4 SC5 SC6 SC1 SC2 SC3 SC4 SC5 SC6 SC1 SC2 SC3 SC4 SC5 SC6 SC1 SC2 SC3 SC4 SC5 SC6
2015

2020

2025

2030

Figure 3. Evolution of generation mix in the six scenarios (self‐generation for the LNG terminal is excluded).

Despite the fact that the technical feasibility of these high level of variable renewables in the case of
interconnection should be further examined in a separate grid analysis, examples of countries with
good level of interconnection reaching high shares of variable renewables exist in Europe (e.g.
Denmark). The case of Ireland is particularly relevant, being an island as well, and having followed a
similar assessment for its large‐scale deployment of variable RETs [14]. Regardless of the benefits,
two highly significant issues are associated to a potential interconnection. The first relates to system
reliability in the case of an interruption of supply from the cable. The second relates to sovereignty
issues, where the Cyprus economy may become dependent on electricity supply from a separate
system. These issues are important and are worth keeping into consideration, although they are
outside the scope of this study.

4. Discussion and Conclusions
This study is neither about predicting the evolution of the electricity system of Cyprus nor about
prescribing preferences for its development. Rather, it attempts to provide insights on the risk and
benefits of different scenarios of electricity system development. A clear message from the analysis
is that renewable energy technologies can contribute to a future reduction in the generation cost of
the system. The share of renewable energy generation achieves and exceeds the compulsory 16%
target by 2020 in all scenarios.
Utility scale solar PV is the most competitive option, but results from the analysis indicate that
investments should occur immediately, as the most aggressive savings can be achieved before
natural gas becomes available, when the main fuels that will be offset are diesel and fuel oil. This
means that a framework needs to be set in place to accommodate smooth integration of high shares
of variable renewables. First of all, supporting ancillary services, such as operating reserves or energy
storage, are required to reduce risk of an imbalance in the system [15]. It is argued that variable
renewable technologies introduce an indirect cost to the power supply system [16]. Nonetheless,
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improved forecasting methods and state‐of‐art technologies for provision of grid support services
from variable renewables exist that reduce the need for ancillary services, thus achieving lower
system costs; these are discussed in detail in the official IRENA roadmap for Cyprus [2].
Furthermore, regulatory reform is often needed to attract investors. A competitive electricity market
that offers system flexibility is recognized as a prerequisite for accommodating distributed
generation from a number of producers [17]. Such a market structure does not exist yet in Cyprus,
despite the European Commission’s recommendation that member states should implement all
legislative measures towards the design of competitive energy markets [18]. An electricity market is
expected to be established in 2016 for Cyprus. However, concerns remain as to how renewable
energy technologies will be treated in such a market.
Energy planners in Cyprus face a number of short‐term challenges ‐ expanding and diversifying
electricity generation are among the highest priority. Each of the options – natural gas (imported
and/or domestic), wind, solar PV or continued use of oil products ‐ has different implications for
infrastructure development and carries different risks. For examples, low oil prices over extended
time periods can undermine the financial viability of otherwise economically attractive natural gas;
natural gas imports, although beneficial for the reduction of generation price, will also pose a limit to
the share of RE that can be accepted, based on how the import contract will be designed.
Infrastructure investments have inherently long amortization periods. Investing in gas pipelines
linking the island to off‐shore fields or building regasification plants for LNG imports lacks economic
rationale if only operated for just a few years or for limited volumes. It is important to note that, in
spite of current temporary reduction in oil prices, deploying RE will reduce the inherent volatility of
electricity generation cost in Cyprus, creating a more stable environment for consumers to plan and
budget for their energy costs.
Aggressive efficiency measures can reduce the need for investments in generating capacities, but a
comparison of the costs of these measures will have to be conducted separately. One aspect that
needs further assessment is the technical feasibility of the results, as the threshold set for maximum
penetration of variable renewables needs to be set by a dynamic stability analysis of Cyprus power
grid. Similarly, the possible need for energy storage under each scenario has not been examined in
depth from the operational and technical point of view and neither has grid stability. Both of these
aspects will have to be determined through separate studies. Additionally, similar to the case of
Ireland [14], identification of sites where large renewable energy projects can be deployed will be
relevant in the future. Once the specific sites for large projects are defined, a separate assessment
focusing on grid strengthening will prove valuable for efficient system planning. As part of the
ongoing grid study, an assessment of the most cost effective manner to integrate large shares of
variable RE technologies should be conducted. For instance, this could be achieved through grid
strengthening, introduction of centralized or decentralized storage, implementation of smart grids,
use of advanced control methods, improvements in forecasting techniques for variable renewables,
investments in an interconnection or most likely a combination of these options.
To sum up, Cyprus is faced with important decisions that will define the long‐term energy outlook of
the island. Major investments in infrastructure are imminent, and expected to change the energy
mix and improve security of supply for this import‐dependent country. The scenario analyses show
these investments lead to different levels of electricity generating costs and can achieve generation
cost savings compared with the current generating mix. Deployment of renewable energy
technologies is not only necessary for Cyprus to achieve its EU targets, but results suggest that
renewable energy technology integration will also result in a reduction of power generation cost up
to 2023 in all scenarios examined. In terms of generation technologies, utility scale solar PV
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connected is the most competitive renewable option, with large scale deployment expected in all
scenarios. Aggressive deployment in the model starts in 2015, calling for immediate action by policy
makers.
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ABSTRACT
Investments on energy efficiency in residential buildings are widely acknowledged to save
valuable energy resources and money for the inhabitants. In addition to these benefits, they have
significant side-effects, accrued by the economy and the society as a whole. More specifically,
relevant activities generate a large number of jobs and create income and value added across many
sectors of the economy. These effects help strengthen local and national economies and retain
current levels of employment, or inverse high unemployment rates recorded in countries that were
the most severely hit by the current economic crisis. The Input-Output methodology is used in this
paper in order to quantify the impact on employment, income and value added resulting from the
implementation of the “Energy Saving at Home” programme in Greece, during the period 20112013. The analysis examines the influence of different parameters, namely the type of intervention,
the type of building and the climatic zone on the achieved energy savings and on the produced
socio-economic effects. The obtained results are further elaborated for estimating the costeffectiveness of the provided support in energy, employment and monetary terms and assessing the
social profitability of the programme. The programme is found to significantly reduce energy
consumption in residential buildings and, at the same time, to fully and rapidly return the support
provided to society in terms of increased employment, income and value added.
1

INTRODUCTION

Improving energy efficiency in buildings is a major challenge in the European Union (EU),
since buildings account for more than 40% of total final energy consumption. Residential buildings
represent approximately 75% of the total building stock and hold the largest potential for energy
saving and reducing CO2 emissions in the medium and long term [1]. Continuous improvements of
building codes and other measures included in the EU Directive on the Energy Performance of
Buildings and its recast (2002/91/EC and 2010/31/EU) resulted in significant energy savings in a
cost-effective way, especially in new buildings which consume “in theory” 40% less than old
buildings [2]. Given that housing needs have been largely met in most EU countries, efforts should
be primarily directed toward the existing building stock.
Energy efficiency improvements are based on well-established techniques and commercially
mature technologies that are generally known to produce significant benefits to the building or
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apartment owners. Besides reducing energy bills, they provide enhanced thermal comfort, thus
appearing particularly effective to alleviate energy poverty and increase property values. However,
the progress in retrofitting old residential buildings is far from being satisfactory, since renovation
rates actually vary around 1-2% in most EU countries [3]. Low willingness to invest is mostly due
to the high upfront cost of these interventions, which is difficult to be undertaken by households.
Hence, there is an increasing number of programmes launched by national or local authorities
providing incentives to private owners with the aim of encouraging the adoption of energy saving
measures.
It is widely acknowledged that besides the benefits accrued by households, energy efficiency
investments in buildings can boost economic activities, create new jobs and enhance energy
security, to a degree depending on the technology used, the sector in which this technology is
implemented and various country-specific characteristics [4]. Several studies have investigated the
side-effects of energy efficiency interventions [5-8]. Most studies focus on net effects, since any
beneficial aspects may come at the cost of reduced employment and public revenues from other
economic sectors.
The scope of this paper is to proceed to an ex-post assessment of the Greek programme
“Energy Saving at Home”, by calculating its energy savings and cost-effectiveness and its social
profitability as reflected in the number of jobs, income and value added generated in the Greek
economy. The aim is to estimate the return of the provided public support to the society and to
reveal any differences between the supported interventions, as well as between different climatic
zones. To this purpose, an input–output analysis is implemented in order to investigate direct, indirect
and induced effects associated with the examined interventions.
2

METHODOLOGY

The methodological approach developed in this study aims at calculating the major
macroeconomic side-effects of energy saving interventions realized in the framework of the
“Energy Saving at Home” programme, namely on 1) job creation, 2) income, and 3) total value
added. The intention is to encompass all activities directly or indirectly affected by the installation,
operation and maintenance of the energy saving intervention and at the same time, to take account
of the links between economic sectors and between demand and supply.
2.1

Activities involved in energy saving interventions

The following activities are considered to participate in the value chain of an energy saving
intervention:
Investment (INV): the implementation of the energy efficiency measures, including the
installation of related equipment/materials. This activity creates temporary effects arising during the
investment phase.
Operation and Maintenance (O&M): eventual operation and maintenance activities needed
for the effective functioning of the interventions in question, creating permanent effects throughout
their whole lifetime.
Energy production and trade (EPT): refers to the energy industry, especially refineries,
power generation, transmission of natural gas and associated trade that will be negatively affected
by energy saving interventions and may result in permanent losses of jobs and public revenues.
Consumption (CNS): after the payback period of the examined investments, the reduction in
energy expenditures of households is available for additional consumption of goods and services.
Consumption activities generate positive side-effects in all economic sectors, on a permanent basis.
The positive or negative effects of all the above activities are produced directly due to the
realisation of the energy saving intervention, but they do also contribute –positively or negativelyto the whole economy through indirect and induced effects.
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2.2

Input-Output analysis

Input-Output (I-O) analysis is a robust methodological framework for assessing the effects of
an activity, project or policy, implemented at the supply or demand side, on key socio-economic
variables, taking into account the inter-sectoral linkages in an economy. More specifically, I-O
tables provide a complete picture of the monetary flows representing the exchange of goods and
services in an economic system for a given year, either between producers and consumers or among
economic sectors. Thus, besides the direct impacts of the activity under consideration, they can be
used to estimate its indirect and induced impacts:
 Direct effects refer to the impact of the activity on all sectors directly involved in its
realisation.
 Indirect effects appear in the economic sectors that supply equipment, materials or services,
necessary to all directly involved sectors, thus correspondingly changing their own level of
activity.
 Induced effects are caused by the increased income of people employed in all directly or
indirectly involved sectors, which is spent to additional goods and services following the
consumption pattern in each country implying a corresponding change in their activity level.
The I-O analysis proceeds as an iterative process in order to estimate all indirect and induced
effects attributable to the initial change in the activity’s level. This is accomplished through the use
of the Leontief inverse matrix [9]. The intersectoral links denoted by the I-O tables can be further
exploited in order to assess not only the effect on total supply in economic terms but also on other
macroeconomic or physical variables, such as income, total value added, employment, or carbon
emissions. In the latter case, physical variables are assumed to be linearly related with the level of
activities, as expressed in money terms. Specifically, the inverse Leontief matrix is used to calculate
two types of multipliers:
Type I multipliers are used to calculate the indirect effect created for each unit of direct
effect in each economic sector.
Type II multipliers are used to calculate both indirect and induced effects created for each
unit of direct effect in each economic sector.
The two types of multipliers are calculated for each one of the examined variables. More
details about the methodology and the approach used for calculating employment multipliers can be
found in [8], [10] and [11].

2.3

Computational steps

The starting point of the analytical procedure is the assessment of energy savings achieved in
different subsets of applications and of the whole programme, along with the respective investment
costs. First, energy performance indicators have been calculated in order to assess improvements in
the energy rating of buildings and the cost-effectiveness of energy efficiency interventions. The
computational steps of the analysis of side-effects are the following:
1. Identification of the sectors directly involved in the investment (INV) and operation &
maintenance (O&M) activities, and of their percentage contribution to the respective costs.
2. Calculation of unit indicators relating the change in activity denoted by the INV and O&M
costs in the directly involved sectors, with changes in total employment, income and value
added. Estimation of the respective direct effects.
3. Calculation of Multipliers of type I and II, for the three categories of socioeconomic effects
and estimation of indirect and induced effects for the activities INV and O&M.
4. On the basis of the estimated savings in fuels and electricity and of the unit values of these
forms of energy, estimation of the activity change in the energy producing sectors and
calculation of the respective negative direct, indirect and induced effects following the
procedure described in steps 2 and 3.
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5. On the basis of the costs (INV and O&M) associated with the examined interventions, the
estimated savings in fuels and electricity and of the unit values of these forms of energy,
calculation of the respective payback periods.
6. Estimation of direct, indirect and induced effects resulting from the increased consumption of
households, after the payback period of energy efficiency interventions.
The overall analytical procedure is depicted in Fig.1.

Figure 1: Analytical procedure to estimate socioeconomic side-effects from activities involved in
energy saving interventions

3

THE GREEK CASE

3.1

The Greek building sector

According to the 2011 Census, the total number of buildings in Greece amounts to over 4
million, of which approximately 80% are used exclusively for residential purposes. The existing
building stock represents a large potential for energy efficiency improvements, since more than
60% of residential buildings with a total floor area of around 210 million m2, have been constructed
before 1980, when the first thermal insulation regulation was enacted. The total number of
dwellings, recorded in 2011 Census is 6,371,902 of which 35% are empty (temporarily or
permanently) as being secondary homes, cottages or for various other reasons. Of this total number
of dwellings 45% are apartments in multi-floor buildings and the rest 55% are one- or two-floor
houses. Concerning their floor area, 36% of dwellings have an area smaller than 70 m2, in 36% it
ranges between 70-100 m2 and in 28% the area is above 100 m2. Finally, according to their degree
of urbanisation, 64% of dwellings are located in urban centres, 14% in semi-urban, and 22% in rural
areas [12].
Energy consumption in the Greek building sector amounts to 7.3 Mtoe (~42.5% of total final
energy consumption) in 2012, with households accounting for 5 Mtoe. As shown by a recent
survey, energy consumption per household in Greece reaches 13994 kWh and is distributed among
various end-uses as follows: 63.7% for space-heating, 17.3% for cooking, 5.7% for domestic water
heating and the rest 13.3% for various electric uses including cooling and lighting. Thus, space
heating appears as the main energy consuming activity of Greek households, which is
predominantly (78.3%) based on the use of imported fuels, namely oil and natural gas [13].
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3.2

The Greek Programme “Energy Saving at Home”

The sample of dwellings analysed in this study includes 21,100 dwellings that applied for
financial support in the framework of the programme “Energy Saving at Home”. The programme
was launched in February 2011 and is co-financed by the EU and the Greek State in the framework
of the 4th CSF. Its primary aim was to reduce the energy needs of residential buildings without
impairing the thermal comfort of their inhabitants. Hence, the programme is expected to save
monetary and natural resources and to contribute to the abatement of climate change and the
decrease of atmospheric pollutants in urban centres. Its total budget was 796 M€ to be distributed to
physical persons (apartment or building owners) as incentives varying according to their total
income and setting an upper limit to the property’s unit value. Furthermore, any application had to
satisfy the following conditions: belonging to energy class D or below and achieving annual
primary energy conservation higher than the 30% of the energy consumption of the reference
building.
The 21,100 applications under consideration include interventions that have been
implemented during a period of 32 months, from February 2011, up to October 10, 2013. The total
budget of these interventions amounts to 210 M€, resulting in an average cost of 10,000 € per
dwelling. The average percentage support provided by the programme is 50%, with most (63%)
applications being subsidised with 35% of the respective budget and 36.4% falling in the lowincome category, with 70%. A percentage less than 1% have applied for 15% of subsidy. Finally, in
all these categories the interest of loans has been fully subsidised.
The average area of dwellings included in the programme is 110 m2. Table 1 shows the
distribution of applications in the four climatic zones of Greece, along with the distribution of the
total budget and floor area. It can be seen that the largest part of applications in terms of their
number, budget and floor area comes from Zones B and C, concentrating the largest part of the
population and dwellings. Moreover, in all climatic zones apartments represent more than 60% of
the total budget, with the country’s average being approximately 67%.
Table 1 Distribution of applications, budget and floor area of dwellings in the programme “Energy
Saving at Home”, February 2011-October 2013
CLIMATIC ZONE
Zone Α
Zone Β
Zone C
Zone D
Total Country

APPLICATIONS
%
1662
7.9
7270
34.5
9837
46.6
2324
11.0
21093
100

BUDGET
M€
%
17.2
8.2
71.5
34.1
97.4
46.4
23.8
11.3
209.9
100

AREA
m2
184301
777408
1026279
259129
2247118

%
8.2
34.6
45.7
11.5
100

k€/ appl m2/ appl
10.4
9.8
9.9
10.2
10.0

111
107
104
112
107

Eligible interventions fell within the following three categories:
 Insulation (INS): installation of wall and roof insulation.
 Wall openings and frames (WFR): replacement of old windows or doors frames, and
installation of double glazing and shading systems.
 Systems (SYS): replacement of boiler or other interventions on the thermal system and
installation of solar collectors.
The largest share of applications (85%) includes interventions in windows frames, either
exclusively or in combination with other types of energy saving measures. It should be noted that
two third of the applications include more than one measure, since the programme’s precondition to
achieve total energy savings above 30% encourages integrated energy saving interventions. As
shown in Fig.2, interventions in windows frames represent approximately 50% of the total budget.
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Figure 2: Budget distribution among energy saving intervention per climatic zone
4

RESULTS AND DISCUSSION

4.1

Data and assumptions

The analysis relies on a database provided by the Greek Ministry for Energy, Environment &
Climate Change (YPEKA) containing information for each application, namely:
 application code and dates of submission and of final approval,
 location, floor area, type of dwelling (single or apartment in multi floor buildings),
 type of interventions, eligible cost, and category of funding scheme (% of budget subsidized),
 total primary energy consumption per unit of floor area before and after the intervention and
energy class before and after the intervention.
The database was processed in order to separate the applications according to the climatic
zone, the type of dwelling, the type of energy saving intervention and their combinations.
It should be noted that the energy consumption of dwellings documented in the database is
based on the official software used by energy auditors in Greece (KENAK). Since energy
consumption is considered to be overestimated by this software, as it estimates the energy needs for
achieving adequate indoor thermal conditions and not the real consumption of households, the
analysis of side-effects relies on the calculated percentage reduction of energy consumption, along
with bibliographical indicators for the specific energy consumption of dwellings of different type
and age in the four climatic zones [14]. This assumption secures more conservative and closer to
reality estimates of the socio-economic side-effects.
The performed I-O analysis is based on the most recent I-O Table of the Greek economy,
referring to the year 2010 and distinguishing 37 production sectors. Further assumptions made in
the various analytical steps are the following:
 The percentage contribution of directly involved sectors in the initial investment cost is based
on bibliographical and empirical data and is presented in Table 2.
 Operation and maintenance cost is attributed only to interventions in energy systems and is
assumed equal to 2% of the respective investment cost. Only one sector is assumed to be
directly involved in O&M, namely “Legal, accounting, consulting and engineering activities.
Technical tests and analysis”.
 All monetary benefits are estimated in their present value, assuming a discount rate of 3%.
 The unit values for thermal energy (mix of oil and natural gas equal to the country’s average)
and electricity, refer to the year 2014 and are 0.08 €/kWh and 0.12 €/kWh, respectively.
 The distribution of final consumption to goods and services is assumed to follow the pattern
given by the column of the I-O Table representing the inputs of various sectors to households’
consumption.
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Table 2 Percentage contribution of directly involved sectors to energy efficiency interventions

4.2

SECTOR

INS

SYS

WFR

Chemical products

47%

-

-

Products from non-metallic minerals

2%

-

10%

Construction

42%

17%

15%

Trade

9%

7%

5%

Machinery

-

69%

-

Basic metals and metallic products

-

6%

70%

Electrical Equipment

-

2%

-

Energy effectiveness

The interventions funded by the programme “Energy Saving at Home” resulted in a reduction
of approximately 40% in total primary energy consumption. As shown in Fig.3, the most effective
intervention is the installation of insulation, whereas the replacement of windows frames and double
glazing, which is the most widespread one, presents the lowest percentage savings. Differences
among climatic zones are rather small, with higher savings recorded in colder climatic zones, the C
and D. On the other side, measures on the building envelope are more effective when implemented
in single dwellings rather than in multi-floor buildings, while the opposite applies in the case of
systems. It should be noted that data in Fig. 3 refer to a single intervention (either INS, or WFR, or
SYS) that constitute a small subset of the whole programme (33% of total applications and 16% of
total budget). Combinations of measures result in slightly higher energy reductions (ranging from
45% to 50% in the best case) because of the synergetic effects of the implemented technologies.

Figure 3: Percentage reduction in energy consumption per type of intervention
As a result of the achieved energy savings, the energy rating of buildings has been
significantly upgraded. Fig.4 shows that while 60% of the benefited dwellings presented a specific
energy consumption over 450 kWh/m2 (class G), after the implementation of measures, this
percentage falls below 10%, with 55% of dwellings being rated over class D, corresponding to an
energy consumption less than 300 kWh/m2. Finally, the cost effectiveness of the three intervention
categories varies significantly among the climatic zones, being higher (2.5-3 kWh/€) in zones C and
D. This may be attributed to different specifications influencing the cost of measures in different
climate conditions, but also to the higher prices established in Athens (Zone B). As already
mentioned, in the case of combined interventions, existing negative synergetic effects reduce their
overall energy savings and thus, result in a lower cost-effectiveness, ranging between 1.5 and 2.25
kWh/€, depending on the mix of technologies, the type of building and the climatic zone.
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Figure 4: Energy rating of dwelling before and after the interventions in the 4 climatic zones

4.3

Socio-economic effects

The net socio-economic effects produced by 1 M€ invested in the examined energy efficiency
measures, over their whole life cycle, is shown in Fig.5. It can be seen that investment on thermal
systems and solar collectors is more cost-effective compared to the other two types of interventions.
Direct costs represent in all cases more than 50% of the total net effects, with windows frames
appearing to generate higher multiplicative effects in other economic sectors. In total, it is worth
noticing that in all cases the money invested (1 M€) is returned completely or to a very large extent
to the society in terms of value added.

Figure 5: Cost-effectiveness of interventions in the two building types in the 4 climatic zones
Since the data displayed in Fig. 5 refer only to investments on a sole technology they are not
fully representative of the whole programme consisting mainly of combined interventions. Table 3
shows the total net effects of the whole programme of 210 M€, as well as the respective unit effects,
It should be underlined that as already mentioned in 3.2, the public support provided to the
households is by average 50% (105 M€), meaning that its social rate of return is around two years,
in terms of income generated and 7 months in terms of total value added.
Table 3 Net socioeconomic effects of the programme “Energy Saving at Home”, 2/2011-11/2013.
Direct

Indirect

Induced

TOTAL
net effects

Net effects
per M€

3003

1289

717

5009

24

Income (M€)

32

15

9

56

0.27

Value Added (M€)

97

51

35

183

0.87

EFFECT
Employment (manyears)

The contribution –positive or negative- of the activities involved in or affected by energy
saving interventions on total net effects is shown in Fig. 6. It can be observed that negative effects
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due to the reduced activity of energy production and trade, are quite important, accounting for
around 20% of the positive effects on income and value added and for 12% of the positive effects
on employment produced by other activities. In addition, it is worth noticing the significant
contribution on total net effects of the consumption activities (CNS) due to the additional income of
households that will be available after the payback of the energy saving investment. They namely
represent around 60% of total net effects and have a beneficial impact on all economic sectors
following the consumption pattern in the country.

Figure 6: Socio-economic effects of the activities involved in energy efficiency interventions
5

CONCLUSION

Residential buildings in Greece are to a great extent energy inefficient and represent a big,
still unexploited potential for energy conservation. Besides the positive environmental implications,
improvement of thermal comfort and the abatement of energy poverty, the rapid penetration of
energy saving measures is expected to induce considerable benefits on the macroeconomic
environment and on employment at regional and national level. The programme “Energy Saving at
Home” launched by the Ministry for Environment, Energy and Climate Change in 2011, had
exactly the target to respond to these challenges through financial incentives aiming at encouraging
citizens to implement energy efficiency interventions.
This paper proceeds to an ex-post assessment of the programme, based on real data provided
by the Ministry YPEKA and covering a period of 32 months, a number of 21100 applications and a
total budget of 210 M€, 50% of which was subsidized through public funds. The aim is to assess the
achieved improvements in energy efficiency of buildings, and also the social side-effects produced
by the programme, namely the number of jobs, the income and the value added generated in the
Greek economy. The energy analysis of the realised interventions shows that the programme, as
above defined, has reduced the energy consumption of residential buildings by an average of 40%
and resulted in a significant upgrading of their energy class. The cost-effectiveness of the three
types of interventions is quite satisfactory, with insulation appearing as the most cost-effective
intervention and windows frames the least cost-effective one, despite the fact that they represent the
most popular measure for the Greek society. Moreover, it is shown that integrated interventions
comprising multiple energy saving technologies, despite complying with the target of minimising
energy consumption and the associated greenhouse gases, are less cost-effective because of the
existing negative synergies. Nevertheless, besides energy savings the analysis gives particular
emphasis on the socioeconomic effects produced by the investment and operation of the examined
inteventions, throughout their whole life-cycle. The results obtained through an input-output
analysis have proven the high social profitability of the “Energy Saving at Home” programme and
determined social revenues in terms of the created employment, income and value added. It is
shown that the public support provided by the programme is fully and rapidly returned to the
society in the form of increased income and value added. It can be concluded that promoting energy
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efficiency in the building sector can be a powerful tool to combat unemployment and boost
economic growth during the times of economic crisis.
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ABSTRACT
In this paper the variations of ground temperature in relation to ambient air temperature
at depths up to 3 meters at the Meteorological Station Observatory of Aristotle University of
Thessaloniki are investigated, in order to assist the evaluation and exploitation of ground
energy potential.
For this purpose an eleven-year data set from 1959 to 1969 of ambient air and ground
temperature records was elaborated. Temperatures analyzed are of ambient air, ground surface
(bare and grass covered) and subsurface ground at depths of 30cm, 60cm, 120cm, 180cm, and
300cm. Average values for the considered 11year period are calculated and examined, as well
as annual and monthly average values.
The influence of ambient air on ground temperature and its gradual change by increase
of depth are examined as well as average monthly ground temperature profiles up to 300 cm.
Moreover delay of ground temperature response to air temperature variations in various
depths is examined, too.
Amongst others, under investigation are: the influence of ambient air on ground
temperature and its gradual change by increase of depth, the average monthly ground
temperature profiles up to 300 cm, the delay of ground temperature response to air
temperature variations in various depths,.
Analytical equations for the estimation of ground temperature in 180 cm and 300 cm
depths in relation to the air temperature have been determined, which can be implemented in
energy applications.

1.

INTRODUCTION

Ground temperature is a crucial factor in understanding natural phenomena happening
in the ground and on atmospheric layers close to its surface. From the energy point of view,
ground temperature is an index of the thermal energy stored in the ground the knowledge of
which is an important factor in energy potential evaluation. Furthermore, it is a significant
factor in designing and sizing energy systems in various applications, since most of them are
constructed near the ground surface. These systems consist of underground tubes where air or
water circulates before entering in a building for heating or cooling, usually in connection
with a heat pump system. In vertical systems tubes are installed in depths up to 180 m, while
in horizontal systems up to 300 cm [1]. Ground temperature is also very important in
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underground heat storage systems, as well as in heating piping, design (figure 1) [2].
Factors influencing ground temperature variations are closely related to its composition,
cover materials moisture, existing gases, or are closely related to the environment, such as
ambient air temperature, solar radiation, wind velocity or precipitation [3,4].

Figure 1: Underground thermal storage systems, and heating piping [2, 5].

2
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Research on the behavior of ground temperature has grown in recent years. Most of the
older studies focused on the development and use of models to determine the distribution of
ground temperature and heat flux within it and in the adaptation of the model results to
available ground temperature measurements [6-11]. Most models were based on
measurements at small depths, while a few dealt with measurements at greater depths. The
majority of more recent research studies explore the variation of ground temperature in depths
up to 180 m, in order to facilitate applications, particularly heat pumps with vertical tubes
[12-17].
Studies on ground temperature in Greece are based on data available by the National
Observatory of Athens [18-24] or the Meteorological Station at the Aristotle University of
Thessaloniki (MSAUTh) [25-27]. The former study the variation of ground temperature, the
energy behavior of ground depending on different materials coverage, its usage for heating or
cooling buildings, the buildings’ temperature distribution or show the results of mathematical
simulating models. The latter study the thermal behavior and the temperature of the ground
with the aim of reaching useful conclusions for their application in agricultural activities, such
as sowing, planting, growing and production of various plants, or refer to the study of the
temperature behavior of the ground in relation to the air temperature at the MSAUTh and in
the formulation of detailed equations that reflect this relationship.
The purpose of the present study is to investigate the behavior of ground temperature at
various depths up to 300 cm at MSOAUTh, and especially the fluctuations of ground
temperature in in relation to air temperature variations and focuses on the monthly average
values in the considering period.

2.

METHODOLOGY

The MSAUTh is located at Aristotle University of Thessaloniki (latitude 40o 37΄ N,
longitude 22o 57΄ E) at altitude 31 m above the mean sea level.
In this study the data analyzed are air and ground surface temperature values already
published [28] and raw ground temperature records for an 11 year period from 1959 to 1969,
which are the most recently available records of ground temperatures in the examined depths.
More specifically, analyzed data are:
 Air temperature (Ta - max, min and average values).
 Ground surface temperature of bare soil (Ts,b) and covered with low grass (Ts,gr).
 Ground temperature (Tg) at depths of 30 cm, 60 cm, 120 cm, 180 cm and 300 cm.
Ground temperatures are daily average values, which arose from the elaboration of
measurements in the hours of 08:00, 14:00 and 20:00
Available records of air and ground temperature measurements elaborated in the present
study are complete at a very high rate of 99.7% to 100%. Only in the case of 30 cm depth
there are missing records for two whole years, 1959 and 1960. For the rest 9 years period,
1961-1969, the completeness is 96.5%.

3.

RESULTS

3.1. Mean period values
In Table 1 average, maximum and minimum values of air, ground surface and ground
temperatures at examined depths for the period 1959-1969 are presented. Average air
temperature is 16.07 and average ground temperature is about 2 °C higher in almost all
depths.
3
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Table 1 presents the range of maximum/minimum values (ΔT), as well as the
differences of ground temperatures to air temperatures (Ts/g,av - Ta,av). In case of bare soil
surface this difference is almost 4 οC but this is getting lower at higher depths, mainly due to
the lower influence of solar radiation, and reduces more than 2 οC.
Table 1: Average, maximum and minimum values [°C] of daily air, soil surface and ground
temperatures at measurement depths, during the period 1959-’69.
Air

Surface

Ground

Ta

Ts,b

Ts,gs

Tg,30

Tg,60

Tg,120

Tg,180

Tg,300

av

16.07

19.98

17.25

17.77

18.01

17.92

17.99

17.90

max,abs

39.50

64.40

65.60

-

-

-

-

-

max,av

32.87

43.90

40.00

34.86

31.93

28.80

26.00

22.90

min,abs

-12.60

-13.00

-12.80

-

-

-

-

-

min,av

-7.55

-6.50

-6.83

1.63

3.53

6.97

10.30

13.30

ΔT (abs)

52.10

70.90

72.43

-

-

-

-

-

ΔT (av)

40.42

50.40

46.83

33.17

28.40

21.83

15.70

9.60

-

3.92

1.19

1.71

1.91

1.84

1.93

1.84

Ts/g,av - Ta,av

The range of average maximum/minimum values decreases with depth and is lower
than 10 °C at 300 cm depth, while it reaches up to 50 °C on bare surface.
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Figure 2: Average, maximum and minimum values of daily average air, surface and ground
temperatures.
3.2. Mean-period monthly values
Figure 3 presents the monthly variations of the average air and ground temperatures for
the examined period. It is obvious that higher and lower temperatures are shown on bare
ground surface. Maximum ground surface temperature occurs in July, while minimum in
4
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January, for instance, together with maximum/minimum air temperature. The range of
average maximum to average minimum values are 50.4°C, while in the case of air
temperature this range is 40.4°C.
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Figure 3: Monthly variation of mean air and ground temperatures for the period 1970-1979.
As the depth increases, the average maximum temperatures are getting lower and the
average minimum temperatures higher, i.e. the temperature range is getting gradually smaller.
In the case of 300 cm depth this range decreased to 9.60 °C.
Moreover, a time lag of ground temperatures response to air temperature changes is
observed, as well. At 300 cm depth the delay is about two months, at 180 cm it is about one
month and a half, at 120 cm slightly less than one month and at 60 cm depth the delay is
about half month.
During winter months ground temperature at 300 cm depth is 16-18 °C, higher than air
temperature, while during summer months it is 18-22 °C, lower than air temperature, a fact
which presents favorable conditions for the operation of heating/cooling equipment.
3.3. Mean-daily values
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Figure 4: Daily average air and ground temperatures on bare surface and at 60, 120, 180 and
300 cm depth for the year 1963.
The time series of daily average air and ground temperatures on bare surface and at
depths of 60, 120, 180 and 300 cm are presented for one year in Figure 4. The variation trends
of daily values confirm daily mean ground temperatures. From November to February they
are slightly lower due to winter ground-surface insulation effects, while daily averages from
May to September are higher on average than air temperatures, due to higher thermal capacity
and solar energy absorption of the ground surface.
Time lag of the annual temperature fluctuation with depth is observable, in daily values,
too. Ground temperature at 300 cm depth reaches higher or lower values about two months
later than air temperature, similar to the average monthly values.
3.4. Mean-monthly values
Figure 5 demonstrates the variation of mean- monthly air and ground temperatures at
depths of 180 and 300 cm for the period 1959-69. In the case of 300 cm depth ground
temperature is about 8-10 °C higher during winter months, while during summer months it is
4-6 °C lower, than air temperature. This deviation could be larger for daily values, since air
temperature fluctuations are damped at higher depths.
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Figure 5: Variation of monthly mean air and ground temperatures at 300 cm depth.
3.5. Vertical distribution of ground temperature
Figure 6 presents the average monthly ground temperature profiles by depth for the
period 1959-69. During summer months, ground temperature close to the surface is higher
than the temperature at deeper levels, whereas it lowers during winter months. During January
average ground surface temperature is 5 °C, while at the depth of 300 cm it reaches 17 °C, i.e.
12 °C higher. On the other hand, during August average ground surface temperature climbs to
36 °C, while at the depth of 300 cm it is 21 °C, i.e. 15 °C lower. During March and October
the difference in ground temperatures is the lowest, about ±2 °C, due to transitional weather
conditions in these months.
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Figure 6: Period-average monthly ground temperature profiles up to 300 cm depth.
The range of ground temperature variation at various depths decreases with the increase
7
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of the depth and it is about 8 °C at the depth of 300 cm, while it is 31 °C on the surface. At
higher depths the range further decreases and ground temperature is expected to stabilize at a
certain depth and be independent of the weather conditions prevailing on the ground surface.
Measurements in Cyprus show that this depth is at about 8-10 m [14], while in one known
case in Greece [29] this depth is at about 15 m. For a precise determination of the depth at
which ground temperature at the specific site is stabilized, long term measurements of higher
depths are necessary.
3.6. Ground temperatures and air temperatures correlation analysis
In order to determine an analytic mathematical expression to facilitate estimation of
ground temperature using air temperature data a regression analysis was performed. In figures
7 and 8 the correlation between mean monthly ground temperatures at 180 cm and 300 cm
depths and air temperatures for the period 1959-1969 with least-square linear regression
curves are presented.
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Figure 7: Correlation curves for 180 cm depth and for the 6-month periods Ι. February –
July and ΙΙ. August – January.
Following previous findings [26,27] instead of one pattern between ground and air
temperature for the whole year values, two different 6-months patterns were applied, one for
the period from February to July, during which the ground is warming up, and one for the
period from August to December, when the ground is cooling. The relationship between Tg
and Ta shows very high values of the coefficient of determination, R², indicating that average
monthly ground and air temperatures fit very well to the 2nd degree polynomial curves which
were applied and can be seen in figures 7 and 8.

4.

CONCLUSIONS

Ground temperature is a physical parameter that shows daily, seasonal and yearly
variations, following air temperature variations. This variation is higher close to ground
surface and decreases at higher depths.
8
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Figure 8: Correlation curves at 300 cm depth and for the 6-month periods Ι. February – July
and ΙΙ. August – January.
Weather conditions affect ground temperature “lower and slower” as the depth is
getting higher, since the influence of all meteorological parameters is getting weaker and
finally disappears.
In the examined case the range of ground temperature is 50.40 °C for bare soil surface,
33.17 °C at depth of 30 cm, 28.40 °C at 60 cm depth, 21.83 °C at 120 cm, 15.70 °C at 180 cm
and 9.60 °C at 300 depth, while the range of air temperature is 40.42 °C.
Ground temperature, at the examined depths, changes with lags behind, regarding air
temperature variations. The delay for the average monthly maximum/minimum values is
about two months for the depth of 300 cm, for 180 cm it is about one month and a half, for
120 cm it is slightly less than one month and for 60 cm the delay is about half month.
The relation of ground temperature to the air temperature can be expressed with
analytical equations, which at lower depths can be a simple 1st degree trend equation for the
whole year, while at higher depths these can be two 2nd degree trend equations, one for the
period August to January, when the air temperature decreases, and one for February to July,
when the air temperature increases. In the cases presented the correlation is very high.
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ABSTRACT
The scope of this work is to present the performance of a small scale Multiple Effect
Distillation (MED) unit under various operating conditions and additionally to
investigate the time response of this unit whilst been potentially coupled to a
Concentrated Solar Power (CSP) plant. In order to achieve that, a four effect pilot
distillation unit was experimentally set up and developed and experimental studies were
carried out to evaluate the performance of the unit in terms of the total distillate product.
The performance of the unit was evaluated in terms of its Performance Ratio (PR),
defined as the ratio of the amount of distillate produced to the amount of steam
supplied. Influence of various parameters such as the feedwater rate, the feedwater
temperature, the steam flow rate and temperature and the number of effects were
examined.
The experimental findings presented as a function of the Performance Ratio of the unit
show that for a certain ratio between the inlet seawater flow and the heating steam flow
(heat input) there is a maximum of the system's performance. Particularly, for a
seawater flow to heating steam flow ratio of approximately 1.7 the PR of the single
effect system is about 0.7. This trend was kept constant for each effect that was added
into the system and finally the four effect unit had a P.R of about 2.7 the four effect unit
had a PR of about 2.7. The total distillate production for 10kWth input was 1m3 per day
and the specific energy consumption was calculated to be 220kWh/m3.
Apart from the steady state operation of the unit, its dynamic performance is of interest
due to the potentially coupling to a CSP plant. In order to examine this parameter, the
heat load provided to unit had a time variation, leading to transient operating conditions.
The time response of the unit under these transient operating conditions was evaluated
and so as the time order for the system to reached steady state conditions.
Introduction
Water is at the core of human development and, aside from direct consumption, it is
used in agriculture, energy production and various other industrial processes. However,
according to the World Bank, more than one sixth of the world's population does not
have access to safe drinking water (80% of whom live in rural areas) generating social
imbalance. UN projections show that by 2025, 2.8 billion people will face water stress
or water poverty conditions.
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According to the UN Food and Agriculture Organization (FAO) the limit for water
poverty is 1000m3/capita/year. Cyprus, as well as most of the Middle East and North
Africa (MENA) region countries, is well below this water poverty threshold. Climate
projections for the Mediterranean region predict an increase in both minimum and
maximum annual mean temperatures of 3oC, as well as a decrease in precipitation on
the order of 20% [1]. Taking into account that currently 300 million people live in the
MENA region, and that this number is expected to double by 2050, a severe stress is
imposed on the available fresh water resources and a bleak picture is painted for the
near future.
Cyprus in particular has experienced long periods of water scarcity throughout its
history [2] [3]. In recent years, this phenomenon occurs more frequently due to climate
change [4]. The shortage of drinking water is one of the biggest problems, due to
insufficient rainfall in the winter, the long lasting hot summers, and the unsustainable
rate of fresh water consumption. Furthermore, the observed and recorded climate
change over the past few past decades, especially in the Mediterranean region,
constitutes another significant factor contributing to the reduction of precipitation.
Additionally to that, many global and regional models predict a warming of several
degrees in the Mediterranean by the end of the 21st century, with the warming in the
summer being larger than the global average [5].
Although many techniques are available for supplying more water, such as wastewater
treatment and reuse, or brackish water treatment, a virtually unlimited water source
comes from the oceans and seas (out of 1.4 billion cubic kilometres of water that make
up the earth's water reserve, 97.6% is saltwater). Several seawater desalination
technologies have been developed, which can broadly be classified based on the
separation technique used into thermal and membrane processes. The former rely on an
evaporation process whereas the latter on a separation process through an appropriate
selective membrane.
Desalination is inherently an energy intensive process [6]. The minimum energy
required for desalination can be estimated theoretically from the thermodynamic work
for separation and is 1.12 kWh/m3, assuming an infinitesimal production of fresh water
from a 4.5% saline solution [7]. In real processes however, energy requirements in the
order of 3-3.5kWh/m3 (in the form of electricity) for reverse osmosis (RO) and 1830kWh/m3 (in the form of thermal energy and electricity) for multi-effect distillation
(MED) have been reported. It was estimated that the production of 1 million m3/day
requires 10 million tons of oil per year [8].
Due to high cost and adverse environmental impacts of conventional energy sources,
renewable energy sources have recently received increasing attention since their use in
desalination plants will reduce the consumption of fossil fuels and environmental
pollution.
The combined factors of the reduction of the level of the surface water resources and the
climate change have brought the fresh water resources to a critical point. The result of
these factors is a shift towards the desalination solution, which, although being proven
and technologically mature method, still requires large amounts of energy, produced in
its majority from conventional fossil-fuel burning power plants [9].
However, there is a clear relation between regions lacking fresh-water resources and
having high solar energy potential. Therefore, the present study follows the latest
research on coupling desalination processes to renewable energy sources and
specifically concentrated solar power [10] [11] [12] . The cogeneration of electricity and
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desalinated water by concentrated solar power technologies is an innovative approach
for solving the above problems of water scarcity and energy production from sources
that are not friendly to the environment [13].
The motivation for the present work arises from considering the current situation in
Cyprus, a situation that is not unique, rather several countries in the Middle East and
indeed around the world faces similar circumstances. The island relies almost
exclusively on imported fossil fuels to meet its electricity demand (to a rate of 91.9% in
2013) and has installed sufficient desalination capacity to cover all domestic freshwater
needs, at a huge financial and environmental cost. On the other hand, Cyprus enjoys
abundant solar energy, exceeding 1800kWh/m2/year, making it a highly promising
renewable energy resource for the country. The objective, therefore, of the present work
is to further understand the coupling of a Multiple Effect Distillation unit for seawater
desalination with a concentrated solar thermal power plant, addressing the need for a
secure and sustainable source for freshwater resources for the island.
Solar thermal cogeneration for electricity and water
In order to overcome the disadvantage of the large energy requirements of desalination,
large desalination units are linked either directly or indirectly to power production
plants. Whether the desalination is a thermally or electrical driven process, the most
suitable configuration is used in order to couple the unit with the power plant. For
instance, in case of a thermal process, the normal configuration used is the one where
the desalination unit is integrated to the plant using steam extracted from a conventional
Rankine cycle [14] for the energy input. Recently, the coupling of desalination
processes with renewable energy sources and in particular solar energy has received
increasing attention since there is an obvious relation between regions lacking freshwater resources and having high solar energy potential. Particularly when coupling
thermal desalination systems to concentrating solar power plants for electricity
production, the consensus in the studies is that they form a good match. Trieb and
Steinhagen, [15] summarizing the findings of the MED-CSP project, concluded that
seawater desalination based on concentrated solar power is one of the only ways for
providing secure, affordable and sustainable freshwater for the MENA region.
Papanicolas et al. [12] investigated the coupling of a MED plant to a heliostat-central
receiver CSP plant, concluding that the integration is a technically sound and
economically feasible solution for covering part of the electricity and water demand of
the region. Palenzuela et al. [10] compared the performance of a parabolic trough plant
with an integrated MED desalination unit vs. that of the parabolic trough plant and an
Reverse Osmosis (RO) plant, and found that under certain conditions the integrated
Parabolic Trough (PT) +MED plant is more efficient. However, despite the promising
suggestions of the mostly computational studies, no reports yet from operational
commercial plants integrating concentrating solar power and desalination are available.
The CSP-DSW study
The Cyprus Institute carried out from 2009-2012 an extensive technical and economic
study on the feasibility of an integrated plant for cogeneration of electricity and
Desalinated SeaWater (DSW) from a Concentrated Solar Power plant, the CSP-DSW
study, which motivated and set the foundations for the present work. A summary of the
main points of the study are reported here, borrowing heavily from the original report to
which the reader is referred to for more details.
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The study concluded that the heliostat-central receiver system is the most promising
technology for solar harvesting for the conditions in Cyprus. The energy harvested is to
be coupled directly to a thermal energy storage system employing molten salts. The
stored energy may then be used either for electricity production, or desalination, or both,
as shown schematically in Figure 1.
With an overall plant capacity in the 1-10MWe range considered in the study, a steam
based Rankine cycle was considered as the most mature option for electricity
production.
For the desalination cycle, both reverse osmosis and multiple effect distillation were
considered. As reported by other studies in the literature, both solutions are very close in
competition, in terms of energetic and economic requirements, and therefore both
present credible solutions for a stand-alone desalination system. However, for a
cogeneration scheme, MED has the advantage that it allows for tighter integration in the
overall plant and can use low-temperature heat from the power production, solar
collection, and storage systems, improving the overall thermodynamic efficiency of the
plant.
One of the recommendations of the CSP-DSW study was the construction of a
demonstration plant on a pilot scale (e.g. 1MWth scale), in order to test various critical
sub -systems, as well as the soundness of the integration concept. This pilot plant is
implemented in the Platform for Research Observation and Technological Applications
of Solar Energy (PROTEAS) Facility of The Cyprus Institute at Pentakomo [16].

Figure 1: Energy flow in the CSP_DSW study concept

Experimental set-up
A four-effect MED unit with a forward feed water configuration, as shown in Figure 2,
was constructed to evaluate the performance of a small-scale MED unit under low-flow
operating conditions [17]. The key components of the experimental set-up are the effect
vessel, the multi-phase heat exchanger, the final condenser, the vacuum pump and the
peristaltic pumps for extracting brine and distillate product. In order to minimize
thermal losses to the environment, the effects were thermally insulated.
The present implementation utilizes PHE as a more compact and efficient way to
transfer heat from the steam to the seawater, as opposed to the traditionally used shelland-tube heat exchangers. The steam will pass through the plates of the heat exchanger,
condense and return back to the boiler, while the saline water boils and thus evaporates.
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The water vapor is ported to the final condenser, in which it is cooled down by passing
cold water through the heat exchanger and it condenses into the distillate product.
To ensure that the heat released from the heating steam will be transferred to the saline
water, the condensation temperature of steam has to be higher than the boiling
temperature of the saline water. To achieve this, the saline water boiling point is
reduced by decreasing the pressure in the evaporator tank by a vacuum pump. The
remaining brine water is removed from the evaporator tank continuously via a peristaltic
pump.

Figure 2: Four stage MED schematic

Experimental process
The experimental process was as follows: initially, the effects were evacuated to remove
all non-condensable gasses and then steam and seawater were allowed to flow. The
start-up process lasted about one hour, during which time the temperature of the system
was gradually raised. Once a steady state was obtained, data acquisition commenced.
A typical run lasted between 20 and 30 min and consisted of recording effect
temperatures, pressures, flow rates and brine height level within the vessel.
Temperatures were recorded using type-K thermocouples that were previously
calibrated against a NIST traceable standard using an ice-point reference and an
immersion heater, to reduce their error to ±0.4°C in the 30–150°C range. Subsequently,
the parameter under investigation was varied and the process was repeated.
The aim during each run was to minimize the variation in flow properties and achieve a
steady production of distillate. A statistical analysis was performed over all data
samples gathered for a given run, and the variance and error were computed. A 95%
confidence interval was used reflecting a significance level of 0.05.
The steam generator employed had a cyclical variation in its output flow rate, attributed
to its temperature controller. This lead to a fairly large variance in steam flow rate (mst)
and thus, large variances in all related quantities. The fact that the steam flow rate
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variation does not affect the operation of the effect is an indication of the robustness of
the MED process [18].
Summary of the experimental findings
The best way to compare the experimental data obtained for single, two, three and four
effects distillation unit is to plot all the data together and identify the similarities or
differences that are observed. Thus, in Figure 3, we have plotted the PR of each case as
a function of seawater to steam flow rate for the same heat input condition Qe3.
The three curves representing the first three case studies (single, two, three), have a
maximum PR value at approximately the same value for seawater to steam flow rate
ratio (1.7) and the PR value is approximately the double for the two-effect units
compared with the single effect and has a triple value for the three-effect unit compared
with the single-effect one. Despite the fact that the curve observed for the four-effect
unit is not completed due to the absence of experimental points for higher seawater
flows, the fact that the last point is identified at the same value for all previous three
cases, strengthens our belief that this is the maximum of the curve and that for higher
value of seawater to steam flow rate the PR will start decreasing.
Another point that is worth mentioned is the maximum value of the PR and the value of
the seawater flow rate (msw) to steam flow rate (mst). The PR in this figure has a
maximum approximately at 2.8 for seawater to steam flow rate at 1.7 identifying that
this maximum has the fourfold value of the maximum price obtained at the first effect
for the same ratio of seawater to steam flow rate. Thus, we speculate that the seawater to
steam flow rate value of 1.7 is the crucial point where the curve was expected to have
the maximum of unit's performance and then start decreasing.
Lastly, via our experimental results, we assume that the shape of the curve is also
modified especially after the crucial point. Particularly, in the first effect, the PR value
is smoothly decreased as we increased the seawater flow rate in values higher than the
crucial point while in the other three effects, the PR value is significantly decreased for
seawater flow rates higher that the ones corresponding to the maximum.

Figure 3: The Performance Ratio of the unit as function of the seawater to the steam flow rate
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Additionally, as described in abstract, two of the objectives of this study were the
construction of a small scale four effect distillation unit and the experimental
investigation and characterization of the unit in terms of Performance Ratio (PR).
In Figure 4, the specific thermal energy consumption is plotted as a function of the
number of effects. As it can be seen, the curve has an exponential behavior, revealing
that as the number of effects is increased the thermal energy consumption of the unit is
dramatically decreased. This proves the usage of multiple effects in order to reuse the
additional heat for further production and decreasing the thermal energy consumption of
the unit.
Furthermore in Figure 5, the maximum PR of the unit is plotted as we progressively add
effects in the unit. As expected the PR increases almost linearly as we add effects, but
for higher number of additional effects the slope will start decreasing. As the number of
the effects is increased, there is additional evaporation due to the heat of vaporization
produced in the previous effect; therefore, there is more production of distillate product.
Assuming that there are no thermodynamic losses, each additional effect added to an
MED would generate the same amount of vapor as the previous effect, therefore, the PR
of the unit would increase by one, as linear curve predicts. In real conditions though, the
amount of steam generated by evaporation in every additional effect is less that the
amount in the previous one, due to the increase of latent heat of vaporization caused by
the decrease in the effect temperature. Therefore, the amount of vapor produced by
boiling is less than the amount of condensation steam used for heating in the next one.

Figure 4: The thermal specific energy consumption of the unit as a function of the number of effects
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Figure 5: The Performance Ratio as a function of the number of effects

Transient heat load experimental results
As it has been stated in the introduction of this paper, one of the objectives of this paper
was to examine the performance of the unit also in transient heat load conditions. One
of the biggest challenges in the cogeneration of electricity and desalination plants in the
time response of the unit in varying heat input conditions.
Therefore, the behavior of the unit was examined experimentally as the heat load varied.
The procedure followed was identical with the steady state procedure, but instead of
providing a constant heat load to the unit, the heat load varied and so as the intake
seawater flow rate in order to achieve steady state conditions.
Particularly, for the four effect unit, the variation in the steam flow rate and the seawater
flow rate are shown in Figure 6. The heat load was increased for 20%, from 0.22 l/m
(Qe1 =8.7kWth) to 0.26 l/m (Qe2 =10.2kWth) and the seawater flow rate was increased
for about 40%, representing an increase from 0.7 l/m to 1 l/m.

Figure 6: Varying steam and seawater flow rate for the four effect unit

311

Particularly, besides the behavior of the unit in transient heat load conditions, another
important parameter examined was the time needed for the unit to reach steady state
conditions. Therefore, for every additional effect added to the unit the time response
was also recorded. As it can be seen in Figure 7, the time for the single effect unit to get
to steady state was approximately 1000sec whilst for the four effect unit the time was
three times the initial time. Specifically, adding more effects to the unit slightly
decreases the time needed to reach steady state as it is projected in Figure 7.

Figure 7: Time needed for the unit to reach steady state conditions

Conclusions
The increasing global demand for freshwater coupled with limited availability of the
resource is driving the development of seawater desalination technologies. This comes
at a large financial and environmental cost, as the desalination process is highly energy
intensive, with the energy typically derived from fossil fuels. The clear relation between
water stressed regions and regions with abundant solar resource potential allows for the
coupling of a thermal distillation unit for seawater desalination with a concentrated solar
power plant.
The research efforts covered in the present thesis focus on understanding the behaviour
of a small-scale four-effect MED unit and its integration into a solar-thermal driven
plant for cogeneration of electricity and desalinated seawater, such as the Cyprus
Institute PROTEAS facility. The major findings are summarized below:
 A maximum PR is achieved for msw/ (mst N) =1.6-1.8.
 The maximum performance ratio of the single-effect was 0.7. It was observed
that for every additional effect added, the maximum PR also increased by about
0.7, resulting in a max PR for the four-effect unit of 2.7.
 The four-effect unit achieved a production of 1m3/day for a thermal input of
9.5kWth, corresponding to a specific energy consumption of 234kWh/m3, as
compared to 952kWh/m3for the single-effect unit.
 The four-effect unit required 3000 s to reach a new steady-state after a change in
thermal input.
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ABSTRACT
Concentrated solar thermal power is a very promising renewable energy source, and when
coupled with thermal energy storage is capable of providing large amounts of energy to offset the
use of fossil fuels for electricity generation. Cyprus has an abundant solar energy potential, and
therefore is in an optimal position to exploit this energy source. The heliostat field of the PROTEAS
research facility of The Cyprus Institute is the first implementation of CSP system based on central
receiver technology in Cyprus. The field consists of 50 heliostats, each with a reflective area of 5
m2. The annual energy yield of the field is evaluated and normalized assuming 24 hour operation, in
order to determine the annual average thermal energy power rating of the field. Assuming clear
skies, the field delivers approximately 40 kWth, whereas using more realistic DNI data, the field
delivers 30 kWth.
1

INTRODUCTION

Cyprus currently relies almost exclusively on imported fossil fuels to provide for her domestic
energy needs. Specifically, the energy mix is dominated by oil and petroleum products that
represented 94.9% of the gross energy consumption in 2012 [1]. The penetration of renewable
energy sources, particularly for electricity production, relies mostly on wind energy and
photovoltaics, which produce electricity intermittently and are not easily and/or economically
coupled with energy storage.
However, Cyprus enjoys abundant solar energy potential, with an annual direct normal
irradiance (DNI) exceeding 2000 kWh/m2/year in most locations. Therefore, the potential for use of
solar energy for providing a substantial fraction of the island’s energy is very high. A particularity
of Cyprus, being an island, is that it has an isolated power grid, therefore, the variation of the energy
produced through renewable sources such as solar and wind, cannot always be accommodated by
the grid, especially if the share of renewables is large. A renewable based solution combining
energy storage is thus highly desirable, as it would reduce the uncertainty in supply and allow for
baseload operation from renewable energy sources.
For Cyprus, concentrating solar thermal technologies are highly suitable, as they can easily
and economically be paired with thermal energy storage, while theoretically being capable of high
efficiencies due to their high operating temperatures. Solar thermal technologies for electricity
production include the parabolic dish, parabolic trough, linear Fresnel and central receiver systems.
Briefly, all aforementioned technologies employ large areas of mirrors to concentrate sunlight onto
a smaller receiver, resulting in elevated temperatures at the receiver. This energy is harvested and
converted into electricity via a heat engine, either directly at the receiver or at a later stage by
transferring the energy through a heat transfer fluid. Additionally, the heat can easily be stored,
reducing the influence of the variability of solar energy on the final produced energy.
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The Platform for Research, Observation and Technological Applications in Solar Energy
(PROTEAS) facility of The Cyprus Institute at Pentakomo hosts Cyprus’ first concentrating solar
power plant, a demonstration facility for the co-generation of electricity and desalinated seawater
from CSP [3],[4]. The facility uses the heliostat-central receiver technology for the solar energy
harvesting in combination with thermal energy storage in molten salts.
The present paper focuses on the heliostats and the heliostat field performance. Information
about the heliostats is presented, the field layout is documented, and the performance of the field is
simulated using Monte-Carlo ray tracing simulations to estimate the annual energy yield of the
heliostat field.
2

RAY TRACING

Principles of geometric optics are used as the basic tool in designing almost any optical
system. In ray tracing, an intuitive interpretation of a ray of solar radiation is used, roughly defined
as the path along which light energy travels. This light path interacts with various surfaces to either
be reflected or transmitted. A major part of the design and analysis of concentrating solar power
systems involves ray tracing, that is, following the paths of rays through a system of reflecting and
refracting surfaces.
When light is reflected from a smooth surface, it obeys the well-known law of reflection,
which states that the incident (R) and reflected (R”) rays make equal angles with the normal (N) to
the surface and that both rays and the normal lie in one plane [2], as shown in Figure 1, or :


  
R"  R  2( N  R ) N
(1)

Figure 1: Vector formulation of law of reflection [2].
Typically, a Monte-Carlo sampling approach is used to evaluate the optics of concentrating
solar power systems. A large number of randomly generated rays from the sun are traced through
the heliostat field to determine the energy reflected onto the target. As with any Monte-Carlo
system, the larger the number of rays simulated, the more accurate the results.
3

THE PROTEAS HELIOSTAT FIELD

3.1

The Heliostat

The heliostats utilized were designed by the Commonwealth Scientific Industrial and
Research Organization (CSIRO) in Australia and were built in Cyprus at the premises of The
Cyprus Institute. They consist of a single square mirror facet with reflective area of 5 m2, a support
frame, a pedestal, a concrete foundation, and two linear actuators to track the sun. The mirrors have
a parabolic curvature to further focus the sunlight. A schematic of the heliostat is given in Figure 2,
where the pedestal, heliostat frame, and actuators are discernable.
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As part of the quality control of the manufacturing process, each heliostat’s surface was
analyzed to determine the surface slope error. The average slope error for all heliostats
manufactured was 1.5 mrad.

Figure 2: Schematic of the CSIRO heliostat with the pedestal, primary and secondary actuators, and
frame visible.
3.2

The Heliostat Field

The CyI field consists of 50 heliostats, arranged in 5 rows and deployed on hilly terrain.
Concrete footings were constructed such that each row of heliostats had a constant elevation level.
The layout of the field is presented in Figure 3.

Figure 3: (left) Heliostat layout and coordinates, (right – top) Heliostat field layout on hilly terrain
and relative elevation of heliostat rows, (right – bottom) photograph of heliostat field.
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4

SIMULATION ASSUMPTIONS AND PARAMETERS

Several assumptions and parameters must be established before an estimation of the annual
energy yield of a heliostat field may be evaluated. In this section, these assumptions and parameters
are analyzed.
4.1

Direct normal irradiation

The direct normal irradiance is required to estimate the annual power yield of the heliostat
field. As no historical information on DNI is available for the specific location of Pentakomo, two
alternative methods for evaluating the DNI are employed. First, a clear sky radiation model,
developed by Hottel [8], is employed, allowing for an analytical calculation of the DNI values. As
an alternative, typical meteorological year data for Larnaca airport is also used, obtained from the
Meteonorm database distributed with TRNSYS software [7].
4.1.1 Hottel radiation model
The Hottel radiation model solves for the atmospheric transmittance using the equation:

  a 0  a1 exp(k / cos( z ))

(2)

Where z is the zenith angle of the sun, and
a0 = r0(0.4237-0.00821(6-A)2),
a1 = r1(0.5055+0.00595(6.5-A)2),
k = rk (0.2711+0.01858(2.5-A)2),
with A being the altitude in km, and the constants r0, r1, rk evaluated based on the climatic
conditions as indicated in Table 1.
Table 1: Constants for Hottel clear sky radiation model
climate type

r0

r1

rk

tropical

0.95

0.98

1.02

Mid-latitude summer

0.97

0.99

1.02

Subarctic summer

0.99

0.99

1.01

Mid-latitude winter

1.03

1.01

1

The incoming solar radiation for a particular day, N, is then estimated as:
G  G sc (1  0.033 cos( N / 365))

(3)

where Gsc = 1362 W/m2 is the solar constant and N is the day number (1 ≤ N ≤ 365). The DNI
may then be calculated as
DNI  I  

(4)

In the present, the mid-latitude summer climatic conditions where used and an altitude of 25
m was selected, as in the PROTEAS plant.
4.1.2 Typical meteorological year radiation data
DNI data for the operating hours of interest were extracted from the typical meteorological
year (TMY) data for Larnaca, Cyprus. Only on-the-hour data was extracted, and a linear variation
of DNI from hour to hour was assumed when performing the annual energy integration.
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4.2

Operating days and hours

An assumption as to the operating hours of the plant must also be made. As the objective of
the present study is to determine the maximum energy that can be delivered by the field, the
following assumptions are made:
 The plant has the same operating hours for the duration of a specific month, with
operating hours varying from month to month.
 The plant operates between whole hour increments from sunrise to sunset.
In order to help determine the operating hours, the sun paths for Pentakomo (34.7°N, 33.2°E)
are calculated and presented in Figure 4. From this figure, the operating hours are determined for
each month, as summarized in Table 2.

Figure 4: Sun paths for various Solar paths for Lat: = 34:7° and Long: = 33:2°. Solar paths for 1) 22
June, 2) 22 May and 23 July, 3) 20 Apr. and 23 Aug, 4) 20 Mar and 23 Sep, 5) 21 Feb and 23 Oct,
6) 19 Jan and 22 Nov and 7) 22 Dec. Paths throughout the year at a given hour are also plotted.
Table 2: Plant operating hours for each month.
Month

4.3

January

February

March

April

May

June

Days

31

28

31

30

31

30

Hours

8:00 - 16:00

8:00 - 17:00

8:00 - 17:00

7:00 - 18:00

6:00 - 18:00

6:00 - 18:00

Month

July

August

September

October

November

December

Days

31

31

30

31

30

31

Hours

6:00 - 18:00

6:00 - 18:00

7:00 - 17:00

7:00 - 17:00

8:00 - 16:00

8:00 - 16:00

The Receiver

The heliostats redirect the solar energy onto a receiver. The amount of energy that can be
harvested from the field is independent of the specific receiver geometry and efficiency. On the
other hand, the receiver aperture must typically be as small as possible, to achieve high
concentrations and reduce convective and radiative losses.
Therefore, instead of evaluating the energy delivered to an infinite imaginary plane coincident
with the receiver aperture, a fixed circular aperture of diameter 0.8 m is used. Two receiver
configurations are evaluated: Case A consists of a simple 0.8 m diameter circular aperture. Case B
consists of the same circular aperture but with a conical concentrator attached to it. The
concentrator has an initial diameter of 1.6 m and a final diameter of 0.8 m, with a width of 0.4 m. In
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both cases, the target aperture is angled downwards, so that the normal to the aperture makes a 10°
angle with the horizontal plane. The receiver configurations are illustrated in Figure 5.
4.4

Tonatiuh Ray Tracing Software

The Tonatiuh v.2.0.1 [5] Monte Carlo ray tracing software was used to model the PROTEAS
heliostat field. Tonatiuh is a freely distributed open-source ray tracing software developed by the
Spanish National Renewable Energy Center (CENER). It has been validated against other state-ofthe-art programs and is found to be in good agreement [6]. Its intended use is for concentrating solar
applications, and therefore is highly suitable for modeling central receiver systems.
In concentrating solar power applications, the energy distribution on the receiver depends,
amongst other factors, on the radial distribution of incident solar radiation, also referred to as
sunshape. Tonatiuh contains pre-defined libraries for sunshape, and in the present work the Buie
model [9] is employed.
Tonatiuh is capable of predicting several properties, while accounting for real optical
interactions such as shading and blocking. Of interest here is the total normalized power on the
receiver surface. Here, we refer to “normalized” power, as for the Tonatiuh simulations a DNI of 1
W/m2 was used, and the power was subsequently evaluated by multiplying the normalized power by
DNI.
A screenshot from Tonatiuh showing the implemented field layout and tower is shown in
Figure 6. For each simulation performed, a total of 1000000 rays was used for the simulation.

Figure 5: Receiver configurations for annual
energy yield calculations for the PROTEAS
field.

4.5

Figure 6: Implemented field layout in Tonatiuh.

Annual energy yield

The annual energy yield of the plant may be evaluated as the product of the DNI times the
total normalized energy flux incident on the receiver.
365 sunset

Q field 

  DNI  Pdt
1 sunrise

365  24  3600

(5)

In the present study, the daily energy integral of Eq. (5) is calculated for the plant operating
hours as indicated in Table 2, and the simple trapezoidal integration rule is applied to evaluate the
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daily energy yield. The annual power delivered to the receiver surface is then calculated by
summing the daily power on receiver over the year and dividing by the total number of seconds in
one year. Note that the annual energy reported is normalized on a 24-hour basis.
5

RESULTS

Using the Tonatiuh ray tracing software and the assumptions discussed in Sec. 4, the average
annual power of the field is evaluated. The calculation is performed for both receiver cases and for
both DNI cases. As expected, the clear sky radiation data results in a higher annual power for the
same receiver configuration. Additionally, the receiver of Case B with the concentrator results in
higher energy captured, as the concentrator serves to capture some of the energy that would
otherwise be lost due to spillage. Results are summarized in Table 3.
Table 3: Summary of average annual power calculations, in kWth.
Clear Sky DNI

DNI from TMY

Available power

68.759

49.937

Case A: Aperture

39.345

27.542

Case B: Aperture + Concentrator

43.025

29.892

Additionally, the daily distribution of power on the receiver may be extracted from the
calculations performed. The power on the receiver is plotted in Figure 7 for the summer and winter
solstice (June 22 and Dec 23, respectively). In fact, the TMY data for both days seems to
correspond to a fairly cloudless day, as the DNI follows the expected clear sky distribution.

Figure 7: Field power yield: (left) for June 22 and (right) for Dec 23. Blue lines use the clear sky
DNI whereas red lines use the DNI from the typical meteorological year. The DNI from the TMY
data for each case is shown with the black line.
It is useful to compare the power on the receiver with the available power, to estimate the
efficiency of the field itself. The available power to the field may also be evaluated by Eq. (5), if P
is replaced with the total reflective area of the heliostat field, e.g. 250 m2. This calculation is
repeated for both sets of DNI data and results are given in Table 3. From this, the field efficiency
may be roughly estimated at ~60%. This efficiency lumps the reflectivity, optical errors due to
surface slope error, shading and blocking losses, cosine factor, attenuation and spillage, however it
is not possible with the present simulations to attribute quantities to each factor.
The results indicate that the maximum power on the receiver is on the order of 160 kWth. Due
to the fact that the elevation of the sun is lower in the winter months, and that the field is placed on
a slope with the last row having a larger elevation than the first row, in the winter the heliostats at
the back of the field become more efficient. As a result, the field peak performance remains fairly
constant throughout the year.

321

6

SUMMARY AND CONCLUSIONS

In this paper the heliostat field of the PROTEAS facility of The Cyprus Institute is presented
and its performance is analyzed using the Tonatiuh Monte-Carlo ray tracing software. The field
contains 50 heliostats arranged in 5 rows, each with a reflective area of 5 m2. The field was
simulated for every day of the year, and for several hours during the duration of the day. Two
receiver geometries were simulated, with and without a conical concentrator.
Each simulation run produced an estimate of the total power on the receiver at the time of the
simulation. An integration of the total power on the receiver over the duration of the year resulted in
the annual energy redirected by the field to the receiver aperture plane. This quantity was then
normalized on a 24-hour basis, to result in the annual averaged power on the receiver.
Assuming clear skies, the field delivers approximately 40 kWth, whereas using more realistic
DNI data, the field delivers 30 kWth. The field performance in terms of peak power delivered to the
receiver remains fairly constant throughout the year, at 160 kWth. The field efficiency is ~60%.
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ABSTRACT
Buildings account for 40% of energy consumption and 36% of CO2 emissions in the EU,
therefore demonstrate a high potential for energy savings. To reach the 2050 targets, large scale
renovations towards nearly Zero Energy (nZE) are at the forefront of the EU policies. The European
Directive on the Energy Performance of Buildings (2010/31/EU, EPBD recast) mandates that all
new buildings should be nearly Zero Energy Buildings (nZEB) after the end of 2020, while for new
public buildings this applies sooner, from the 1st of January 2019. At the same time, Member States
should develop policies and take measures such as the setting of numeric targets and supporting
mechanisms in order to stimulate the transformation of buildings into nZEB.
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Accommodation represents about 21% of total tourism sector CO2 emissions. In this light, the
neZEH - "nearly Zero Energy Hotels" initiative, co-funded by the Intelligent Energy Europe
Programme of the European Commission, aims at accelerating the rate of the refurbishment of
existing hotels - representing 90% of the EU hospitality industry - into nZEB. This is achieved by
providing technical advice to committed hoteliers, demonstrating the feasibility of investments
towards nZE, undertaking training and capacity building activities and promoting front-runner
hotels at national, regional and EU level, to increase their market visibility and to inspire a second
wave of neZEH projects.
This paper presents the results from 16 pilot hotel projects in 7 European countries (Croatia,
France, Greece, Italy, Romania, Spain and Sweden) that are working towards transforming into
nZEB. The process consists of four steps: i) an energy audit, assessing the current energy status and
suggesting appropriate energy efficiency and renewable energy measures ii) a feasibility study and
rollout plan, iii) tendering, contracting and financing the renovation project and iv) training of
management and staff. A ranking tool has been developed that prioritize potential measures for
hotels with the input of country, region and hotel type. The overall average primary energy
reduction for the 16 pilot hotels reaches to 56% whereas RES share reaches to 41%. The
preliminary estimation of the positive impacts from nZEB investments in the accommodation sector
by the end of 2020, triggered by the neZEH activities, assumes cumulative primary energy savings
of 47,000 toe/y, renewable energy production of 7,000 toe/y, 93,000 tCO2eq/y GHG emissions
avoided, while the cumulative investment is estimated to 160 Μ€.
1

INTRODUCTION

Buildings account for 40% of total energy consumption and 36% of CO2 emissions in the EU
[1], having a large potential for energy saving. Hotels and other accommodation buildings are
responsible for 21% of total GHG emissions of the tourism sector [2]. In order for the EU to reach
its 2050 energy efficiency targets, large scale building renovations towards nZE, will be at the
forefront of its energy policy. The European Directive on the Energy Performance of Buildings
(2010/31/EU recast, EPBD), mandates that Member States shall ensure that: (i) by 31 December
2020, all new buildings are nZEB and (ii) after 31 December 2018, new public buildings are nZEB
[3]. The Member States, following the leading example of the public sector, should develop policies
and take measures, such as the setting of targets and funding tools, to stimulate the transformation
of buildings into nZEB. Additionally, the Energy Efficiency Directive (2012/27/EU, EED)
establishes a set of binding measures to support the EU in meeting the 20% energy efficiency target
by 2020 [4].

Figure 1: Timeline of nZEB policy implementation in the EU
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According to the EPBD, an nZEB is a building that has a very high energy performance; the
nearly zero or very low amount of energy required should be covered to a very significant extent by
energy from Renewable sources (RES), including energy from renewable sources produced on-site
or nearby.
National legislation should answer to questions such as "what is the nearly zero amount of
energy" or "how much should be the RES share", as well as other technical issues and include
numerical indicators. According to recent reports [5], 16 Member States have already legally set
nZEB numerical definitions for some building types, out of which 9 have also numerical definitions
for refurbished buildings.
Table 1 nZEB numerical definitions for refurbished buildings in the Member States
Country
Austria
BelgiumBrussels
Cyprus
Czech
Republic
Denmark
France
Latvia
Lithuania

Primary energy use indicator for new
buildings (kWh/m2/y)
Residential
Non-residential
160
170

Primary energy use indicator for
refurbished buildings (kWh/m2/y)
Residential
Non-residential
200
250
54
~108 [a]

45

~90 [a]

100

125

As for new buildings

75-80% [a,c]

90% [c]

As for new buildings

20
25
40-65 [a,b]
70-110 [a,b]
95
95
comply with class A++

As for new buildings
80 [b]
60% PE [a]
As for new buildings
As for new buildings

[a] Depending on the reference building; [b] Depending on the location; [c] Maximum primary energy
consumption defined as a percentage of the primary energy consumption (PE) of a reference building. In the
Czech Republic, the non-renewable primary energy is considered instead of the primary energy.

The energy performance of a building is determined on the basis of the calculated or actual
annual energy that is consumed in order to meet the different needs associated with its typical use
and reflects the heating and cooling energy needs to maintain the envisaged temperature conditions
of the building, and domestic hot water (DHW) needs.

Figure 2: Energy flows in a hotel building
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Hotel buildings, however, feature some special characteristics that inevitably are taken
account when planning an energy renovation:
a) Seasonal operation on many occasions. Many hotels, especially coastal, operate only during
spring/summer months whereas the hotels that stay open all year round have high and low seasons,
causing a fluctuation in their energy demand.
b) A large share of their energy demand is consumed for functions that are not associated with
the building's typical use, but have to do with additional services provided to their guests, such as
spa, pools, gym, etc. These functions are tightly connected with their guests' comfort and
expectations, thus critical for their business competitiveness and sustainability. Data from Spanish
hotels indicate that energy consumption for additional services can reach up to 35% of the total
consumed energy1.
The European initiative Nearly Zero Energy Hotels – neZEH (www.nezeh.eu), aims at
accelerating the rate of the refurbishment of existing hotels to become nZEB. The main target group
is SME hotels, which represent 90% of the European hospitality market and are usually more
reluctant to commit to energy saving measures and the use of renewable energies [6,7]. The pillars
of the project methodology are:
• providing technical advice to committed hotel owners
• demonstrating the profitability, feasibility and sustainability of investments towards nZE
• undertaking training and capacity building activities
• promoting front runners at national, regional and EU level to increase their market visibility.
2

NEARLY ZERO ENERGY PILOT HOTELS

In the frame of the neZEH initiative, 16 pilot hotels in 7 EU countries (Croatia, France,
Greece, Italy, Romania, Spain and Sweden) spread out to 5 European climate zones [8], follow a
refurbishment plan to become nearly Zero Energy Hotels. Limited nZEB demonstrations in the
accommodation sector at EU level make these pilot hotels frontrunners to inspire and drive
replications.
A robust work plan was applied for their implementation, consisting of four steps: i) an
energy audit ii) a feasibility study and rollout plan, iii) tendering, contracting and financing
alternatives and iv) training of management and staff.
The energy audits assessed the current energy status of the hotels and provided
recommendations for appropriate energy efficiency and RES measures in order to reach the neZEH
status, while roughly estimating the financial cost and gains. An initial difficulty faced, was the lack
of official nZEB numerical definitions in the target countries, in order to set primary energy use and
RES targets for the pilot hotels. To counter this, benchmarks for nZE hotels were introduced, based
on already existing definitions in other countries [9]. The benchmarks concerned only the hosting
functions of hotels i.e. the standard zones of a hotel where standard indoor environmental
conditions need to be met, including the reception hall, guests’ rooms, all common areas (restaurant,
bar, sitting rooms, meeting rooms) and offices. Non-hosting functions are additional facilities that
may be provided by the hotel, such as kitchen, laundry, swimming pool, spa, sauna, gym. Technical
rooms, garages or similar places not heated, cooled or ventilated are not included in any case. In the
neZEH pilot hotels, the energy balances for both hosting and non-hosting functions were calculated
separately, where possible.
Overall, for all 16 pilot hotels, the primary energy use for the whole building will be
decreased from an average of 325 to an average of 142 kWh/m2/y by applying the measures
identified in the energy audits; that is an average decrease of 56%. At the same time, RES share will
go up from an average of 15% to an average of 41%. For hosting functions, this number comes
1

Balantia-Creara: Raw data from more than 50 energy audits in hotels all over Spain in the period of 2010-2013.
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down from an average of 259 to an average of 99 kWh/m2/y -a reduction of 62%- while RES share
can be increased from an average of 18% to an average of 53%. The total emissions avoided are
estimated to 2,444 tCO2eq/y.
Projections for 2020 about nZEB investments in the accommodation sector, triggered the
neZEH activities, assume cumulative primary energy savings to reach 47,000 toe/y, renewable
energy production to 7,000 toe/y, 93,000 tCO2eq/y GHG emissions avoided, while the cumulative
investment is estimated to 165 Μ€.
Below, three pilot hotel case studies are further analysed; Tables 2, 3 and 4 present the
measures proposed for these hotels to become neZEH.
2.1

Pilot hotel case study in Greece

This particular case study is a Mediterranean 5 star coastal resort hotel, composed of 15
buildings in total. The hotel has already made important steps towards becoming more energy
efficient, operating under ISO14001:2004 and being certified with Travelife Gold. The investment
to achieve the neZEH benchmarks reaches to € 1,095,000 and with savings of 65% for the hosting
functions, the payback is estimated to 10 years (could be significantly reduced applying appropriate
funding/supporting mechanisms).
Table 2 Energy efficiency measures for pilot hotel in Greece
Measure
Installation of central heat pumps for cooling and
DHW
Photovoltaic modules for electricity generation
Facade insulation with thermal envelope and
double glazing windows
Solar panels expansion and indoor pool coverage
Outdoor redesign for better microclimate

2.2

Investment (€)

Savings (%)

Payback (y)

300,000

36

5.4

300,000

13

6.0

350,000

8

20.0

120,000
25,000

5
4

10.0
4.1

Pilot hotel case study Spain

The refurbishment plan for this rural eco-resort in Vizcaya, Spain suggests a reduction of
primary energy use by 47% and RES share of 85% for the hosting functions. The overall investment
will be about € 306,000, while payback is estimated to 8 years.
Table 3 Energy efficiency measures for pilot hotel in Spain
Measure
Change inefficient lighting to LED
Install a photovoltaic system
Install a district heating system with biomass
Install flow reducers on showers
Other measures (building insulation, pipelines
insulation, presence detectors etc.)

2.3

Investment (€)
15,600
40,500
89,000
800

Savings (%)
3.0
15.0
1.0
7.5

Payback (y)
7.5
0.5
5.1
0.3

160,000

14.5

21

Pilot hotel case study in Romania

In Brasov, Romania, an urban 4 star business hotel needs to reduce its primary energy use for
the hosting functions by 73% and increase RES share to 37%. The investment reaches to €414,389
with an estimated payback of 10.5 years. Part of the investment (LED, solar collectors) will be
undertaken by an Energy Service Company (ESCO).
Table 5 shows the overall data for these three hotels. It becomes evident that the non-hosting
functions are particularly energy intensive, which means that they should not be excluded when
planning an energy renovation.
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Table 4 Energy efficiency measures for pilot hotel in Romania
Measure
Change inefficient lighting to LED technology
Smart sensors on Lighting circuits
Fan coils
Install and actively use BΕMS
Envelope improvements and stop air leaks
Solar collectors
Install a photovoltaic system
Exchange energy source in laundry facility

Investment (€)
13,072
2,176
28,704
108,067
81,253
67,149
109,120
4,848

Savings (%)
3.7
0.1
4.5
2.6
35.0
17.6
12.0
-

Payback (y)
3.7
7.3
8.6
8.9
9.5
8.4
13.7
0.8

Table 5 Refurbishment plan data for three neZEH pilot hotels
Location
Climate Zone
Hotel category
Hotel type
Period of operation
Average occupancy during months of operation (%)
Offered facilities
BEFORE
Primary energy use, whole building (kWh/m2/y)
Primary energy use, hosting functions (kWh/m2/y)
Primary energy use, non-hosting functions (kWh/m2/y)
RES share, hosting functions (%)
AFTER PROPOSED REFURBISHMENT
Primary energy use, whole building (kWh/m2/y)
Primary energy use, hosting functions (kWh/m2/y)
Primary energy use, non-hosting functions (kWh/m2/y)
RES share, hosting functions (%)
Emissions avoided (tCO2eq/y)

3

Hotel in Greece
Crete
1
Coastal
Resort
Apr-Oct
78%
pools, bars,
restaurants,
conference room

Hotel in Spain
Vizcaya
4
Rural
Resort
All year
22%

Hotel in Romania
Brasov
3
Urban
Business
All year
70%

spa, pool, shrine
room

restaurant,
conference room

281
250
293
26

202
181
226
0

470
379
1258
0

91
88
110
60
869.8

127
96
162
85
93.5

115
99
470
37
207.8

RANKING OF ENERGY EFFICIENCY AND RES MEASURES

Achieving nZEB targets in an existing hotel can be a long-term procedure and above all, it
requires strong motivation and a clear commitment by the management and staff. The possible
measures can be classified into the following categories:
• Energy management
• Reducing heating and cooling demand
• Equipment efficiency
• System efficiency
• Renewable Energy Sources
User behaviour is also a critical parameter for the success of energy efficiency interventions;
not taking it into account will result in less effective measures than what was originally planned.
Training of both staff and management of the hotel, as well as informing clients, must definitely be
included in any plan for energy renovation.
A deep refurbishment may not be the most appropriate solution in some cases; in these cases,
a step-by-step approach can be adopted. Given the current financing barriers in many EU countries,
small but carefully designed renovation steps can achieve significant energy efficiency gains in the
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long term. As the measures are applied gradually, the financial risk of a large investment is reduced,
and the money saved by the implementation of a measure can be used to implement a next one.
In Tables 6-10, measures appropriate for hotels being refurbished into nZEBs, are ranked
according to the size of investment required and the possible energy saving that can be achieved
[10]. It has to be noted that the cost and savings depend highly on the type of building, its age, the
energy uses, the quality of construction, the existing systems, the climatic conditions and other
parameters. The real picture can only be given by a techno-economic study for a specific building
and conditions, performed by professionals.
Table 6 Ranking of energy management measures
Measure
Energy use monitoring
Building Energy Management System (BEMS)
Energy audit
ISO 50001
EU Ecolabel
Staff training
Information to guests

Ranking
size of investment
Low
Medium
High








by
potential energy savings
Low
Medium
High








Table 7 Ranking of measures for reducing heating and cooling demands
Measure
Windows changing
Building insulation
Building envelope air tightness
Installation of sun shading devices
Exterior works to improve summer comfort
(green roof, trees, etc.)

Ranking by
potential energy savings
size of investment
Low
Medium
High
Low
Medium
High












Table 8 Ranking of equipment efficiency measures
Measure
Energy saving light bulbs
Electrical appliances with higher energy
efficiency rating
Efficient solutions for active space cooling
High efficiency boilers
Micro CHP
Water saving taps (to reduce DHW consumption)
Low temperature heating

Ranking by
size of investment
potential energy savings
Low
Medium
High
Low
Medium
High




















Table 9 Ranking of system efficiency measures
Measure
Key card systems
Lighting controls
Thermal insulation of boilers, DHW tanks and
pipes

Ranking by
size of investment
potential energy savings
Low
Medium
High
Low
Medium
High
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Balancing of heating, cooling and airconditioning systems
Regulation of space heating and cooling
Utilize waste heat of chiller
Hybrid ventilation system
Utilize waste heat of chiller
















Table 10 Ranking of renewable energy systems measures
Measure
Geothermal energy (heat pump)
Aerothermal energy (heat pump)
Hydrothermal energy (heat pump)
Solar powered absorption chiller
Micro hydropower
Small scale wind turbines
Biomass boiler
Solar thermal
Photovoltaics

Ranking by
size of investment
potential energy savings
Low
Medium
High
Low
Medium
High



















Further to this experts’ opinion-based ranking, an online neZEH e-tool is developed, to
support decision-making and motivate hoteliers wanting to refurbish their hotels to nZEB. The etool benchmarks the hotel’s current energy performance and provides suggestions for energy
efficiency measures. The tool is based on the previously developed HES e-toolkit [11] and it is
being upgraded to include the neZEH project approach and findings. Indented to be used by the
hoteliers themselves, it will facilitate the ranking of energy efficiency measures for different types
of hotels aiming to reach nZEB status at the country level, taking into account local parameters,
such as prices and climate. The ranking is based mainly on four parameters (size of the financial
investment, profitability, potential energy saving, European climate zones). It includes a list of
energy efficiency measures which are modelled independently and with the help of a typical energy
savings database. Climatic data are incorporated (heating and cooling degree days for the 28
Member States, heating and cooling needs, etc.), as well as correction factors to incorporate
potential energy savings percentage (%) depending on the climate zone where a country lies in.
4

CONCLUSION

The neZEH pilot hotels aim to demonstrate the feasibility of investments towards nZE in the
accommodation sector. Today, such investments are both technically and economically feasible.
There are however certain barriers, especially for SME hotels, who cannot acquire easy access to
financing. Appropriate supporting measures are still needed for large scale renovation projects.
There are also hotel cases where a step-by-step approach might be more appropriate and help them
achieve significant energy efficiency gains in the long term.
The results from the 16 neZEH pilot hotels in 7 EU countries, indicate that an average 62%
reduction in the primary energy use for the hosting functions of hotels can be achieved (from an
average of 259 to an average of 99 kWh/m2/y), while RES share can be increased from 18% to
53%. Total emissions avoided are estimated to 2,444 tCO2eq/y.
The 16 neZEH pilot projects, in Greece, Croatia, France, Italy, Romania, Spain and Sweden,
will stand out as “real life” lighthouse examples in Europe and inspire other hotel owners to invest
in high energy performance refurbishments, including large share of their energy needs covered by
on-site or nearby renewable energy as requested by the EPBD recast and EED European Directives.
It is projected that by the end of 2020, nZEB investments in the accommodation sector
triggered by the neZEH activities, will result in cumulative primary energy savings of 47,000 toe/y,
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renewable energy production of 7,000 toe/y, 93,000 tCO2eq/y GHG emissions avoided, while the
cumulative investment is estimated to 160 Μ€.
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ABSTRACT
Energy efficiency (EE) is broadly accepted as the primary energy resource for the European
Union, being competitive, cost effective, and widely available. However, financial barriers are
commonly reported as the main obstacle to realizing the full potential of energy efficiency projects.
This is especially true for Small and Medium Enterprises (SMEs) in the tertiary sector, which often
presents a high potential for energy efficiency; budget limitations in combination with the current
economic stagnation, often block the realization of energy saving measures. Although energy
consumption in the tertiary sector has decreased globally since 2003, in Southern European
countries an increasing trend in electricity consumption has been verified.
In this context, Trust EPC South aims to scale up investments in EE and renewable energy
sources (RES) technologies in the private tertiary sector of Southern European countries, with
particular focus on Energy Performance Contracts (EPC) projects. This objective will be achieved
through the development of an ad hoc investment assessment and benchmarking framework
building upon an established real estate assessment tool (Green Rating™) and supported by the
organization of tailored capacity building activities that will allow project developers (including
ESCOs and other EPC providers) and private tertiary sector actors to more easily access third party
financing, thus unlocking the large tertiary sector EE and RES market potential.
National Discussion Platforms were set up, leading to the identification of national roadmaps
addressing mechanisms for mitigation of policy, legal, and especially financial barriers. The
benchmarking framework and the Trust EPC methodology will be tested in pilot projects with
lighthouse significance; this testing phase will serve to the scope of both generating bankable
projects and allowing for further adaptation of the investment standardisation and benchmarking
framework.
The project, funded by the European Union’s Horizon 2020 Research and Innovation
Programme, is carried out in 6 countries (Portugal, Spain, France, Italy, Croatia and Greece) and the
results will eventually be extended to the Balkans area.
The current paper presents the findings of the survey about the Energy Efficiency market and
the Energy Performance Contracting (EPC) development and potential in Greece, conducted in the
frame of the Trust EPC South by analysing official reports and by interviewing stakeholders of the
full chain; EPC providers, beneficiaries (clients) and financial institutions. The study maps the
financing and regulatory frameworks and identifies the market barriers as well as potential
solutions.
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1

INTRODUCTION

The Trust EPC South project (www.trustepc.eu), financed by the European Union’s Horizon
2020 programme, aims to unleash the tertiary sector market potential for energy efficiency
investments in Southern Europe by developing a new investment assessment instrument backed by
an established building rating methodology (Green Rating™). Such instrument shall support energy
service companies (EPC providers and facilitators), financing institutions and tertiary market actors
thanks to the application of a standardised methodology to the investment assessment and decision
processes, ultimately allowing reducing barriers to energy efficiency investments.
Trust EPC South pursues its ambitious objectives in Portugal, Spain, France, Italy, Croatia
and Greece. The development steps include:
(i) National markets mapping to analyse the potential for sustainable energy investments in the
tertiary sector and to identify suitable financial mechanisms and solutions addressing the EPC
market barriers in each country;
(ii) Setting up national discussion platforms involving the stakeholder groups, leading to the
discussion of national roadmaps addressing regulatory and financial barriers;
(iii) Developing the solutions by setting up an investment standardisation and benchmarking
framework to build trust in the financing side;
(iv) Testing and fine-tuning the designed solutions in several pilot projects;
(v) Implementing targeted capacity building and matchmaking activities for financing institutions,
investor groups, certification bodies, the energy efficiency services sector, tertiary sector actors,
public authorities and policy makers;
(vi) Ensuring the international dissemination and replication of project results after the project’s
conclusion through an exploitation plan and a pipeline of new projects.
This paper provides an overview of the insight on the current Energy Efficiency and the Energy
Performance Contracting (EPC) market in the tertiary sector in Greece, identifies the main
roadblocks and the market potential and records the perception and recommendations of the
involved parts (EPC providers, EPC beneficiaries/ ”clients” and the financing sector.
The final energy consumption in Greece has shown a significant reduction of 30.5% over the
period 2007-2013 as the result of both the implementation of energy saving measures and the
impact of the economic downturn in the Greek economy during the period. Total final energy
consumption in 2012 amounted to 17.1 Mtoe (199.2 TWh) and 15.3 Mtoe in 2013[1].
The services (tertiary) sector reached about 1.8 Mtoe in 2013 and accounts for 12% of the final
energy consumption in Greece (Figure 1) presenting an increased share over the latest years.

Services
12%

Agriculture Other
2%
2%

Industry
18%

Households
25%
Transport
41%

1
EU Commission, Energy statistics, Energy datasheets: https://ec.europa.eu/energy/en/statistics/country,
accessed Nov 2015
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Figure 1: Final energy consumption by sector in 2013
The EPC market in Greece is at an early stage; EPC projects are limited, often as pilots
through EU/national funded projects focusing on schools, local administrations, healthcare facilities
and hotels, while a few projects are implemented in the industry; mainly including RES solutions
combined with the building energy efficiency (building shell and equipment).
The market uptake has been delayed mainly due to the financial crisis and market uncertainty.
Technical and financial risks are perceived as high and banks are reluctant to finance projects due to
their smaller size. During the recent years, the number of initiating projects seems to increase. A
regeneration of the market is expected due to positive legislative changes. A number of measures
are adopted by the State to achieve the 2020 target, mainly focusing on households and the public
sector; one of them is dedicated to the energy upgrade of commercial buildings by the Energy
Service Companies.
The total energy savings target set for 2020 is 3,332.7 toes (38.8 TWh), according to the
National Energy Efficiency Action Plan (Dec 2014) [2]; the potential energy saving for the private
tertiary sector is estimated at 5.942 TWh by 2020.
2

METHODOLOGY

Data were collected analysing official reports, databases, surveys and EU projects results
along with interviews conducted with the key stakeholder groups involved in the EPC value chain.
The interviewed actors provided their perspective, their perception about the market potential and
roadblocks and their recommendation for potential solutions. In total, 30 EPC providers/facilitators,
37 beneficiaries/potential “clients” and 16 financial actors were contacted in person.
A structured interview guide was followed and total 42 interviews were fulfilled by 18 EPC
providers/facilitators (Figure 2), 17 potential EPC beneficiaries (representing hotels, hospitals, sport
facilities, schools, commercial buildings, supermarkets) (Figure 3) and 7 financial actors (banks,
energy cooperatives, real estate investors).

Energy
Providers
17%

Consulting
6%

Energy
Services
44%

Engineering
33%

Figure 2: Type of EPC providers/facilitators interviewed

2

BUILD UP Skills publications -Second Energy Efficiency Action Plan 2011
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Sport Facilities
13%
Store/Commercial
building
13%

Hotel
37%

Offices
19%
Hospital/Clinic
12%

School/Educational
6%

Figure 3: Type of companies interviewed
3
3.1

RESULTS
Tertiary sector in Greece - Potential and savings

The services (tertiary) sector accounts for 12% of the final energy consumption in Greece
(1.8 Mtoe in 2013). The main characteristics of the sector as concerns the building stock and energy
features are summarised:
 Offices/stores are the main market segment in terms of floor area, number of buildings and
energy consumption followed by hotels, schools and hospitals [4], [5], [6].
 74.9% of the tertiary sector’s building stock have a private owner.
 Over half of the tertiary sector’s buildings were constructed before 1980, providing
opportunities for energy efficiency interventions [3].
 Electricity (71%) and oil (21%) are the main energy sources in the tertiary sector in descending
order of importance, followed by natural gas (6%) and RES (2%) [4].
 Amongst the different building types in the tertiary sector, hospitals are the highest energy
consumers per unit area (kWh/m2) followed by commercial stores and offices; schools have the
lowest energy consumption [7].
 Lighting, heating and cooling, almost equivalently are the main energy cost for this sector.
 An overview of the most important energy efficiency measures, related to the tertiary sector is
outlined in Table 2.
Table 2 Overview of energy efficiency measures in the tertiary sector

Energy upgrade of
commercial buildings

Energy upgrade of
commercial buildings
through Energy Service
Companies









Energy upgrade of the building envelope/electro-mechanical
installations.
Upgrade of the natural/ artificial lighting system
Installing an energy management system
Installing systems for Cogeneration of Heat and Power
Improving energy efficiency in energy-intensive facilities and
infrastructure as well as in entirely disadvantaged areas
Constructing energy-efficient buildings
Energy planning of outdoor spaces
Integrating the best energy generation technologies as
appropriate, meeting future demands for low-energy and low-
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emission buildings

The potential energy saving in the private tertiary sector by 2020 is estimated at 1.437– 5.942
TWh (basic – optimistic scenarios). The investment costs in EE/RES interventions by 2020 are
estimated million at 2,100 - 3,200 €.
In order to simulate the energy saving sectorial market of the existing building stock, the
following baseline data and assumptions were taken into account and medium-term, the potential
annual EPC market is estimated between 300-450 M€ (Table 3).
Table 3 Estimation of the annual energy efficiency market potential for the tertiary sector in
Greece (M€)

Office/
Commercial (stores)
Hotels
Educational/
Research
Health
Total

3.2

Scenario 1:
Average energy savings 20%

Scenario 2:
Average energy savings 30%

195,698

293,546

70,661

105,992

18,872

28,308

18,527

27,791

303,758

455,637

EPC–Supply side

The EPC market in Greece is at an early stage. The operating companies are in the field of
engineering, energy services and RES installation, energy supply/utilities and consulting. The
energy service market is mainly focused on the industrial and tertiary sectors. Although there are a
number of EPC projects in the pipeline, few contracts have been signed till now.
An official registry for companies offering energy services was established in 2013, by the
Ministry of Environment, Energy and Climate Change, that counts 39 registered companies (Nov
15); half of them registered during the last year, not all of them have actual EPC projects
implemented or running.
Within the scope of the Trust EPC South, 30 EPC providers/facilitators have been contacted
in Greece; 18 have fulfilled a structured interview.
 64% of them entered the EPC market only the last 3 years, since 2013. The majority are
companies providing energy and engineering services operating with less than 19 employees.
 2 out of three of the interviewed companies are involved already in RES installation activities
and more than 1 out of 2 in energy audits.
 85% of their customers are from the tertiary sector. 70% of them are private.
 Most EPC projects have a duration between 2 and 8 years; the most common method of
financing is self-financing.
 Guarantee savings, shared savings are the EPC type of contracts mainly encountered; also
common in energy projects are the predetermined fee contracts and the equipment leasing
contracts (payments matching the energy saving).
 EPC providers use a variety of specialised software to calculate energy consumption and
demonstrate energy savings; 17% reported the use of a benchmarking method.
 Hotels, private offices, stores and hospitals are perceived as the most interesting segments of
the tertiary sector, by the EPC market actors.
 Roof insulation is the most common measure (60%) with regard to the building envelope
interventions. When it comes to Heating Ventilation Air Conditioning (HVAC), lighting,
Energy Management Systems (EMS) and automatic controls are the most common measures.
The most common RES applications are PVs for electricity production, solar collectors for
domestic hot water production and heat pumps.
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The EPC providers / facilitators interviewed consider that the main considerations of potential
EPC clients are:
 the economic uncertainty,
 the difficulties to access financing,
 the scarcity of flagship projects,
 the shortage of supporting regulatory frameworks from the state,
 the lack of credible assessment tools/methods,
 the complexity of the EPC concept/processes.
Due to the economic recession, neither clients nor providers have the financial capacity to get
engaged in long-term contracts or relatively large scale investments. Technical and financial risks
are perceived as high and banks are reluctant to finance projects.
3.3

EPC Demand Side

17 of the companies contacted have fulfilled a structured interview. Those represent the
private tertiary sector including hotels, hospitals, sport facilities, schools, commercial buildings,
super markets.
 65% have implemented some energy efficiency interventions in the past.
 The interventions were mainly self-financed (52%) and 20% were co-financed by EU subsidies
/ Structural funds.
 69% of the interviewees declare that they are aware of what is an EPC project and its benefits;
18% have used it once in the past; 87% of them claimed that they’d be interested in applying an
EPC contract in their future energy efficiency improvements to their building, due to the low
start up investment cost, the energy savings guarantees and the benefits of shared risk.
 Cooling is the main energy consumer mostly due to the seasonal operation of the hotels
interviewed, lighting, appliances and heating follow. Electricity is the main energy source used,
but petroleum, natural gas, solar power, heat pumps, propane and district heating are also used.
 The energy cost reduction is the main motive of interviewees for implementing energy
efficiency projects. Strengthening the company’s green profile and supporting their
environmental policy is also a significant driver. The opportunity to reach public subsidies and
the compliance to mandatory regulations are also important motivation factors.
Most of the interviewed companies / potential EPC beneficiaries mentioned the lack of trust
and transparency, the difficulty to access financing, the lack of the state’s support and efficient
regulatory framework as the main roadblocks to consider EPC contracts for energy efficiency
measures. Clients might not fully trust EPCs providers considering them companies that want to
apply their solutions in order to promote their interests above their clients. The lack of successful
EPC examples increases the uncertainty and keep potential clients cautious.
3.4

EPC-Financing Side

Although most of the interviewed financial entities are aware of EPC concept, only 57% are
familiar and provide financing options for energy efficiency projects within their organisation;
however 86% are familiar with financing RES projects. The interviewed financial institutes
perceive that the EPC market is still underdeveloped in Greece, however, they consider it as a
business opportunity, a new lucrative segment.
 27% consider that EE/RES investments have a high investment risk; 6% rank them as
investments of moderate risk.
 57% offer options/products to finance EPC based projects, mostly custom options or grant
based loans; 34% have already financed an EPC project by financing the EPC provider
 EE/RES projects financed in the past were mainly for SMEs in manufacturing, mostly on solar
energy and biomass, HVAC and building envelope measures
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Creditworthiness of the client, the legal aspects and the foreseen financial performance of the
project are the main aspects assessed for decision making related to finance an EPC based project.
The investor’s credibility and the project’s IRR are the most important factors when deciding on
whether to finance an EPC based project; the maturity of the technology also is considered. PrivatePublic partnership (PPP) is considered the most appropriate financial instrument for an EPC based
deal.
According to the financial sector, the evaluation of EPC based projects is done on a project
basis; project finance approach, technical characteristics and cash flows are the prime focus of the
analysis. There are no specific risk management/credit approval procedures for EPC based projects,
the usual procedure is followed.
4

DISCUSSION – RECOMMENDATIONS

The main roadblocks for the EPC market uptake, as perceived by the involved parts, are: the
low market liquidity and the difficulties to access financing, the scarcity of flagship projects, the
shortage of supporting regulatory frameworks, the absence of tailored bank products, the lack of
credible verification and measurement tools/methods and the complexity of the EPC
concept/processes.
Potential EPC beneficiaries mentioned also the lack of trust and transparency. The lack of
guarantees and equity, the shortage of specific capacity to deal with the complexity of EPC projects
and the small level of investments are also noted by the financial actors as blocking factors since
they make the handling of an EPC based product less profitable.
Potential solutions to roadblocks were proposed by the interviewed actors. The interviewees
provided their views about potential solutions to eliminate roadblocks as those were perceived that
could help the uptake of the EPC market in the country (Table 4).
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Table 4 Potential solutions to main roadblocks per involved side
Roadblock

Difficulty in
financing /
High
investment
cost

DEMAND SIDE
Potential solution
Loans with favorable conditions
and lower guarantees.
Attractive supporting
mechanisms and funds
specifically for ambitious EPC
projects by the state.
Specific products and funds by
the financing sector to ESCOs for
EPC applications.

Legal barriers /
lack of legal
framework

Clear rules in a long-term
perspective
EPCs applications in public
buildings. Testing of assessment
mechanisms for evaluation of
these projects.
Tax incentives.

Lack of trust

Dissemination of information/
credible results about finished
EPC projects.
On site visit to successful
projects.
Clear and credible processes of
assessing EPC providers/
Certification of competence and
compliance.
A commonly accepted method/
protocol for measurement of the
energy savings.
Transparency on the verification
measures.

Roadblock

Access to
financing

SUPPLY SIDE
Potential solution
Active role of financial
institutions/Development of
specialised bank products.
Market training by ESCOs/EPC
providers.
Public funding of EE investments.
Coalitions in order to achieve higher
credibility through higher financial
strength.

FINANCING SIDE
Potential solution
Development of a national
alternative support mechanism in
terms of energy efficiency fund,
guarantee fund, performance
Lack of securities/
guarantee.
guarantees
Public financing instruments to
compensate part of the risks
perceived in the EPC projects.
Roadblock

Inadequate
legal/regulatory
framework policy
uncertainty

Clear rules /stable regulatory
framework/ clear rules for the
subsidies offered
Certification/ validation procedures
in mandatory EPC providers’ registry
Tax incentives

Lack of trust
amongst the
different actors
in the value
chain

Standardization practices/
certification protocols for the
companies.
Protocol nationally/European
recognised.
Evaluation of energy savings in a
credible and standardized
environment.
Lack of equity
Pilot projects to test the
standardisation and benchmarking
framework should be demonstrated.
Suitable accreditation system for the
qualification of EPC providers/ESCOs.
Communication and exchange of
views.

Un(der)developed
legal framework

National standards/ Clear
procedures/ Supporting
mechanisms.
Financial support from the state
towards flagship EPC projects in
public sector/ Motives and support
towards the private sector.
Assessment and certification model
of EPC providers’ services. Public
available information through the
EES/ESCO registry.
Alternative investment public
funds.

Standardised procedures, protocols
and credible tool commonly
acknowledged.
A national /international
acknowledged energy savings
verification body.
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Lack of
standardization
practices /
certification

Standardization practices and
certification protocols adopted by
all companies involved in the
EPC market
Evaluation of EPCs under a
credible and standardized
framework.

Complexity of
the concept/
Lack of
information/
understanding

Dissemination and training activities
to provide an understanding of EPC
basics (terminology, process, key
aspects).

Complexity/
shortage of
specific technical
capacity in EPC
within the
financing sector

Tailor made training sessions /
capacity building activities for the
financing sector’s staff.
Specific products developed for
EPC projects, making easier for
both parts to cooperate.

Lack of flagship
examples

Demonstration of a model that works
Flagship examples from the public
sector
Presented/ demonstrated existing
good examples and successful
financing models in national or
similar

Small investment
level projects

Examine potential grouping of EPC
projects under specific criteria and
conditions

Protocol nationally or even better
European recognised
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ABSTRACT
Small-scale combined cooling, heating and power (CCHP) systems are considered as
alternatives to large scale electricity-only generating power plants, to improve fuel efficiency, by
recovering the rejected heat from the thermal cycle for district heating and district cooling. In recent
publications, the authors have presented a liquefied natural gas-fueled CCHP system, considering
different system capacities (1-10 MWe), to investigate the feasibility of such systems to penetrate
the energy market in countries with a hot climate, such as Cyprus. In such a system, a gas turbine
cycle is used to generate electricity and heat is passed through a heat exchanger to recover the
exhaust flue gas to useful heating, which can be either in the form of district heating to provide hot
water and space heating during the winter period, or during the summer period, heat can be used as
a heat source for LiBr-H2O absorption chillers, to provide space cooling.
In this study, the aforementioned system is modified further, to investigate the possibility of
coupling it with renewable energy sources, in an aim to reduce fuel consumption. Specifically, a
1 MWe (nominal power output of the gas turbine) CCHP system is integrated with a 0.3 MWe
photovoltaic (PV) subsystem. The simulation results signify a potential for further investigation of
the proposed system, since there exist significant thermodynamic and environmental improvements,
when compared to an equivalent conventional system. The system operates in two modes: (a)
winter operation, where recovered heat is distributed to the district energy network, (b) summer
operation, where recovered heat is used to drive an absorption chiller cooling plant to generate
cooling, which is also distributed to the district energy network. A 14% and an 11% reduction of the
needed gas turbine cycle power generation is achieved, when coupling the PV subsystem to the
CCHP system, during an assumed day during summer and winter, respectively. In summary,
distributed power generation is demonstrated with the use of a concrete and practical example
involving the use of LNG as fuel. However this is not restrictive and therefore other fueling options
could also exist.
1

INTRODUCTION

Cogeneration is gaining more attention in recent years, in an effort to develop highly efficient
systems at all scales from the kW to MW range [1–4]. It is a method that manages to achieve almost
full of the fuel, since the exhaust gases leave the system at very low pressure and temperature. It is
thereby also able to reduce greenhouse gases and also running costs [5]. However careful
considerations have to be made in order to achieve the highest possible efficiency at all modes of
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operation, typically ranging from quarter-load to full load. Cogeneration can have various
applications, which can typically combine generation of power, heating and cooling. In the case of
countries with prolonged summer-like weather conditions, a promising application of cogeneration
is combined cooling, heating, and power (CCHP). Such a system can be applied in various scales,
but to allow minimum losses, systems ranging from 1 to 10 MW seem more attractive for
applications involving power generation, space heating, hot water and space cooling. Space heating
and hot water can be produced near the sites of consumption (i.e. buildings) with a short-distanced
district heating network connecting the consumption site with the CCHP system. Since heating and
cooling loads do not generally coincide, the same district network can be used in the summer to
distribute cooling, produced by heat-fired absorption chillers, located also within the CCHP system
[6,7].
Photovoltaic technology converts solar radiation directly into electricity and two
commercialized types that are currently the most popular ones for practical applications are: (1)
polycrystalline silicon PVs, which is a well-established, tested, and mature technology, and (2) thin
film solar cells, which is a relatively new technology, which can operate more efficiently than
polycrystalline PVs (~10%) in low-light conditions (e.g. dawn, or cloudy day). In recent years due
to improvements in PV panel efficiency and manufacturing methods, the payback times have fallen
to 2-3 years for crystalline silicon PV systems, and to almost 1 year for some thin-film ones, under
moderate levels of sunshine [8]. However the major problem is the high cost of manufacturing the
sheets of semiconductor materials needed for power systems. The cost of PV modules in 2012 was
0.8 USD/W, but it was expected to drop to 0.6 USD/W (thin-film 'First Solar') [9]. The most
important advantages of PV technology are: (a) no greenhouse gases, (b) they can be installed in a
wide variety of places, (c) additional modules can be added incrementally, (d) quick installation, (e)
little maintenance, (f) power can be produced during the afternoon hours, when demand is at its
peak, and (g) power generation is often on-site, thereby eliminating transmission losses [10]. In
addition, a further step could involve the integration of a hydrogen generating and storage
subsystem. This modification could lead to the eventual development of a self-sustainable,
hydrocarbon-free CCHP system. This can be achieved by further integration of an electrolyzerhydrogen storage unit to the CCHP system, where a gas turbine cycle will be able to combust
renewable hydrogen, when solar energy will be unavailable. The modular nature of both PVs and
electrolyzer stacks is thereby a significant advantage in achieving these targets.
In this study a CCHP system is considered for application in Cyprus, where the system is
assumed to be located far from the central power plants, serving the energy needs of a remote
community. An interesting aspect in terms of fueling could be liquefied natural gas (LNG), since
there are plans to import LNG to Cyprus in the near future. However the system is not restricted to
the use of LNG, and most conventional hydrocarbons could be used to fuel the system. Additionally
the system could be integrated with a PV subsystem installed in the vicinity of the CCHP system, to
reduce fuel consumption, when solar energy is available. The power output of the gas turbine cycle
of the considered system is assumed to be 1 MWe. The capacity of the integrated units (i.e.,
available heating and cooling) will vary according to the operational scheme of the gas turbine
cycle. The absorption chiller unit is assumed to be of the double-effect LiBr-H2O type. The heat
exhausted by the gas turbine is used via a heat recovery steam generator to supply the necessary
heat to operate the absorption chiller. Therefore this research work investigates the above options
and modifications to quantify and analyze the thermodynamic performance of the proposed system.
2

CONFIGURATION OF THE CCHP SYSTEM

The system configuration is shown schematically in Fig. 1. LNG is transported to the CCHP
system location, and before combustion, natural gas is preheated to be converted to gasified form.
This is achieved by heat exchanger (HEx) 1, which receives air at ambient conditions from the
atmosphere. This air is later fed to the air compressor for combustion. The generated flue gas in the
combustor is expanded in the gas turbine to produce electricity through the electric generator. The
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hot exhausted flue gas from the gas turbine can be used in summer operation to produce steam in
HEx 2, which is fed to the heat-activated cooling plant comprised of the LiBr-H2O absorption
chiller. The produced cooling energy is distributed to nearby buildings by means of a district energy
network. During winter operation, the heat is recovered by HEx 3 and distributed to the buildings
with the district energy network.

Figure 1: Schematic representation of the photovoltaic-assisted combined cooling, heating, and
power system
The study assumes 5% heat losses in heat exchangers, while 8% losses are assumed in the
pipelines of the district energy network. To simplify calculations natural gas is assumed to consist
only from pure methane. Pressure losses at a rate of 5% are assumed for every component (heat
exchangers, pumps, and combustor), and 10% for the district energy network. Power consumed by
the pumps in the system is very low compared to the power generated and thereby it is neglected.
Summer and winter operations are assumed to consist of 6 months each. For the purpose of
analysis, the proposed CCHP system is compared to an electricity-only power plant combined with
heat pumps performing at an average COP-value of 3.0.
3

MODELING OF THE CCHP SYSTEM

The system components are each modeled from first principles. They are then combined to
produce the system model. The models combine theoretical principles and experimental data, where
applicable and available from manufacturers, or the literature. In the following subsections each
model is described in detail and all relationships used are given along with the input values (shown
in Table 1).
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3.1

Gas Turbine Cycle

The gas turbine cycle, includes an air compressor, a combustor and a gas turbine. The cooling
energy recovered by the LNG re-gasification process improves overall system efficiency, since the
specific volume of the air is reduced. The enthalpy at the air compressor at exit is:

h2  h1 

hs ,2  h1

(1)

c

where h1 is the enthalpy at inlet and hs ,2 is the isentropic enthalpy at exit.
The combustion process can be modeled with an energy balance including the reactants
(methane, oxygen and nitrogen), and the products (carbon dioxide, water, nitrogen and oxygen).
The produced net electrical power output through the gas turbine process, in relation to the
consumed fuel, is given as a function of the molar flow rate of methane, enthalpy of the products
exiting the combustor per mole of fuel:
W gen  nCH4  H P  H 4   a  h2  h1    gen

(2)

The net electrical efficiency of the system is defined as the ratio of the net electrical power
output to the chemical energy of the fuel (based on the lower heating value-LHV):

el ,net 

W gen

(3)

nCH4 LHV
Table 1 Values of the system’s input parameters
Parameter description
Ambient temperature
Ambient pressure
Generator efficiency
Gas turbine’s nominal power output
Flue gas exhaust temperature (summer operation)
Flue gas exhaust temperature (winter operation)
LNG storage temperature
Natural gas temperature (after re-gasification)
Steam supply temperature
Steam return temperature
Cold water supply temperature (district cooling)
Cold water return temperature (district cooling)
Hot water supply temperature (district heating)
Hot water return temperature (district heating)
Absorption chiller’s coefficient of performance
Compressor’s pressure ratio
Compressor’s isentropic efficiency
Turbine’s isentropic efficiency
Turbine’s exhaust temperature

3.2

Value
25oC
1 atm
0.972
1 MWe
145oC
65oC
-160oC
10oC
150oC
142oC
7oC
15oC
80oC
60oC
1.3
12.6
0.741
0.811
519oC

Heat Exchangers

The heat exchangers, shown in Fig. 1, assume energy balance modeling (cold and hot sides).
Therefore the heat transfer rate of the hot and cold sides can be defined as follows:
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Q  m cold (hcold ,out  hcold ,in )  m hot (hhot ,in  hhot ,out )

(4)

where m is the mass flow rate (cold and hot sides) and h is the specific enthalpy. The LNG regasification process is shown to be a simple heat exchanger process in this study. However it should
be noted that this process is much more complicated in an actual system, but since this is not the
scope of the study, a simple thermodynamic process is assumed to be adequate.
3.3

Absorption chiller

The absorption chiller is of the LiBr-H2O type since this is an efficient chiller with COP
values of 1.2-1.3 (double-effect) [11,12]. It is suitable for air-conditioning applications, since it
generates a cooling output of 5-10oC in the form of cold water at the evaporator output. A doubleeffect chiller is chosen over a single-effect one, since the heat source (steam generated in a heat
recovery steam generator) is at a suitable temperature to operate a double-effect absorption chiller.
The absorption chiller follows the modeling explained in detail by some of the authors in [13].
3.4

District energy network

As mentioned above, the district energy network consists of two operating modes: summer
and winter modes. When operating at summer mode, heat recovered from the gas turbine exhaust’s
flue gas, is used to activate the absorption chiller, generating cold water [12]. The cold water is
distributed to the building from the CCHP location through the district cooling network’s pipelines
for space cooling application, at a temperature of 22oC [6]. When operating at winter mode, the heat
is recovered through a heat exchanger and distributed to the buildings through the district heating
network to generate domestic hot water and space heating, at a temperature of 50oC and 22oC,
respectively [6].
3.5

Photovoltaics

The PV subsystem is integrated to the CCHP system to reduce fuel consumption. The PV
model is based on the theoretical assumptions found in [14]. The model calculates the total incident
solar radiation on a tilted surface, which considers both the ground-reflected and beam terms, as
defined in the results of the HDKR (Hay, Davies, Klucher, and Reindl) model:
 1  cos   
 1  cos  
3   
IT   I b  I d Ai  Rb  I d 1  Ai  
 1  f sin     I  g 

2
2


 2 



(5)

The temperature of the PV array, Tc , is calculated by use of the following relation (the effect of the
wind speed is neglected):
Tc  Ta
  IT / IT,ref   1  ref / 0.9 
TNOCT  Ta,NOCT

(6)

The maximum power point efficiency of the PV array is given as follows:



mp  ref  1   mp  Tc  Ta,NOCT 



(7)

The power output of the PV array is given by:
P  Aarray  IT  mp

(8)
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3.6

System balance

The proposed PV-assisted CCHP system is used to fulfill the needs of a certain load profile.
The load profile (power, heating, and cooling) is fully satisfied with the completely autonomous
system, which means that no power or heating and cooling is imported and/or exported from/ to the
central power grid or a central district energy network, respectively. Since power is the most
expensive energy type, no surplus power should be produced, and therefore an electricity-led
operation is assumed for this study. Although the system will be operated at both full-load and partload, for simplicity in the algorithm of the model, constant thermodynamic and system efficiencies
are assumed in this study. This also means that power-to-heating ratio and power-to-cooling ratio
remain constant at all loads. The values for power-to-heating and power-to-cooling ratios are
1.40625 and 1.640625, respectively, which have been determined by the authors in their previous
publications in [6]. The PV subsystem is assumed to have a nominal power output of 0.3 MW. The
load profile assumes that the serviced buildings are 200 households of an area per household at
100 m2, with variable power, heating, and cooling needs throughout the year.
Therefore the following power and heating/ cooling relations are formulated for the modeling
calculations:
Qhp  Qc  Qsy ,c  Qh  Qsy ,h
Php 

(9)

Qhp

(10)

COP

Psy  P  Php  Ppv

(11)

Where Qhp is the heating (or cooling) output of the heat pump, Qh , Qc are the total heating and
cooling consumptions of all the households, Qsy ,h , Qsy ,c are the heating and cooling outputs of the
CCHP system, Php , Psy , P , Ppv are the power input to the heat pump, the power output of the
CCHP system, the total power consumption of all the households (excluding the amount of power
needed to operate the heat pumps), and the power output of the PV subsystem, respectively.
4

RESULTS AND DISCUSSION

4.1

Validation of the model

The system model was validated with reported data for commercially available gas turbine
systems and the results of the validation showed good agreement between these data and the
modeling. The validation has been shown in detail by the authors in [6].
4.2

Simulation of the system

The system model calculates temperature, pressure, and mass flow rate for every node (state
point) shown in Fig. 1. These results are given in Table 2. The results show that re-gasification of
LNG to natural gas, in terms of heat transfer, it can reduce the temperature of the incoming air by
~15oC. In countries with hot climate, such as Cyprus, this is particularly favorable, since ambient
temperature can reach very high temperatures (~40oC), during the summer period. The power input
to the LNG pump is neglected in the calculations, since it is much lower as compared to the power
output of the gas turbine.
Table 3 summarizes all the results consisting of the performance of the proposed CCHP
system, where for nominal operating conditions (i.e. full-load), the following parameters are given:
1645

347

Table 2 Thermodynamic data for the proposed CCHP system
State Working fluid Temperature [oC]
Pressure [MPa] Mass flow rate [kg/s]
1
Air
15/-1
0.1
30/28
2
Air
459/422
1.7
30/28
3
Flue gas
1201/1199
1.7
30/28
4
Flue gas
555
0.1
30/28
5
Flue gas
145/NA
0.1
30/NA
6
Flue gas
NA/65
0.1
NA/28
7
LNG
-160
1.0
0.55
8
LNG
-160
4.5
0.55
9
Natural gas
10
4.5
0.55
10
Air
30/15
0.1
30/28
11
Steam
142/NA
0.1
868/NA
12
Steam
150/NA
0.1
868/NA
13
Water
15/NA
0.1
535/NA
14
Water
7/NA
0.1
535/NA
15
Water
NA/60
0.1
NA/182
16
Water
NA/80
0.1
NA/182
Note: When two values are given, the first one corresponds to summer operation, while the second one corresponds to
winter operation; NA: Not applicable.

Table 3 Main performance characteristics of the proposed 1 MWe CCHP system
Performance parameter description

Value

 LNG
m

Fuel flow rate (kg/s)

E fuel ,in

Chemical energy of fuel supplied to system (MW)

Q DCN

Cooling energy output (MW)

2.3

Q DHN

Heating energy output (MW)

2.0

VLNG, yr

Annual LNG volumetric flow rate (m3/year)

sLNG , yr

Annual LNG supply frequencya (times)

 el , net

Net electrical efficiency (-)

0.07
3.6/3.4

5266
91
0.28/0.29

Note: When two values are given, the first value is valid for summer operation, while the second one is valid for winter
operation; LNG is expected to be delivered to the power plant site with LNG trucks, with an assumed typical volume
capacity per LNG truck at 58 m3.

fuel flow rate, chemical energy of supplied fuel, cooling and heating energies output, annual LNG
volumetric flow rate, annual LNG supply frequency, and net electrical efficiency. Net electrical
efficiency is slightly higher during the winter period, since ambient temperature is lower and for the
reasons explained above. Cooling energy output is slightly higher than heating energy output, since
the absorption chiller is assumed to operate at a COP of 1.3. It is also shown that if the system is
operated continually at constant full-load throughout the year, without any PV power output
addition to the total power output of the system, 5266 m3/year of LNG volumetric flow rate will be
needed. However such an operating pattern is unlikely to be realistic, since the load will vary
according to consumption demand, which means that the operation will have a discrete, and not a
continuous, pattern. This is shown later, in the next subsections.
A comparison of the proposed CCHP system to a conventional system is conducted to
investigate the possible benefits and potential of the former. The conventional system is assumed to
comprise of a centralized gas-turbine-based, electricity-only power plant in addition to vaporcompression electric heat pumps located in the serviced building. The heat pumps are assumed to
operate with an average COP-value of 3.0. Therefore the conventional system would have to
provide all the necessary electricity for the operation of these heat pumps. Several parameters, such
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as the net electrical savings, carbon dioxide emissions reduction, primary energy savings and
primary energy ratio, are taken into consideration in the comparison. The definitions and the results
of the above terms are shown below, in Table 4. The calculations show that net electrical power
savings are up to 0.6 MWe, while carbon dioxide reduction and primary energy savings are 39%
and 42%, respectively. The primary energy ratio reaches a value of 90%, which shows a high
potential for almost full utilization of the chemical energy of the consumed natural gas to useful
energy (electricity, heating, cooling).
Table 4 Performance of the proposed CCHP system
Performance parameter

Definition

Net electrical power savings
Wnet,el,sav

Carbon dioxide reduction

Primary energy savings
Primary energy ratio

4.3

Average value

Q DE
W gen 
COPconv

 W gen
1  f lc

ERCO 2  1 

PES  1 
PER 

0.6 MWe

m CO 2
m CO 2 ,conv

0.39

E fuel,in

0.42

E fuel,in,conv
W  Q
gen

DE

0.90

E fuel,in

Integration of a PV subsystem to the CCHP system

The PV subsystem integrated to the CCHP system aims in the reduction of the fuel
consumption by partial production of power needed to satisfy the load profile assumed in this study.
The load profile consists of the following consumption data: (a) power, i.e. the electricity needed to
satisfy all building needs (including heat pumps), (b) heating needed for space heating and domestic
hot water (winter operation mode), (c) cooling needed for space cooling (summer operation mode).
The summer operation assumes that domestic hot water will be available through other means (solar
collectors, etc.), and therefore it is neglected from the calculations. Table 5 and table 6 include two
indicative sample days of operation; one in July (summer operation), and one in January (winter
operation), respectively. During summer operation, with the addition of the PV subsystem 13.586
MW of power need to be generate to satisfy the load profile, compared to 15.886 MW if no PV
subsystem was used. During winter operation, with the addition of the PV subsystem 14.145 MW
of power need to be generate to satisfy the load profile, compared to 15.892 MW if no PV
subsystem was used. These results translate to power generation savings of 14% and 11%, for
summer and winter operation, respectively, with the addition of the PV subsystem.
5

CONCLUSION

In the study the effects for integrating a proposed CCHP system, fueled by LNG, with a PV
subsystem were analyzed in terms of a thermodynamic modeling and analysis. The study showed
that the PV subsystem can reduce power generation (and thereby fuel consumption) needed from
the CCHP system, significantly. This reduction can reach up to 14% throughout the year, since the
study investigates the operation of the system during the two weather extreme periods (summer,
July and winter, January). Additionally, a cost analysis will be conducted by the authors in the near
future to investigate if the system is attractive for further analysis, by examining its economic
feasibility and potential.
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Table 5 Operating performance of the proposed PV-assisted CCHP system during a summer day
(July).
Time

P

Qc

Qsy,c

Php

Qhp

Psy

Ppv

00:00

0.200

1.600

0.778

0.274

0.822

0.474

0.0

01:00

0.200

1.600

0.778

0.274

0.822

0.474

0.0

02:00

0.200

0.800

0.495

0.102

0.305

0.302

0.0

03:00

0.200

0.800

0.495

0.102

0.305

0.302

0.0

04:00

0.200

0.800

0.495

0.102

0.305

0.302

0.0

05:00

0.200

0.800

0.495

0.102

0.305

0.302

0.0

06:00

0.200

0.800

0.495

0.102

0.305

0.302

0.0

07:00

0.400

0.400

0.492

0.000

0.000

0.300

0.1

08:00

0.400

0.400

0.354

0.015

0.046

0.215

0.2

09:00

0.600

0.400

0.656

0.000

0.000

0.400

0.2

10:00

0.600

1.000

0.672

0.109

0.328

0.409

0.3

11:00

0.800

1.000

0.884

0.039

0.116

0.539

0.3

12:00

0.800

1.000

0.884

0.039

0.116

0.539

0.3

13:00

0.800

2.000

1.237

0.254

0.763

0.754

0.3

14:00

0.800

2.400

1.379

0.340

1.021

0.840

0.3

15:00

0.800

2.400

1.379

0.340

1.021

0.840

0.3

16:00

0.800

2.400

1.379

0.340

1.021

0.840

0.3

17:00

0.600

2.400

1.273

0.376

1.127

0.776

0.2

18:00

0.800

2.400

1.485

0.305

0.915

0.905

0.2

19:00

0.800

2.400

1.591

0.270

0.809

0.970

0.1

20:00

0.800

2.000

1.556

0.148

0.444

0.948

0.0

21:00

0.600

2.000

1.343

0.219

0.657

0.819

0.0

22:00

0.200

2.000

0.919

0.360

1.081

0.560

0.0

23:00

0.200

1.600

0.778

0.274

0.822

0.474

0.0

Units: All above parameters are in MW.
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Table 6 Operating performance of the proposed PV-assisted CCHP system during a winter day
(January).
Time

P

Qh

Qsy,h

Php

Qhp

Psy

Ppv

00:00

0.200

1.600

0.702

0.299

0.898

0.499

0.0

01:00

0.200

1.600

0.702

0.299

0.898

0.499

0.0

02:00

0.200

0.600

0.383

0.072

0.217

0.272

0.0

03:00

0.200

0.600

0.383

0.072

0.217

0.272

0.0

04:00

0.200

0.600

0.383

0.072

0.217

0.272

0.0

05:00

0.200

0.600

0.383

0.072

0.217

0.272

0.0

06:00

0.200

0.600

0.383

0.072

0.217

0.272

0.0

07:00

0.400

2.000

1.021

0.326

0.979

0.726

0.0

08:00

0.400

2.000

0.926

0.358

1.074

0.658

0.1

09:00

0.600

1.600

0.894

0.235

0.706

0.635

0.2

10:00

0.600

1.600

0.798

0.267

0.802

0.567

0.3

11:00

0.800

1.200

0.862

0.113

0.338

0.613

0.3

12:00

0.800

0.800

0.734

0.022

0.066

0.522

0.3

13:00

0.800

0.800

0.734

0.022

0.066

0.522

0.3

14:00

0.800

0.800

0.734

0.022

0.066

0.522

0.3

15:00

0.800

0.800

0.844

0.000

0.000

0.600

0.2

16:00

0.800

0.800

0.984

0.000

0.000

0.700

0.1

17:00

0.600

1.600

1.085

0.172

0.515

0.772

0.0

18:00

0.800

1.600

1.277

0.108

0.323

0.908

0.0

19:00

0.800

2.000

1.404

0.199

0.596

0.999

0.0

20:00

0.800

2.000

1.404

0.199

0.596

0.999

0.0

21:00

0.600

2.000

1.213

0.262

0.787

0.862

0.0

22:00

0.200

2.000

0.830

0.390

1.170

0.590

0.0

23:00

0.200

2.000

0.830

0.390

1.170

0.590

0.0

Units: All above parameters are in MW.
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ABSTRACT
An autonomous energy system comprised of a photovoltaic (PV) subsystem, a proton
exchange membrane (PEM) fuel cell stack, a PEM electrolyzer stack, a hydrogen storage unit and
auxiliary balance-of-plant components, is considered in this study as a possible method of storing
energy produced from solar energy. The system converts electricity produced from the PV
subsystem to hydrogen via the electrolyzer. The renewable hydrogen is then stored in a hydrogen
storage unit and converted back to electricity via the fuel cell stack. In this work, the proposed
system is modeled and optimized to investigate key characteristics, such as system/component
sizing, system design and operating performance. The model allows quantification of energy and
power flows, such as power input from the PV subsystem, conversion of electricity to hydrogen, reconversion of hydrogen to electricity, accounting conversion and storing losses in every component
step.
The modeling simulation is initially carried out in steady-state and nominal conditions, and
then the model is modified to a discrete one to accommodate the varying load produced from the
PV subsystem and the varying load profile needed to fulfill. The fuel cell and electrolyzer stack
models are modeled from first principles, accounting both theoretical expressions and experimental
data to provide an accurate and realistic representation of an actual system. Included parameters are
air temperature, humidity, desired operating mode and fuel cell current. The analysis of the system
modeling shows that the problem of matching PV-generated electricity with consumption demand
can be reduced significantly with the integration of the proposed system in distributed generation
applications. The system also ensures that only minimum power losses will occur, since all system
components are highly efficient and the system does not involve combustion or high temperatures.
1

INTRODUCTION

Photovoltaic (PV) technology converts solar radiation directly into electricity. Two PV types
are currently the most promising ones for practical applications, namely: (1) polycrystalline silicon
solar cells, which is a well-established, tested, and mature technology, and (2) thin film solar cells,
which is a relatively new technology, which can operate more efficiently than polycrystalline cells
(~10%) in low-light conditions (e.g. dawn, or cloudy day). In recent years due to improvements in
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PV panel efficiency and manufacturing methods, the payback times have fallen to 2-3 years for
crystalline silicon PV systems, and to almost 1 year for some thin-film ones, under moderate levels
of sunshine [1]. PV technology is advantageous because of its following characteristics: (a) it
contains no greenhouse gases, flexible and easy installation with the option of having additional
modules added incrementally, requires minimal maintenance, power generation during the
afternoon hours coincides with peak demand, and possibility for on-site power generation (no
transmission losses) [2].
A possible solution to the intermittence nature of PV power generation is the integration with
an electrolyzer stack, a hydrogen storage unit and a fuel cell stack. This modification could lead to
the eventual development of a self-sustainable, hydrocarbon-free, and completely autonomous
energy system. The modular nature of both PV and electrolyzer technologies is thereby a significant
advantage in achieving these targets.
Brown et al. [3] developed a dynamic model of a reversible fuel cell system, based on low
temperature proton exchange membrane fuel cell (PEMFC) technology, with a metal hydride
hydrogen storage. The results from the simulations revealed problematic control problems related to
the system’s charging and discharging. Darras et al. [4] developed a PV-fuel cell-electrolyzer
system model for application to a weather station, where electricity could be provided at 6.5 kW
constant load at all times. The simulations provided insight on the sizing of the components and a
basis for the control mode. Valverde et al. [5] modeled a domestic hydrogen based micro-grid along
with experimental work. Zhao and Brouwer [6] developed a dynamic model of a self-sustainable
hydrogen fueling station using RES, namely PV and wind turbines. They considered different
control strategies and renewable capacity factors.
In this study a proposed system is considered for application in Nicosia, Cyprus, where the
system is assumed to be isolated from the central power grid, serving the energy needs of a remote
community (although this is not a restrictive application for the use of the system). However since
this is the initial stage of the modeling and analysis of the system, only a single household is
considered in the calculations. The study attempts to size and simulate the system and its
components to fulfill a certain annual load profile, taking account the generation of power from the
PV subsystem. The latter is based on available solar data for Nicosia. Therefore this research work
quantifies and analyzes the thermodynamic performance of the proposed system.
2

SYSTEM CONFIGURATION

The system configuration is shown schematically in Fig. 1. Solar radiation is used to generate
DC electricity through the PV array in the PV subsystem. When this coincides with load demand,
electricity is used in the buildings directly after conversion of DC to AC voltage in a DC/AC
converter. The excess electricity is passed through a DC/DC converter to the electrolyzer stack,
where electricity is used for water electrolysis, generating hydrogen and oxygen. Hydrogen is stored
in a hydrogen storage unit. When load demand exceeds PV-generated electricity production, the
fuel cell stack re-converts hydrogen back to electricity, and again through a DC/AC converter, AC
electricity is provided to the buildings for consumption. To minimize losses the electrolyzer and
fuel cell stacks are combined by re-using the hot water generated in the fuel cell stack to the
electrolyzer, through re-circulation, as shown in Fig. 1.
3

SYSTEM MODELING

The system components are modeled from first principles and they are combined to form the
system model. The models combine theoretical principles and experimental data, where applicable
and available from manufacturers, or the literature. In the following subsections each model is
described in detail and all relationships used are given along with their input values.
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3.1

Photovoltaics

The PV model is based on the theoretical assumptions found in [7]. The model calculates the
total incident solar radiation on a tilted surface, which considers both the ground-reflected and beam
terms, as defined in the results of the HDKR (Hay, Davies, Klucher, and Reindl) model:
 1  cos 
IT   I b  I d Ai  Rb  I d 1  Ai  
2



 1  cos  
3   
 1  f sin     I  g 

2

 2 



(1)

The temperature of the PV array, Tc , is calculated by use of the following relation (the effect of the
wind speed is neglected):
Tc  Ta
  IT / IT,ref   1  ref / 0.9 
TNOCT  Ta,NOCT

(2)

The maximum power point efficiency of the PV array is given as follows:



mp  ref  1   mp  Tc  Ta,NOCT 



(3)

The power output of the PV array is given by:

P  Aarray  IT  mp

(4)

Figure 1: Schematic representation of the photovoltaic-electrolyzer-fuel cell system
3.2

Fuel cell and electrolyzer stacks

The fuel cell stack model is partly based on the fuel cell model by Baschuk et al. [8,9]. Then
the fuel cell model is used as a basis for the electrolyzer model. For the electrolyzer stack, the anode
stoichiometry assumes that the molar concentration of hydrogen is 1, whereas oxygen and carbon
monoxide molar fractions are assumed to be 0. The ambient conditions are assumed to be the
following: temperature at 25oC, pressure at 1 atm, and relative humidity at 0.7. The initial number
of cells for the electrolyzer stack is 10, with an active membrane electrode assembly (MEA) area of
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212.5 cm2.
For the kinetic model, the initial values for the integration of the kinetic expressions, namely
the initial fractional coverage for the hydrogen, carbon monoxide and oxygen are at values of 0.9, 0,
and 0 respectively. The molar area density of catalyst sites multiplied with Faraday’s constant is
0.005 Coulomb/cm2. For the modeling of the voltage curve the equilibrium voltage is 1.1 V, the
cathode exchange current density is 0.0013 A/cm2. The charge transfer activation polarization
coefficient is 0.34 and the Ohmic resistances in the cell are 0.3 Ω-cm2. The anode overpotential
(based on the Butler-Volmer equation), cathode overpotential, and Ohmic overpotential (unit: V),
respectively, are calculated as follows:


 RT 
i
a   fc  arcsinh 

 F 
 2keh H2 

(5)

 RT fc 
c  
 ln  i / ioc 
 F 

(6)

ohmic  iRohmic

(7)

The surface coverage differentials (unit: s-1) are calculated based on the assumption of second order
rate kinetics for the oxidation part [8]. The term for hydrogen is given as follows:
2
2
d H2 k fh yH2 p fc 1  H2  CO  O2   b fh k fh H2  i  koh H2 O2

0
dt

2

(8)

The above equation is set to 0, since the study is considered only at steady-state conditions, as
mentioned in the previous section.
The cell voltage for the electrolyzer is given as a function of the above overpotentials:
Vcell  V0   a  c  ohmic 

(9)

The efficiency of the electrolyzer, based on the lower or higher heating value (HV) of
hydrogen, is given by:

thermal 

m H2 ,prod HVH2

(10)

Pstack

Where m H2,prod is the amount of generated hydrogen mass flow rate (unit: kg/s), and Pstack is the
power input to the electrolyzer stack (unit: kW).
The above equations are also valid for the fuel cell model. However the cell voltage for the
fuel cell is given as:
Vcell  V0   a  c  ohmic 

(11)

Also the efficiency of the fuel cell, based on the lower or higher heating value (HV) of hydrogen, is
given by:
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thermal 

Pstack
m in,H2 HVH2

(12)

Where m H2 ,in is the amount of consumed hydrogen mass flow rate (kg/s), and Pstack is the power
output of the fuel cell stack (kW).
The fuel cell model assumes operation at a temperature of 75oC, with an anode hydrogen
stoichiometry of 1.15. The number of cells in the fuel cell stack is 50, with an active MEA area of
61 cm2. The cathode exchange current density is 0.0003 A/cm2., the charge transfer activation
polarization coefficient is 0.5 and the Ohmic resistances in the cell are 0.3 Ω-cm2.
4

RESULTS AND DISCUSSION

4.1

Validation of the model

The system model was validated with reported data systems and the results of the validation
showed good agreement between these data and the modeling.
4.2

Sizing of the fuel cell and electrolyzer stacks

The operation of the fuel cell and electrolyzer stacks is important to be quantified in terms of
operating range. This is shown graphically in Fig. 2. In this graph it is shown how the
overpotentials discussed in the previous section affect the performance of the two stacks. The fuel
cell stack operates within a range of current density between 0.1 to 1 A/cm2, while the electrolyzer
stack operates between 0.2 and 1.8 A/cm2.

Figure 2: Polarization curves for the fuel cell and electrolyzer models
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4.3

Simulation of the system

The results are calculated sequentially and since the system must be completely autonomous
with no power import or export to a central power grid, it must be ensured that the system
components will be able to fulfill this modeling requirement. Additionally no losses are considered
for the DC/DC and DC/AC converters, since losses from these components are negligible [6].
Table 1 Calculation of maximum power point efficiency and power output of the PV
subsystem

4.4

Day

Hour

Total radiation

Ambient temperature

ηmp

Ppv

1

1

0.000

287.1

0.124

0.000

1

2

0.000

287.1

0.124

0.000

1

3

0.000

286.8

0.124

0.000

1

4

0.000

286.6

0.124

0.000

1

5

0.000

286.5

0.124

0.000

1

6

0.000

286.4

0.124

0.000

1

7

0.000

286.4

0.124

0.000

1

8

0.254

289.3

0.122

0.311

1

9

0.487

292.4

0.120

0.587

1

10

0.805

296.3

0.118

0.951

1

11

1.093

300.0

0.116

1.267

1

12

1.283

302.6

0.114

1.466

1

13

1.189

302.5

0.114

1.359

1

14

0.858

299.8

0.116

0.995

1

15

0.568

297.1

0.118

0.668

1

16

0.263

293.9

0.120

0.315

1

17

0.007

290.9

0.121

0.008

1

18

0.000

290.3

0.122

0.000

1

19

0.000

289.6

0.122

0.000

1

20

0.000

289.2

0.122

0.000

1

21

0.000

288.6

0.123

0.000

1

22

0.000

288.1

0.123

0.000

1

23

0.000

287.6

0.123

0.000

1

24

0.000

287.0

0.124

0.000

Calculation of PV power output

With the use of solar radiation data (radiation and ambient temperature) for the area of
Nicosia, Cyprus [10], the power output of the PV subsystem (Ppv) and the maximum power point
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efficiency of the PV array (ηmp) are calculated on an hourly basis (MJ/hr) for the whole year (8760
hours). Table 1 shows a small fraction of these results (in this case: Day 1, Hours 1-24).
Table 2 Calculation of the power input to the electrolyzer stack and the power output of the
fuel cell stack

4.5

Day

Hour

Ppv

Ppv,dir

Pec,stack

Pfc,stack

Pload

1

1

0.000

0.000

0.000

0.251

0.251

1

2

0.000

0.000

0.000

0.251

0.251

1

3

0.000

0.000

0.000

0.251

0.251

1

4

0.000

0.000

0.000

0.251

0.251

1

5

0.000

0.000

0.000

0.251

0.251

1

6

0.000

0.000

0.000

0.251

0.251

1

7

0.000

0.000

0.000

0.251

0.251

1

8

0.311

0.251

0.060

0.000

0.251

1

9

0.587

0.251

0.336

0.000

0.251

1

10

0.951

0.251

0.700

0.000

0.251

1

11

1.267

0.251

1.016

0.000

0.251

1

12

1.466

0.251

1.215

0.000

0.251

1

13

1.359

0.251

1.108

0.000

0.251

1

14

0.995

0.251

0.744

0.000

0.251

1

15

0.668

0.251

0.417

0.000

0.251

1

16

0.315

0.251

0.064

0.000

0.251

1

17

0.008

0.008

0.000

0.243

0.251

1

18

0.000

0.000

0.000

0.251

0.251

1

19

0.000

0.000

0.000

0.251

0.251

1

20

0.000

0.000

0.000

0.251

0.251

1

21

0.000

0.000

0.000

0.251

0.251

1

22

0.000

0.000

0.000

0.251

0.251

1

23

0.000

0.000

0.000

0.251

0.251

1

24

0.000

0.000

0.000

0.251

0.251

Calculation of the power input to the electrolyzer stack and the power output of the fuel
cell stack

The load profile includes the power consumption data, i.e. the electricity needed to satisfy the
building needs. Therefore with the load profile as an input to the system model, along with the PV
power output, the power input to the electrolyzer stack and the power output of the fuel cell stack
are calculated. Table 2 shows a small fraction of these results (in this case: Day 1, Hours 1-24),
where Ppv,dir is the power generated from PV that is directly consumed in the buildings, while
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Pec,stack and Pfc,stack are the power input to the electrolyzer stack and power output of the fuel cell
stack, respectively. Pload is the power demand related to the load profile.
4.6

Calculation of hydrogen storage

The final stage of the calculations is the estimation of the amount of hydrogen stored in the
hydrogen storage unit (HSU) in an hourly basis, throughout the year. This calculation will be able to
determine the correct sizing of the HSU, based on the maximum value calculated. Table 3 shows a
small fraction of these results (in this case: Day 1, Hours 1-24), where hydec is the hydrogen input to
the HSU from the electrolyzer stack, hydfc is the hydrogen output from the HSU to the fuel cell
stack, and hydhsu is the hydrogen amount in the HSU.
Table 3 Calculation of the amount of hydrogen storage in the hydrogen storage unit
Day

Hour

hydec

hydfc

hydhsu

1

1

0.000

0.004

0.050

1

2

0.000

0.004

0.046

1

3

0.000

0.004

0.042

1

4

0.000

0.004

0.038

1

5

0.000

0.004

0.034

1

6

0.000

0.004

0.030

1

7

0.000

0.004

0.026

1

8

0.001

0.000

0.027

1

9

0.003

0.000

0.030

1

10

0.005

0.000

0.035

1

11

0.007

0.000

0.042

1

12

0.008

0.000

0.050

1

13

0.008

0.000

0.058

1

14

0.005

0.000

0.063

1

15

0.003

0.000

0.066

1

16

0.001

0.000

0.067

1

17

0.000

0.004

0.063

1

18

0.000

0.004

0.059

1

19

0.000

0.004

0.055

1

20

0.000

0.004

0.051

1

21

0.000

0.004

0.047

1

22

0.000

0.004

0.043

1

23

0.000

0.004

0.039

1

24

0.000

0.004

0.035
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5

CONCLUSION

In this study, the possibility of integrating a PV subsystem to a fuel cell-electrolyzer
subsystem was analyzed. The study presented a complete mathematical model of all system
components and the system was simulated on an hourly basis for the whole year. The results show
that it is possible to achieve such a target and further analysis should be carried out in the future to
show this potential for larger scale systems. Additionally a through cost analysis is needed to
quantify cost parameters and reveal the practical and commercialization potential of the proposed
system.
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ABSTRACT
According to the Renewable Energy Sources (RES) Directive 2001/77/EC, Greece must
produce 29% of its total electricity consumption in the year 2020 from RES. In this framework,
Concentrated Solar Power (CSP) plants have been considered a part of the National RES plan,
aiming at a total capacity of 250 MW by 2020, generating a total of 714 GWh.
Greece is one of the leading countries in the use of solar thermal systems for sanitary hot
water production (low temperatures systems at a range of 55-80oC) presenting one of the highest
ratio in the installed solar thermal collector area per capita. The main solar thermal product was and
still is the thermosiphon water heater, comprising of flat plate collector(s) and storage tank.
Concentrating solar thermal (CST) systems use a combination of mirrors or lenses to
concentrate direct solar irradiation to produce heat, electricity or fuels.
This paper aims at presenting the perspectives of CST applications in Greece, as
concentrating solar systems can play a significant role towards the fulfilment of energy
requirements in electricity, industrial, solar cooling and desalination sector.
1

INTRODUCTION

It is widely known that RES facilitate countries to address their energy objectives regarding a
secure, clean, reliable and affordable energy. Moreover, it is known that the Greek energy system is
based on carbon intensive energy resources. Hydrocarbons, lignite, oil and natural gas, cover over
80% of the national final energy demand [1]. Fortunately, after 2000, the Greek energy sector is
experiencing a significant reform. This includes a modernization of the institutional and legislative
framework, driven by the need to meet with the European directives and the terms imposed to
Greece by its lenders. Among the main goals of this modernization are the liberalization of the
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electricity and the natural gas markets, the extension and enhancement of the domestic and crossborder electricity, natural gas and oil networks and the increased use of energy from RES [2].
Progress, however, is not uniform: The share of RES has increased drastically and the goal set for
2020 will most likely be met, yet the liberalization of the market is still on a very limited scale [3].
Greece’s climate conditions and topography favour RES energy production. A series of
studies attempted to determine the perspectives of RES in Greece [4], [5], [6], [7], [8]. The majority
of them identified that wind power generation [9], [10], [11] plays the key role for the RES
electricity production in Greece, followed by photovoltaics (PVs), which have already exceeded the
national objectives set for 2020 [12]. Biomass contributes significantly in terms of heating and
cooling [13].
Regarding solar thermal energy, Greece is identified as amongst the world-leading countries
in the use of solar systems for sanitary hot water production (low level temperatures, 55-80oC)
presenting one of the highest ratio in the installed solar thermal collector area per capita [14].The
main solar thermal product was and still is the thermosiphon water heater, comprising of flat plate
collector elements and a storage tank.
Since the early 1990s, a series of central (i.e. using a pump) solar thermal systems in
industrial process heating applications, in hotels, industries, athletic centres and greenhouses have
been installed [15], [16], [17], [18], [19].The vast majority of these solar thermal systems are
manufactured in Greece. The Greek Solar Industry Association (GSIA/EBHE) was established in
1978; its members present an outstanding export activity, with more than 50% of their production
being exported. The main reasons for the success of the solar thermal utilization in Greek domestic
sector are:
 The conventional source of sanitary water heating was traditionally electricity, with
higher costs than oil or natural gas, leading to shorter payback periods for solar systems.
 Most urban residential buildings have a flat roof, enabling the easy installation of a
thermosiphon water heater.
 Favorable climatic conditions.
 State support was given in the early days of solar thermal (1970s and 1980s).
 Good product value
CST systems are a more advanced version of solar thermal technology. They use a
combination of mirrors or lenses to concentrate direct beam solar irradiation to produce heat,
electricity or fuels. Unlike flat plate solar thermal collectors and PVs, CST systems are not able to
use diffused irradiation. Commercial systems configurations are parabolic trough, central receiver
tower, linear Fresnel and parabolic dishes [20].
No CST installation is currently in operation in Greece. However, two projects, “Minos” and
“Maximus”, were selected for funding, in the first round of EU's NER300 programme [21].
“Minos” project concerns the implementation and operation of a CSP plant based on central tower
technology with a nominal electrical capacity of 50MWe that will be built in the southeast of Crete.
The project intends to use heliostat mirrors to concentrate the solar irradiation on a solar receiver
placed on the top of a tower. The tower system will be based on innovative superheated steam
technology in order to increase the efficiency of the present plants with tower technology and
saturated steam. The project will be located adjacent to the existing power plant of Atherinolakos.
The planned site has a size of approximately 143 ha and is located only 500m from the sea, at an
elevation between 50 and 100 m above sea level. No storage system is envisaged and the back-up
energy is supplied by a conventional oil fired boiler.
“Maximus” project is a large-scale Stirling dish power plant with a total installed capacity of
75.3 MWe, located in the north west of Greece in the region of Florina. The plant consists of 25,160
Stirling dish units, each with a 3kW power output. The plant is composed of 37 small power plants
of modular design, built on different land plots, which will be connected to the grid via a single
connection point. The Stirling dish unit consists of a cavity receiver that captures the concentrated
solar irradiation from the parabolic-shaped reflector, a free- piston Stirling engine (FPSE) that
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converts the solar energy to electricity and a closed loop air driven cooling system. The
concentrator is mounted on a structure with a two-axis tracking system to follow the sun.
On an international level, the first commercial CSP plants were built in the 80’s and the
current global installed capacity is almost 3000 MW worldwide. The lion’s share of the potential
market for the application of CSP products and plants lies outside Europe mainly in the regions
located in the world's 'Sun Belt'. In European level, 39 plants with an installed capacity of more
than 1700 MW are currently connected to the grid, another 14 plants are under construction and
more than12 projects are pre-assigned [22].
According to IRENA [23] CSP plants have minimum fuel cost but are still capital intensive,
their operational and maintenance cost are relatively very high and the levelised cost of electricity
generation is respectively high. Still, despite the fact that the deployment of CSP is still in its
infancy, capital cost reductions of 28% to 40% are expected to be achieved by 2020.
The main advantage of CSP systems compared to PVs or wind farms is that they could be
used as base load power plants taking advantage of their thermal storage and could economically
meet intermediate loads and air conditioning demand without sun (during the night).
Moreover CSTs should not be approached as a one – dimensional technology, devoted only
to large scale electricity production, but as a complex technology with a number of possible
applications, whose main promising features are its multi-input/multi-output capability
(hybridization with fuel and cogeneration of electricity, heating and cooling or water desalination
services) and its intrinsic dispatchability through thermal energy storage [24].
2

CST TECHNOLOGIES

The main characteristic of the CST technologies is the use of mirrors tracking the sun. The
mirrors reflect the solar irradiation towards the receiver which is positioned at the focus point or
line of the system. The receiver converts the concentrated irradiation to useful thermal energy by
increasing the temperature of a working fluid. The concentration of the irradiation into a smaller
area leads to significantly reduced thermal losses and to high operating temperatures up to 750oC
depending on the solar technology used.
Currently, there are four commercial CST technologies available in the market. These are the
linear Fresnel collectors, the parabolic trough collectors, the solar tower and the parabolic dish. In
Table 1 is presented a comparison of the main characteristics of the four CST technologies. The
linear technologies can produce temperatures up to 500oC. The minimum size of the solar area is
150m2 with their compact design make both technologies suitable for a wide range of applications
The point focus technologies with higher concentration ratios of the solar irradiation can produce
higher temperatures up to 750oC. Both solar tower and parabolic dish are used for electricity
production.
Table 1: Main characteristics of commercial CST technologies
CST Technology

Parabolic Trough

Linear Fresnel

Solar Tower

Parabolic Dish

Focus

Linear

Linear

Point

Point

Tracking

1 axis

1 axis

2 axis

2 axis

Mirrors shape

Curved

Flat, curved

Flat

Curved

Receiver

Working fluid

Moving pipe

Fixed pipe(s)

Fixed external

Circular area of

with/without

with/without

surface

the stirling engine

vacuum

vacuum

Thermal oil, molten salt, pressurized water, 2 phase

Hydrogen, helium

water
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150 m2

150 m2

1,000m2

100 m2

500 oC

500 oC

650 oC

750oC

Steam / industrial use





×

×

Solar cooling





×

×

Desalination







×

Power plant









Power cycle

Rankine

Rankine

Rankine

Stirling

Storage (thermal)







×

Grid stability







×

Hybridization









Minimum system
collector surface
Maximum
temperature

3
3.1

POTENTIAL FOR CST APPLICATIONS IN GREECE
Solar potential

The solar potential for the concentrating solar technologies is expressed by the Direct Normal
Irradiation (DNI), which is the direct irradiation on a tracking surface that is perpendicular to the
sun beam’s direction. The most favorable areas are located in the south-eastern part of Greece, with
Crete and Rhodes having a solar potential of 2,150 kWh/m2.

Figure 1: Monthly distribution of DNI, Crete
The monthly average distribution of the DNI for Crete is illustrated in Figure 1. Regarding the
summer period from April to September the DNI is higher than 6kWh/m2 per day.
The knowledge of the hours per year when the irradiation is above a specific level is of great
importance for design issues. The annual distribution of the DNI for several irradiation ranges is
illustrated in Figure 2.
On Crete there are 1,830 hours per year with the DNI level over 600 W/m2.
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Figure 2: Annual distribution of DNI for several ranges of irradiation intense, Crete
3.2

Climate data

In this section are analyzed the climate factors affecting the solar plant efficiency for an area
of Crete. These factors are the dry bulb temperature, the wet bulb temperature and the wind
velocity. The annual fluctuation of the dry bulb and wet bulb temperatures is shown in the
following graphs. The dry bulb temperature affects the system thermal losses (i.e. solar collectors,
storage and piping). In applications with cooling tower, the dry bulb (db) and wet bulb (wb)
temperatures have a major impact on heat rejection and hence on the performance of the system.
The dry bulb temperature for Crete lies in the range of 10 to 30oC covering the 89% of the annual
time, whereas the wet bulb lies in the 5 to 25oC covering the 95% of the annual time (Figure 3).

Figure 3: Annual distribution of the dry bulb and wet bulb temperature of the ambient air in
several temperature ranges, Crete
The wind velocity affects the system’s thermal losses, as higher velocities result in increased
convective heat losses. Moreover, the wind velocity may be of great importance for the system’s
security and availability, with the solar tower technology being affected the most. The annual
fluctuation of the wind velocity for Crete is shown in Figure 4.
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Figure 4: Annual distribution of the wind velocity in several velocity ranges, Crete.
3.3

Technological background and other factors

In large and complex systems, like CST plants, there are further factors that should be
considered at the initial stage of the design and the site selection, as they play an important role on
the technology selection, namely the system’s efficiency, as well as the capital and maintenance
cost.
Land topography and soil: In principle, North-South orientation is more favorable and
horizontal land sites are preferred. All technologies can cope with some inclination of the ground,
with linear Fresnel systems being able to offset up to 5% slope. Furthermore, if required, leveling
and terracing should be examined – and consequently considered in the feasibility evaluation of the
project. Low cost available land considered the most important factor that determines the feasibility
of a CST project development. Considering that the regions with the highest levels of DNI in
Greece are on the islands they usually tend to be costly. This constitutes a significant drawback
especially when it comes along with other factor related to environmental (NATURA areas,
protected Particular Natural Beauty Landscapes etc) and to social issues (vicinity to airports, visual
impact on built areas, protected archeological areas etc)
Water availability is a crucial factor for a power plant. Depending on the technology
selection, water may be required for the heat rejection system (especially for wet cooling tower), the
power steam cycle and the mirrors cleaning. The water quantity and quality is important for
determining the water treatment facilities. If available water extraction, authorization should be
examined at the initial stage of the design. CSP development should consider the proximity to a
nearby river or sea for cooling purposes. Another option is the construction of a rainwater collection
net in the solar field area; the water collected may also be used for cooling and mirrors cleaning
purposes, after appropriate treatment.
Optical losses: A free horizon is preferable as shading of the mirrors should be avoided.
Moreover, local dust (i.e. smoke-stacks) should be examined as particles on the mirror surface can
reduce the mirror reflectivity.
Accessibility: The accessibility of the plant is important as during construction and operation
heavy hauling must have access. The construction or upgrade of the access roads and bridges should
be elaborated.
Electricity grid: For grid connected systems, the distance connection to the high or medium
voltage line should be kept minimal.
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4

MARKET PERSPECTIVES

4.1

Electricity Sector

The electricity sector is Greece is shaped by the Greek policy framework adopted in 2010,
The Law 3851/2010 on accelerating the development of Renewable Energy Sources in order to deal
with Climate Change and other integrated Directive 2009/28/EC into the national legislation and set
the following national targets until 2020: 40% RES penetration in gross electricity production, 20%
RES share in gross energy consumption for heating/cooling and 10% RES share in the transport
sector. Specifically for wind and PV, a series of measures were introduced, aiming at improving
economic performance and reducing bureaucratic procedures. As a result, by the end of 2015 more
than 2,100 MW of wind and 2,900 MW of PVs were expected to be in operation (based on
preliminary data of TSO by July 2015). However, those figures have been achieved mainly due to
the favorable Feed in Tariffs (FiTs) granted in 2009-2010, a regime that has not been extended
after 2013, because the deep recession on the one hand and the rising cost of RES on the other, lead
to a stalemate.
Considering the competitive part of the market, this is characterized by the relatively low
average marginal cost of power generation, which is determined by the low generation cost of the
older, lignite fired power plants and of hydroelectricity, as it can be seen in average daily marginal
price of the System, depicted in Figure 5.

Figure 5: Daily average marginal price of the electricity generation in the interconnected
system (Source: TSO, 2013).
The current FiTs of between 285 and 265 €/MWh for CSPs, the former if a 2 hours electricity
supply is secured, ensures hardly a feasible investment, based on the points discussed in the
previous sections. Given the direction of the reforms to the electricity sector that are being imposed
to Greece by its lenders, it is rather improbable that those FiTs will be improved. On the other hand,
the impact of the deep economic recession, which since 2009 is steadily reducing energy
consumption as well as the ability and willingness of the consumer to pay, does not allow very
optimistic predictions for the pool market. Initial feasibility studies for CST projects in Greece
indicate that investments in plants of less than 50MW can hardly be attractive, for reasons of
economies of scale. It is therefore only reasonable to consider the perspectives of CSP linked not
only to the electricity market, but to big consumers, like those in the industrial and building sector
that attributes to smaller fields.

No 1648_page 7

368

4.2

Industrial Sector

Five main industrial sectors can be distinguished in Greece, promising good acceptance of
large solar thermal systems. These are industries with relatively low energy consumption, where the
fraction of energy provided by the solar thermal system to the industry’s energy load can be quite
significant:
 Food industry (dairy products, cold cut and process meat factories, pastry and cake
confectioneries, olive oil refineries, tinned goods, slaughterhouses).
 Agro-industries (solar drying, horticulture–nursery greenhouses, slaughterhouses, meat
processing, livestock landings).
 Textiles (tanneries, leather treatment, cloth, refineries, textile treatment workshops).
 Chemical industry (cosmetics, detergents, pharmaceuticals, wax, distilleries, breweries).
 Beverage industry (wineries, liquor and wine distilleries, breweries, soft drinks).
Industrial solar thermal installations with flat plate collectors, have been installed in Greece
during the last years with a significant energy saving and environmental benefits [25].
The thermal applications in the industry vary from 60ºC to 200ºC according to the process.
Flat plate collectors and evacuated tube collectors are ideal for temperatures below 90ºC [25],
whereas for temperatures higher than 100ºC linear focus CST systems are appropriate. Parabolic
trough collectors with one axis-tracking are the most mature concentrating solar technology to
generate heat at temperatures up to 400 °C for process heat applications. In recent years several
companies have started selling parabolic trough collectors for the temperature range 50°C-300 °C,
for industrial applications (Capsol, Absolicon Solar Concentrator AB, NEP Solar AG, SolPac-60
(Thermax) [26] as well as Fresnel collectors Industrial Solar GmbH, Novatec, Areva, Solar Power
Group.
This industrial sector has high thermal energy consumption, in the form both of hot water and
steam. Ideal industrial profiles have a 7 days per week demand, spread fairly uniformly over the
year. Breweries constitute an ideal solar thermal energy consumer, due to the fact that thermal
energy accounts for about 80% of their total demand. The thermal energy is mainly consumed for
boiling (25–50%), bottle washing (25–40%) and pasteurization processes. Additionally its seasonal
needs profile is in “phase” with the solar irradiation, as both peak in summer. Dairies constitute
another interesting case: They usually work seven days a week and their needs cover the whole
spectrum of temperatures form 40-180ºC, with thermal energy used for pasteurization (60–85ºC),
sterilization (130–150ºC), milk powder drying (120ºC to 180ºC) and other processes.
CST may hence be used in all those cases for hot water production, as they use less space, for
air conditioning of the industrial buildings, in collaboration with solar chillers and for direct steam
generation to cover the production process.
4.3

Solar cooling sector

The use of solar thermal energy in Greece for driving air conditioning systems is very
promising, since the cooling load is generally coincident with the availability of solar energy and
thus the cooling requirements of a building coincide with high solar radiation [27], [28].
Solar cooling systems have the advantage of using absolutely environmental friendly working
fluids in the cooling machines, such as water or salt solutions for their operation. They can be used
either as stand-alone systems or in combination with conventional cooling systems, to meet the
cooling requirements of all types of buildings, contributing to a reduction in conventional energy
consumption and CO2 emissions. There are some10 solar cooling systems in operation in Greece,
with a total installed cooling capacity of around 1.500kW, all of them equipped driven by flat plate
collectors and using single stage solar chillers [29, 30, 31, 32]. The use of linear focus concentrating
solar collectors would enable the integration of two-stage solar thermal chillers in solar cooling
systems, which require for their operation inlet temperatures in excess of 1000C. This would lead to
COP values and also to smaller collector field surfaces, lower operating costs and greater solar
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fraction rates. It would therefore make those systems much more suitable for application in the
urban built environment and more competitive to the conventional air conditioning technologies.
5

CONCLUSIONS

Concentrated Solar Power systems are highly promising, as they can provide solutions to a
multitude of applications, both considering electricity and thermal power generation. However, they
are also investments that call for a multifaceted decision-making procedure, as they are still very
capital intensive.
Essential requirements for feasible CPS plats are the climate conditions, and especially the
DNI of the location, the availability and cost of land, the availability of water and the social
acceptance of the projects. Given the fact that the levelized cost of energy produced by CSPs is still
quite high, effective supporting mechanisms are required, either by means of FiTs or by initial cost
subsidies, to ensure the financial viability of the project. Mediterranean region in general, and
certainly also Greece, constitutes an extraordinary option for CSP technology implementation given
the climate and the other technical conditions, but also the fact that all possible types of consumer
groups can be addresses, from industry to solar air-conditioning and from power generation to
desalination.
What is still needed is an effective legal and regulatory framework, which will support this
technology in its take-off stage, in a way similar to that of wind- or PV-technology.
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ABSTRACT
In European Union the 40% of energy is consumed in buildings in order to cover thermal and
cooling needs and devices operation. Cooling load increase is due to: a) the wider use of cooling
technology, and b) the deterioration of urban environment. The reduction of energy consumption
for cooling should be addressed in city level, since the urban environment where the building
operates increases its cooling needs and deteriorates the heat pumps operation.
In the present work, a Computational Fluid Dynamics (CFD) model is used based on the
method of finite volume in order to study the improvement of microclimate conditions in an urban
agglomeration of the city of Volos, through bioclimatic interventions. The model was set up to
assist at the assessment evaluation of the proposed interventions in order to advance the urban
environment of the local area inhabitants.
The Boussinesq approximation is used, in order to take in account the thermal buoyancy,
while for the radiation transport is used the Discrete Ordinate (DO) for two wave length bands. The
ground temperature is determined solving an energy balance model, while it is also considered as
infrared diffusive radiation emitter. The planted surfaces are considered as finite thickness heat
sinks and the roofs and buildings walls are took also as finite thickness isothermal walls and heat
sources which corresponds to load occurred by the heat pumps, electrical devices operation and
finally by the human presence. Trees are regarded as porous volumes working as source and sink
terms to the momentum, turbulence and energy equations. The surfaces of water elements are
considered isothermal heat sink walls.
The local microclimate before and after the bioclimatic interventions are presented comparing
the temperature and wind speed distributions as well as the thermal comfort indices.
1

INTRODUCTION

In the past, energy in buildings was consumed mainly for heating but today it is also
consumed for cooling with vast intention. This increase is due to: a) development and widespread
use of the cooling technology, b) the deterioration of urban environment. Dense construction and
lack of greenery are responsible for the development of urban heat island. The reduction of energy
consumption for heating can be dealt in building level, but the case of energy reduction for cooling
should be dealt in an level of city or neighborhood. And this is because the urban environment,
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where the building operates, burdens considerably its cooling needs and the operation of the used
heat pumps.
The study of the microclimate developed in the urban core is a multivariate problem since the
formation of the final pressure, air speed, temperature and humidity field depend upon factor as: a)
local climatic conditions, b) geometry and orientation of buildings, streets and openings, c) used the
materials in buildings, streets and public spaces, d) existence of greenery and water elements, e) the
produced heat in buildings due to residents presence, device operation, lights and heat pumps etc.
One way to describe this complex problem is through field measurements. But those
measurements give information about specific points and require a large number of assumptions to
be adopted in order to derive conclusions for a whole region. Nevertheless this does not reduce their
value and the information they provide. Furthermore those measurements can be used as validations
to the produced numerical models for the description of the developed microclimate [1, 2].
The methods of CFD is a modern way to simulate the developed transport phenomena and to
determine the urban microclimate behavior. Those methods can offer a full depiction of the
developed microclimate in an area, and even to consider improvement scenarios by using
appropriate materials, adding water elements and green areas, shaping the public spaces etc.
In this context, the flow field developed in urban core was studied with CFD without taking
into account the energy but focusing in the study and simulation of wind and turbulence in paper
[2]. In the paper [3] another CFD model was developed in order to describe the urban microclimate
considering the heat transfer through an Energy Balance model for the definition of the boundary
conditions but without direct simulation of the radiative transport equation (RTE). In the model
developed in work [4], the buildings are described as sources of heat and radiation in order to
estimate the contribution of urban planting in the reduction of the air temperature in urban
environment. Another CFD model was also developed for the simulation of greenery and water
elements as sinks in the momentum and energy equations [5].
Since a number of individual models describing the effect of several factors in microclimate
were developed [6], CFD codes that combines some of these models was used for the study of real
urban segments (eg Athens [7], Florina [8]).
In the present work a CFD model was developed for the study of transport phenomena in the
urban core of city of Volos during typical summer day. An energy balance model was used for the
description of buildings, streets, greenery and water elements as sources or sinks of heat. The
greenery is simulated as porous material, while the radiation equation is solved directly for two
wave length bands. This model was used for the description of current microclimate in the studied
area and for the prediction of the microclimate evolution after a number of interventions.
2
2.1

METHODOLOGY
Mathematical model

The flow field and the transport phenomena developed in the computational domain are
described by the Reynolds Averaged Navier-Stokes equations [9, 10]. The continuity, momentum
and energy conservation equations are solved in 3D (x,y,z), as well as the equations correspond to
the turbulent model. The flow is considered 3D, steady state, incompressible and turbulent. The
turbulence effect in the developed flow and heat transfer is modeled through the standard k-ε high
Reynolds model [11]. The effect of thermal buoyancy is modeled using the Boussinesq
approximation. The radiation is modeled using the Discrete Ordinate (DO) model [12, 13]. The
radiation transfer equations are solved in two wave length bands. One corresponding to the solar
radiation (short wave with λ=0 – 0.76 μm) and one corresponding to thermal radiation (long wave
λ=0.76 – 100 μm). The greenery is considered porous materials that cause pressure drop, further
more are considered as heat sinks. In the momentum conservation equations two source terms are
added. The one corresponds to the thermal buoyancy and the other corresponds to the pressure drop
inside the porous media. [14].
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Where, SUi is the sink term in the i-direction of the momentum conservation equation, CD=0.2 the
drag coefficient, LAD=7 the leaf area density, ui the local speed in the i-direction and the measure
of local speed.
In the energy equation are added: a) a source term corresponding to thermal radiation
calculated by the DO model, b) a source term corresponding to the heat produced by buildings, c) a
sink term that corresponds to the air temperature reduction due to evapotranspiration of greenery
and d) a sink term that corresponds to temperature reduction due to evaporation of water elements.
The heat is produced by buildings from: a) the resident’s presence, b) the operation of the
domestic equipment, c) heat produced by lights operation and d) heat rejected by heat pumps.
Taking into account the above it is considered an average heat production of 28 W/m2.
According to FAO instructions [15], the average evapotranspiration rate (ETc) for trees in
Mediterranean area with low humidity is 6-9 mm/day for temperatures higher than 30o C. If an
average value is taken into account this lead to heat consumption of 212 W/m2. The final heat
consumption depends on the trees’ leaf area index (LAI). It is taken an average value of 3 for the
whole studied greenery in this work.
The water element surface is considered as isothermal wall with a temperature of 25 oC, while
is in parallel a heat sink due to water evaporation. For a typical summer day with average
temperature of 33 oC and relative humidity 47% this lead to a heat sink of 200 W/m2. Finally in the
turbulence models’ equations are added as source terms due the greenery elements [14].
(2)
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where, Sk the sink term of the turbulence kinetic energy equation and Sε the sink term of the
turbulent dissipation
2.2

Numerical model

The finite volume method is used for the resolve of the 3D Navier Stokes partial differential
equations [10] using the OpenFOAM software. A hybrid multiblock grid of 6538192 cells was
used, created by 22 blocks. The discretized continuity and momentum equations are coupled using
the SIMPLE algorithm [9]. Due to the fact that in the solid boundaries wall functions are used the
grid is formed securing that the nondimensional distance y+ between 10 and 40. The diffusion terms
are discretized using central differences and for the discretization of the convection terms 2nd order
upwind scheme are used. The convergence criteria for the momentum, pressure and concentration
equations is set to e=10-5 and for the energy and radiation is set to e=10-6 .
3
3.1

CASE STUDY
Geometry

In the Figure 1 the geometry of the simulation domain is given. In order to avoid side effect in
the simulation results the computational domain boundaries are expanded by 8H from the interest
area and 6H vertically over the buildings surface (H, is the buildings height) [11, 14]. This way all
the lateral sides can be used either as inlet and outlet surfaces given that during a day the wind
direction is varying (from a to sea).
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Figure 1. Geometry of the simulation domain
3.2

Boundary conditions

Depending on the time of the day 3 of the lateral sides are considered as inlet boundary
conditions (known values of air velocity components, ui, turbulent kinetic energy, k, dissipation
rate, ε, and air temperature T).The same boundary condition is set to the upper boundary. In the
surface from where the air is expected to leave the simulation domain pressure outlet condition is
set (known pressure equal to atmospheric).
The streets, the sidewalks, the school courtyard as well as the under trees surfaces are
modeled as isothermal walls. This corresponds to no-slip and no penetration boundaries for
momentum equations, while as far it concerns the energy equation predefined value of temperature
is set. As far it concerns, the radiation transport equation those surfaces are considered to emit
thermal diffusive radiation according to their temperature, the material and the color.
The low planting surfaces are considered as finite thickness wall and heat sink due to
evapotranspiration. The building’s roof and side walls are also considered isothermal walls with
finite thickness. In this finite thickness is produced the heat due to residents activation, devices,
lights and heat pumps operation. The trees are considered as porous volumes working as source
and sink terms in the momentum, turbulence and energy equations. Finally the water element
surface is also considered as isothermal wall.
The wind speed in the boundary inlet is assumed to follow an exponential distribution profile
up to 11 m and for higher elevation a logarithmic one. So the wind speed components are given
according to the following relationships [16].
a

 z 
 z
u
(4)
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Where ui, the i-component of wind speed in elevation z, zref the reference height, α the
exponent that takes into account the ground roughness, (for urban environment is taken 0.4),
κ=0.35, the von-Karman constant, u*, the friction velocity and zo the ground roughness height
which is taken as unity for the urban environment.
The values of turbulent kinetic energy, k, and of the dissipation rate, ε, are calculated for the
inlet boundary conditions with the following relationships [14, 5].
kin  0.003  ui3
(6)
3
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The temperature of the ground which act as isothermal wall for every considered cover
material is calculated for each time using an energy balance model [3, 5] taking into consideration
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the incident solar radiation, the air temperature, the underground temperature (in depth of 15 cm),
the thermal conductivity of the material, the absorption coefficient in the solar radiation band and
the emission coefficient in the thermal radiation band. This way in the definition of surface
temperature it is taken into account the temperature raise due to incident solar radiation, the heat
transfer to and from the ground through conduction, the heat exchange with the environment due
convection and the thermal radiation exchange with the sky. The radiation exchange with the rest
surfaces of the computational domain is modeled through the DO model. The incident solar
radiation in every solid and porous surface of the computational domain is calculated according to
the inclination and orientation of each surface taking into account the shading [17].
The buildings’ roofs are deemed to have a thickness of 15 cm, while the lateral walls have a
thickness of 25 cm. The buildings internal temperature used in the energy balance is considered 28
o
C. As far as the temperature of the lateral surface two types are considered: a) glass surface, b)
light color masonry and finally it is calculated a weighted average value.
3.3

Material properties

Surfaces corresponding to lateral walls are divided according to their material to masonry and
glazing. The thermophysical properties of those materials are given in the following table.

Masonry
Glazing

Table 1. Thermophysical properties of lateral walls material
Density, ρ
Specific heat capacity Thermal conductivity,
[kg/m3]
Cp [kJ/(kgK)]
k [W/(mK)]
1084
1135
0.17
923
2300
0.39

Assuming that the 25% of the lateral walls area is covered by glazing, the weighted average
values are calculated for all therophysical properties. In Table 2, the thermophysical properties for
the used materials are presented. For trees and greenery the assuming porosity is set to 40%. The air
dynamic viscosity is μ=1.789x10-5 (Pas) and the thermal expansion coefficient is β=0.00343. The
optical properties of the materials are given in the table 3.
Table 2. Thermophysical properties of all used material
Specific heat capacity Thermal conductivity,
Density, ρ
Cp [kJ/(kgK)]
k [W/(mK)]
[kg/m3]
Ground
946
1920
0.35
Roofs & shelters
950
910
0.24
Lateral walls
1021
1590
0.26
Greenery
700
2310
0.173
Air
1.225
1920
0.0242

Asphalt
Pavement
Grey roofs
Red shelters
Masonry
Glazing
Greenery

Table 3. Optical properties of materials
Absorption
Reflection coefficient,
coeficient, α [-]
ρ [-]
SR
NIR
SR
NIR
1
1
0
0
0.9
0.9
0.1
0.1
0.9
0.9
0.1
0.1
0.6
0.6
0.4
0.4
0.3
0.3
0.7
0.7
0.05
0.1
0.06
0.06
0.8
0.2
0.2
0.8

Emission
coeficient, ε [-]
SR
NIR
0.9
0.9
0.9
0.9
0.9
0.9
0.8
0.8
0.9
0.9
0.9
0.9
0..975
0.975
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1.1 Parametric study

The subject of our study is an area in the urban core of Volos, a segment of the quarter ‘Palia’
close to the harbor with stigma (φ=39ο 21.65’, L=22o 56.15’ and elevation 3 m). In this area exist: i)
Public and private buildings of 2 or 3 storeys, ii) School courtyard covered by asphalt, iii) a few
trees, iv) pedestrian walkways covered by dark color tiles, v) streets covered by common asphalt
and vi) a square covered with dark tiles and cement, sparse trees and a small fountain. The area was
studied for a typical summer day. For this day steady state simulations were conducted every 1
hour, with the following climatic data.
Table 4. Climatic data of a typical summer day
Relative
Total solar radiation
Air
Wind
Wind
Τime temperature speed
direction humidity on horizontal surface
[C]
[m/s]
[%]
[W/m2]
[ο]
6:00
24
0.29
56.14(ΝΕ)
69
11
7:00
23
0.69
329.9(ΝW)
66
85
8:00
24
0.73
334.5(NW)
65
280
9:00
27
0.47
66.31(NE)
61
520
10:00
29
1.06
176.5(SSE)
56
805
11:00
29
1.67
184.1(SSW)
58
1020
12:00
30
2.21
160.6(SSW)
54
1191
13:00
31
2.23
150.8(SE)
47
1270
14:00
31
2.19
174(SSE)
43
1204
15:00
33
1.88
184.1(SSW)
43
1018
16:00
33
1.9
174(SSE)
42
802
17:00
33
2.19
145.9(SE)
41
581
18:00
33
2.3
157(SE)
38
322
19:00
33
1.49
194.2(SSW)
35
64
The examined area is 54000 m2 of which the 25000 m2 are covered by buildings. The
interventions are summarized as following: a) replace the 12% of streets and pavements by tiles
characterized by favorable optical properties, b) replace the 1.6% of the streets by cold asphalt,
c)addition of 100 m2 of trees which also increase the shading. In the Table 5 the optical properties
of the proposed materials are presented.
Table 5. Optical properties of the proposed materials
Absorption
Reflection
Emission
coefficient, α [-] coefficient, ρ [-]
coefficient, ε [-]
SR
NIR
SR
NIR
SR
NIR
Cold asphalt
0.42
0.34
0.58
0.66
0.9
0.8
Cold tiles
0.35
0.9
0.65
0.1
0.9
0.8
2. RESULTS

In the figures 3 to 5 the temperature distribution at 1.8 m before and after the proposed
intervention is given for the hours 6:00, 12:00 and 16:00 of the typical day.
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Figure 3. Temperature distribution before and after intervention at 6:00

Figure 4. Temperature distribution before and after intervention at 12:00

Figure 5. Temperature distribution before and after intervention at 16:00
In the figures 6 to 8 the developed flow field at 1.8 m before and after intervention are
presented for the hours 6:00, 12:00 and 16:00 of the typical day are presented

378

Figure 6. Flow field before and after intervention at 6:00

Figure 7. Flow field before and after intervention at 12:00

Figure 8. Flow field before and after intervention at 16:00
In the Figure 9 the cooling power index (CPI), the cooling degree hours (with base
temperature at 26 oC) and the spatially average temperature at 1.8 m during the examined typical
day are presented before and after intervention
The average temperature reduction at elevation of 1.8 m is 1.7 oC, the total cooling degree
hours are decreased from 68.07 to 47.39 and the CPI is improved by 17%, but it remains at levels
indicating extremely hot situation. The basic reasons are the low air velocities caused by the trees
located in the south boundary of the examined segment which prevents the cooling from the sea air.
Nevertheless the area is characterized by low humidity during the hot hours of the summer. For that
reason, it is calculated the Wet-bulbe Globe Temperature (WBGT) before and after the intervention
[18], taking into account the climatic data of the area for the relative humidity.
From the WBGT calculations, it was observed an improvement of 5%, while there is a
reduction in time interval in which precautions are required [19]. Since the relative humidity
remains low and the available shading is expanded, the discomfort feeling is not too intensive for
the biggest part of the day.
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Figure 9. Evolution of cooling power index, average temperature
and cooling degree hours during the examined day
.

Figure 10 WBGT evolution during the typical day at 1.8 m
before and after the proposed intervention
3. CONCLUSIONS

The prediction of microclimate in an urban segment is a multivariate problem that requires the
modeling of a number of factors. In the present work a numerical model was developed taking into
account not only the geometry and the local climatic conditions (wind speed, temperature, and solar
radiation) but also the materials used, the existence of greenery and water elements and the human
activity in the buildings (human presence and devices operation).
According to the calculated thermal comfort indices and the developed temperature and flow
fields justify the interventions necessity. The proposed interventions (substituting the cover material
of streets and pavement with materials with favorable optical properties and increasing the cover of
public spaces with greenery) proved improvement to the local microclimate in terms of average
temperature and thermal comfort indices. Nevertheless the arrangement of the trees in the south part
of the domain, that prevent the sea breeze air current and its cooling convection impact, weakening
somehow the effect of the whole intervention.
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ABSTRACT
Last years the interest about hybrid autonomous power systems has been renewed not only for
use in isolated areas due to the reduced cost of renewable energy systems’ (RES) units (PV, wind
turbines, etc) and due to the increase of conventional energy cost (fossil fuels, electrical energy).
In the present work are presented the design and the performance of a hybrid power system
(HPS) according to the type of the load and the kind of renewable sources. In general the HPS is
constituted of wind turbine, photovoltaic units, diesel generator and batteries. For the design is used
a combination of analytical or/and semi-empirical methods (initially developed for autonomous
systems design) and simulation of HPS operation.
Three types of loads were examined: a) constant load in daily, seasonal and yearly base, b)
daily and seasonally fluctuation of load b) intensive daily and seasonally fluctuating of load. All
load types applications were examined for combinations of three different solar and wind potentials.
The performance of the HPS is examined through parametric studies concerning the daily
energy requirement and solar and wind potential simulating the systems operation over the system
lifetime. It comes out that both the design and the performance are depended strongly from the type
of the load (and not only of the daily required energy), and then on the available RES potential.
1

INTRODUCTION

It is known that the use of hybrid power systems (HPS) can significantly reduce the life cycle
cost of an autonomous power supply especially when it is stand-by and do not work permanently,
while ensuring continuous energy supply to remote areas. A full HPS can be constituted by
photovoltaic panels (PV), wind turbine (WT), diesel generator (DG) and batteries to store the
produced energy.
Due to the multi-parametric nature of the HPS design problem, the stochastic nature of
available RES potential and the non-linear behaviour of the components operation, until today,
there has not been proposed a comprehensive theory or an integrated model - code for the optimal
system design depending on the climatic conditions. Most of the models consider the influence of
certain parameters assuming the rest known and stable. In this case the optimization criteria vary
according to the use of the system.
The design of HPS can be categorized in three basic methods: a) the use of analytical or semiempirical relationships, b) the use of numerical simulation models for the HPS operation and c) the
use of algorithms for the identification of the basic HPS components characteristics.
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The first category uses analytical or empirical methods such as the Ah method [1]. Those
methods have been developed for specific combinations of autonomous systems and they cannot
take into account the simultaneous use of multi RES components. Furthermore, they consider
monthly or yearly energy demands without taking into account daily and/or seasonal variation of
the served load. Nevertheless those methods can produce a quick first estimation of the HPS
components’ size.
The second category is the indirect design. Starting from an initial design and with repeated
simulations can cover a wide range of modulation components of the original design in order to
optimize it. In this process, the optimization criteria are mainly economical and operational.
Especially the latter concerns the reliability of the proposed system and for this has been produced
several models like the method of loss of power supply probability (LSPS) [2], the method of Loss
of Load Probability (LOLP) [3], the method of System Performance Level (SPL) [4] and the
method of Loss of Load Hours (LOLH) [5] which are incorporated to such views. Οccasionally, as
optimization methods have been proposed, graphical [6, 7], statistical, iterative [8] and artificial
intelligence [9] methods. Those software are distinguished into accounting models [10], time series
or semi-steady models, statistical models, dynamic models. Two other categories of models that
have been recently developed is the dispatch models and transition models. Some of the most
known models that have been developed for the simulation of HPS’ operation are the following:
HOMER from NREL [11], INSEL from University of Oldenburg [12], RAPSIM from the Murdoch
University in Perth Australia [13], SEU/ARES from the University of Cardiff [14]. In each case it is
required an initial sizing of the HPS design.
The third category uses algorithm, based on analytical relationships and iterative procedures,
which automates processes of first class while taking into account (techno-economic and reliability)
criteria that used in the second category. Methods proposed in this classification usually concern
the participation of one RES component combined with DG or storage system [15], or in best case
concerns two RES without DG [16], and are developed for certain load applications. In this context
have been developed software for the design of HPS systems combining WT, DG and batteries like
the WIND-REMOTE II, WIND-DIESEL I and WINDENEREJ [17, 18, 19]. Other software have
been developed for the design of HPS combining PV, DG and batteries or only PV and batteries
like the PHOTO-IV and PV-DIESEL III [20, 21]. And finally there is software for the design of
system that combines PV and WT like the WT-PV-II [22].
In [23] the first and the second categories were combined in order to qualify the
analytical/semi-empirical methods that can predict most accurate the initial design of a full HPS for
various applications. The developed method in this research is used in the present work in order to
design HPS for three different application scenarios: a) constant load, b) daily and seasonally
varying load and c) intensively daily and seasonally varying load, for three solar and wind
potentials. For this, the HOMER software was used for the performance estimation of the designed
HPS for loads, and renewable energy potentials different from those of the initial design. Special
attention is given in the way the load variation affect the design and the performance of the HPS.
2

METHODOLOGY

In the first step analytical and semi-empirical relationships were used for the design of the
HPS. Then the initial design was optimized with repeating simulation of the HPS operation for the
period of its life time.
2.1 Analytical and semi empirical methods
In the work [23] the performance of various analytical and semi-empirical methods for initial
design of HPSs was studied for constant energy demand (the case of a telecommunication station)
and for intensively daily and seasonal variation energy demand (the case of a milking parlour). The
same method used for loads characterized by mild daily and seasonal variation (the case of a house)
in order to identify the optimum configuration of the initial design.
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2.1.1 Methods for PV
For constant and intensively daily and seasonal load variation the best method for initial
prediction of the PV installed power was proved to be the method of Ah as was proposed by the
Sandia National Laboratories [1] and its modification, the Wh method.
For the application of this method it is required: a) the determination of the daily load current
in Ah/day, b) the choice of the PV and the calculation of its operational characteristics in the
examined climatic conditions (air temperature). The number of series connected PV panels is
calculated from the inverter (or charger) input voltage while the number of the parallel connected
panels is determined from the daily load. Given the flexibility in panel interconnections which is
offered by the modern inverters, the Ah method was modified to Wh method. In this modification
the daily load is calculated in Wh and total number of required PV panels is defined according to
this load.
For mild daily and seasonal variation load the best initial design method depends on the
system configuration and on the available RES potential. In all cases the methods of Ah and Wh
give the best initial approach for a full HPS. For HPS without WT (in cases with very low wind
potential, less of 4m/s wind speed at 10m level) and with mid solar potential, the best initial
prediction is given using an analytical relationship predicting the required PV area, while in the
cases with high and low solar potential it was qualified an algorithm that define the number of PV
panels in a range of a minimum and a maximum value.
The analytical relationship for the prediction of the required PV area is given by [24]

A

L
H  nr  nP  nT  nd

(1)

Where, A is the PV area [m2], L the daily load (average yearly value) [kWh/day], H the
available solar energy (average yearly value) [kWh/(m2day)], nr the nominal PV efficiency, nP the
pollution factor, nT the temperature factor and nd the ageing factor.
The algorithm that define the number of PV panels between and minimum zmin and a
maximum zmax value [21] is proposed by the following relationships
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Where, Ε0 the monthly load [kWh/mo], HT the monthly available solar energy
[kWh/(mo.m2)], Spanel the PV panel area [m2], ncc the monthly average charger efficiency, ninv the
monthly average inverter efficiency, nwire the wiring losses, npv the PV panel nominal efficiency,
ntemp the temperature PV coefficient, npol the pollution factor due to deposits, nag the ageing factor
and n* the storage system efficiency.
2.1.2 Methods for batteries
In all cases, the examined methods predicted very big number of required batteries because of
two main reasons, the first is safety of the adequate power supply for an autonomous systems and
the second has to do with the fact of the very high cost of the PV panels in the recent past. As best
initial prediction method was qualified the Ah – Wh method under the consideration of only one
day autonomous operation.
2.1.3 Methods for DG
In all cases except the case of mild load variation with mid solar potential, the best DG power
prediction was achieved assuming that the DG will be used only for batteries charging, since in this
case there is no reactive power.
C V
(4)
N ED  10  n
120 h
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Where, C10 is the 10-hours battery capacity, V the battery voltage and n the number of
batteries. For the case of mild load variation and mi solar potential the best DG nominal capacity
initial prediction is defined by the maximum power demand [25].
2.1.4 Wind turbine design
The WT design is considered only in the cases where the yearly average wind speed at 10 m
elevation is greater from 4 m/s. Generally used rules of thumb for autonomous systems [26, 27]
suggest that the installed WT nominal power should range between 20 -30% of the nominal DG
load. The cut-in wind speed (Uci) should be higher than the 0.6 of the yearly average wind speed
(Uav) , the rated wind speed (Ur) should be lower than 2Uav and the cut-off wind speed (Uco) should
be lower than 3Uav and furthermore it should secure that for the 90% of the time the local wind
speed should be lower than Uco.
2.2 Indirect design
For the final design of the HPS, the initial design was optimized using simulation software of its
annual operation yearly for the whole life time of the system. The HOMER-2 [28] software was
used for the HPS simulation adopting the following assumptions: a) annual real interest rate 10%,
b) systems lifetime 25 years, c) simulation time step 60 min, d) minimum batteries SOC 40%, e)
maximum shortage capacity 0% for constant load, 10% for mild load variation and 3% for intensive
load variation, f) conventional fossil fuel price 1.3€/lt, and the optimization criterion was the cost of
produced energy (COE).
3

STUDY CASE

3.1 Examined load
As it is already mentioned three types of load were examined: a) the constant load which
present very weak daily and seasonal variation (typical example the load of a telecommunication
station), b) load with mild daily and seasonal variation (typical example a house) and c) load with
intense daily and seasonal variation (eg a milking parlour). For each case the installed power was
estimated and the daily load variation was calculated for a typical day of each month. It should be
noted that in all cases an added load of 1.334 kW has been considered as self-consumption
corresponding to the energy consumed by energy management units (inverter, charger etc) and for
the control of the air-conditioning in the shelter that houses the HPS, since the temperature in the
batteries’ room should be kept inside specific limits. eg ventilation, air-conditioner and lights. The
three examined loads were chosen to be comparable in terms of total energy demand. In the next
table the characteristics of the three loads are given. The heat and cooling needs of the HPS shelter
and of the house was calculated in yearly base simulation by the software Energy+ [29] using 10
min time step.
Table 1. Characteristics of examined loads
Load type
Installed power [kW]
Average daily energy demand [kWh]
Yearly energy demand [kWh]

Constant Mild variation
3.334
16.3
52
30
19000
11000

Intense variation
23.15
89
21500

Actually the installed load and the energy demand are depended on the climatic regime. In the
above table the configuration for mid solar and wind potential is given. In the next figure the daily
and seasonal variation of the three load types are given. For the daily variation, a typical day of
February was chosen indicatively.
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Figure 1. Daily and Yearly energy demand variation
3.2 Solar potential and wind potential
Three solar potential parameters of the Greek area examined and are given in the Table 2.
Table 2. Characteristics of the examined solar potentials

Solar
Potential
Low
Mid
High

Total yearly solar
radiation on
horizontal plane
[kWh/m2]
1513.58
1628.79
1722.60

Insolation
clearness
index [%]
51
54
56

Yearly
average day
temperature
[C]
16.60
18.78
19.52

Maximum
number of
consecutive
cloudy days
18
8
5

Also two wind potential was examined, typical of Greek area [30] and its features are given in
the Table 3. WT is not included in the HPS configuration for lower wind potential.
Table 3. Characteristics of examined wind potential
Parameter
10-minutes Yearly average wind speed at elevation of z=10 m [m/s]
Scale parameter of Weibull distribution, C [m/s]
Shape parameter of Weibull distribution, k
4

High
5
5.63
1.8

Low
7
7.9
2

RESULTS

4.1 Design results
Indicatively, for the combination of mid solar and low wind potential, the design results for
the three examined load types are given in the Table 4. The nominal capacity of the batteries was
considered 900 Ah.
Table 4. HPS design for mid solar and low wind potential
Type pf load
Constant
Mild variation
Intense variation

PV [kW]
5
4.5
17

WT [kW]
6
3
3

DG [kW]
4.4
4.4
6.3

Batteries [number]
24
24
48

It is obvious that comparable, but with not the same, daily and yearly load variation requires
different configuration for various load types. For intense load variation bigger system is required.
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4.2

Performance results

The performance of the three presented HPS is given in terms of Cost of Energy (COE), DG
operation hours and load percentage covered by RES vs varying load, solar and wind potential. In
every case except from the three systems, the performance of zero-1 and zero-2 systems are
presented. As zero-1 is defined a system consisted only by a DG. As zero-2 is defined a system
consisted by a DG and batteries. In the following, table the design of zero-1 and zero-2 solution is
given.
Table 5. Zero-1 and Zero-2 design
Type of load
Constant
Mild variation
Intense variation

Zero-1 design
DG [kW]
Batteries [number]
4.4
24
4.4
24
18.8
24

Figure 2. COE variation vs available yearly
average total daily solar radiation in horizontal
plane

Zero-2 design
DG [kW]
5
5
27.5

Figure 3. COE variation vs available yearly
average wind speed at 10 m height

In the Figures 2 to 5 the cost of produced energy (COE) in [€/kWh] is given as a function of
the available solar radiation, the available wind potential and daily energy demand.

Figure4. COE variation vs daily energy demand
In each graph are given the following information: a) The cost of energy (COE) for full
hybrid system for constant energy demand (COE-HPS-CL), b) The COE for zero-1 design (DG and
Batteries) for constant energy demand (COE-DG+Bat-CL), c) The COE for zero-2 design (only
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DG) for constant energy demand (COE-DG-CL), d) The COE for full hybrid system for mild
energy demand variation (COE-HPS-MV), e) The COE for zero-1 design for mild energy demand
variation (COE-DG+Bat-MV), f) The COE for zero-2 design for mild energy demand variation
(COE-DG-MV), g) The COE for full hybrid system for intensive energy demand variation (COEHPS-IV), h) The COE for zero-1 design for intensive energy demand variation (COE-DG+Bat-IV)
and i) The COE for zero-2 design for intensive energy demand variation (COE-DG-IV).
It should be noted that the three systems have been configured for comparable but not the
same daily and yearly energy demand. So only in the Figure 4 can be considered fully comparable.
In the Figures 2 and 3 it is important to notice the difference between the HPSs and the zero-1 and
zero-2 equivalent designs. In all cases the COE of the zero-2 design is significantly higher than the
cost achieved with the use of HPS, and this difference increases as the energy demand variation
deteriorates.
For systems which have to deal with intensive variation in energy demand significant
improvement can offer the design zero-1 although it never becomes better than the HPS design. As
it was expected the performance of HPSs deteriorates as the available RES potential restricted and
as the energy demand diversifies from the design load.

Figure 5. DG annual operating hours vs available annual average total daily solar radiation in
horizontal plane
In Figures 6 to 8 the operation hours of the DG of each system is presented vs available solar
radiation, wind potential and energy demand. The nomenclature is the same described earlier.

Figure 6. DG yearly operating hours vs available
yearly average wind speed at 10 m height

Figure 7. DG yearly operating hours vs daily
energy demand
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Figure 8. CO2 annual emissions vs available annual average total daily solar radiation in
horizontal plane
The number of DG operation is an important parameter because it defines the consumption of
fossil fuel (although it is not fully linear) and also gives information about the wearing, the DG life
time and the maintain periods. The zero-1 design seems to be the most burdened but this is because
of the DG small size which keep its COE low. It should be noted that the systems designed for
intensively varied energy demand has been simulated for 8 month operation period over a year.

Figure 9. CO2 yearly emissions vs available
yearly average wind speed at 10 m height

Figure 10. CO2 yearly emissions vs daily energy
demand

In Figures 8 to 10 the CO2 annual emissions [kg/year] from the examined systems operation
are presented as a function of the available solar and wind potential and the daily energy demand.
The CO2 emissions is an important parameter that characterize the operation of a HPS system
since beyond the pecuniary, there is and an environmental dimension. It is something that should be
taken into account in the feasibility study for the use of an HPS and could help the user of it to
claim ‘green’ mention to production line. In all the cases, the superiority of HPS systems is obvious
vs the design zero-1 and zero-2. As it was expected the CO2 emissions depend strongly on the
available RES potential and on the size and type of the energy demand.
5

CONCLUSIONS

The HPS system design depends strongly not only on the daily and yearly energy demand that
called to serve but also on the variation level of this demand. For this reason, loads characterized by
daily and/or seasonal variation require accurate design with the use of simulation tools becomes
necessary. The incorporation in the design of DG and storage devices concurrently, can improve
significant the system performance and its reliability, especially when the DG is used only for
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batteries charging. From the results, it comes out that a good design which takes into account the
local available RES potential and the load size and type, can improve substantial the performance of
an HPS according to all examined criteria.
The performance of the HPS systems is also depended on the type of energy demand
variation. As the variation is intensified the cost of the produced energy increases. In all the cases
the HPS offer better cost of energy from the usual alternatives (use only of a DG or a combination
of DG and batteries). Especially in the case of very intensive energy demand variation, the addition
of energy storage devices to a simple DG can improve dramatically its performance.
Except from reduction of cost of energy, the HPS improves the life time of the energy
equipment reducing the operation time and the need for service. Even in the cases where the
reduction of cost of energy is not attractive enough, the reduction of CO2 emissions is important
enough to justify the use of an HPS system by a user who wants to reduce the environmental
footprint of its activities.
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combining RES and fossil fuels'
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ABSTRACT
Livestock buildings are energy consumers and aggravate the environment directly through
their emissions and indirectly through the natural sources consumption. The contribution of energy
consumption in the total production cost increases as the mechanization level and the conventional
energy cost arises.
In the present work the total energy consumption in poultries and its distribution according to
the type of energy and the type of application is approached in two ways: a) The operational rating
and, b) The asset rating. In the first way the energy consumption of 8 poultry units (26 chambers),
located in both mountainous and lowland areas, is calculated through the process of energy audit. In
the second approach, the thermal needs of the chambers are calculated using a source analytical
explicit model in hourly time step. Both results are used in order to calculate the energy indices
(energy consumption per mass unit of produced birds and per unit area of chambers) and for the
identification of energy consuming processes. Then the asset rating model is used in order to
calculate the energy saving achieved by insulating the chambers cell.
In terms of final energy consumption the energy per unit area ranges between 30 and 130
kWh/m2 (with average values between 47 to 90 kWh/m2), depended on the chamber insulation,
location and automation level. The insulation can contribute mostly in mountainous area while the
automation level influences mainly the lowland units. In terms of primary energy consumption the
energy per unit area varies between 180 and 70 kWh/m2 (with average values between 90 and 126
kWh/m2).
An insulation thickness of 4 to 5cm is recommended for lowland farms which can be
increased to 6 cm for mountainous farms. Further insulation cannot offer significant benefit since
ventilation heat losses represent significant percentage of the total heat losses. These losses can be
reduced with automatic ventilation control.
1.

INTRODUCTION

Livestock buildings in general and poultry facilities specifically are energy consumers.
Although the energy consumption represents a small percentage of the production cost, the latter is
increasing with the increasing level of automation. For that reason and because of the increase of
energy prices and the need for sustainable development (energy consumption means natural sources
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consumption) the reduction of Energy consumption and CO2 emission from livestock facilities is
priority for EU.
In poultry facilities energy is consumed for internal climate adjustment (heating, cooling,
ventilation, lighting and humidity control) and for the operation of production equipment (feeding,
sanitation, and eggs’ production). In broiler houses the energy consumption from equipment is
restricted to food and water supply devices. According to international literature [2, 3] the energy
consumption is expected to vary between 12-16 MJ/bird or 60 -80 kWh/m2/year depending on the
location of the poultry farm and on the level of the used technology.
In [3] a methodology for energy audits in poultries facilities is presented. In the present work
this methodology is used in 8 poultry farms (26 chambers) and further developed in order to
calculate energy indices in terms of final and primary energy consumption. For the calculation of
energy indices an operational rating approach is used. Then an analytical model is developed in
order to estimate the distribution of energy consumed in the different application in an asset rating
approach. According to the conclusions from the two approaches, the heating is a major energy
consumer, even in the case of lowland farms, followed by the cooling and ventilation where
electrical energy is consumed.
As a method for energy reduced consumption is proposed the wall insulation and the use of
automation.
2.

METHODOLOGY

Estimations about the consumption and distribution of energy due the serving application can
be derived by two methods, which are combined in the process of an energy audit. The first
approach, which is the first stage of the energy audit is an operational rating approach, which means
that the energy consumption is calculated directly using the data of the energy bills and of the
production data. This approach cannot give information about the distribution of the energy
consumption among different chambers in the same farm, or among different applications, neither
can guide to the allocation of the most energy consuming activities. For that reason the calculations
are repeated through an asset rating approach where an analytical model developed specially for
broiler poultry facilities is used. In this analytical tool it is assumed that favor internal microclimate
is always achieved and the energy consumed for ventilation is always optimized. Since neither of
those assumptions is true in practice the results between the two approaches is expected to vary
especially in the old chamber constructions. For that reasons the asset rating results are
appropriately calibrated in order to be used for the calculation of energy consumption distribution.
2.1

Operational rating

In [3] the steps of energy audit in poultries are described. The first three phases (site visiting,
data collection, measuring and recording) and part of the fourth (data elaboration) constitute the
operational rating approach. The energy consumption is taken through the energy bills (electrical
consumption bills and fossil fuels invoices). For the calculation of energy indices are necessary the
production data (number of produced birds per year and average weight of produced birds), as well
as chambers geometry data (area available for the birds in each chamber).
2.2

Asset rating

In the asset rating approach a number of assumptions are used in order to develop an explicit
model for the theoretical calculation of the energy consumption in a broiler house. The basic
assumption is that the equipment operates in their nominal capacity and succeeds to achieve the
desirable internal microclimate conditions. So the model is used basically in order to calculate the
operational period of each device that has been recorded during the first phase of the energy audit.
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The feeding equipment operates automatically securing food and water at demand. It is
assumed that operate for 6 hours per day [4]. The calculation of energy consumed for lighting takes
into account the installed power and the daily operational schedule according to the standard
timetable used by the farmer.
During winter ventilation is used not only to supply the necessary fresh air but also to remove
the locally produced CO2 and the locally produced humidity in order to keep the air clean and the
relative humidity in desirable levels. Respectively during the summer ventilation is used for cooling
too.
(1)
Vdem  max Vfr ,Vr ,Vseason



CO2



Where Vdem is the requested ventilation in [m3/(h.bird)], Vfr is the required fresh air (the air
flow that will provide the necessary oxygen amount for the bird needs), VrCO2 is the air flow that
will secure the removal of the CO2 produced by the birds’ metabolism and finally Vseason is the air
flow that secure the humidity removal during the winter and the cooling during the summer. The air
flow that provides the necessary oxygen and the CO2 removal is taken by tables according to the
age and the weight of birds [5]. The heat and humidity produced by birds are also taken by tables
according to the age [6].
For the calculation of heat and cooling needs firstly, the average heat transfer coefficient, Um,
of the poultry chamber is calculated according to the building materials and building geometry [7,
8, 9, 10] and then the heating and cooling needs are defined using an explicit method in hourly base
adopting the following assumptions: a) Ignore the dynamic phenomena related to heat storage, b)
the heat gain coefficient is taken unity, c) are not taken into account the direct and indirect solar
gains and d) are not taken into account the heat gains by the equipment operation. For the
calculation of cooling and heating needs were taken into account: a) the timing of each breeding
(each year there are 5 breeding periods of 42 day each, spread in all over the year), b) the table of
the desirable internal temperature and humidity for each breeding day according to the age of birds,
c) the local external climatic conditions [11]
The asset rating approach, along with the information taken by the operational rating
approach, is used both for the conduction of the phases d to g of the energy audit procedure [3]
(data elaboration, calculation of energy indices, allocation of energy consuming processes and
proposals of the energy performance).
3.

ENERGY CONSUMPTION

3.1

Energy audits characteristics

Energy audits were conducted in 8 broiler farms (26 chambers) located in lowland and in
mountainous area in Central Greece. Specifically 3 farms (11 chambers) where located in Arta, a
low land area at sea level with an average latitude of 39o 06’, where the heating degree days are
1313 (HDD with base temperature 18.3oC) and the cooling degree hours are 3399 (CDH with base
temperature of 26 C). The other 5 farms (15 chambers) where located in the area of Ioannina,
mountainous area with average elevation more than 500 m and latitude 39o 33’, with HDD=207 and
CDH=1694. In the next table the characteristics of those farms are given.
The characterization of technology level is related with the insulation and automation level.
All the examined chambers had insulation in the roof and the majority of them had cooling system
with evaporative pads. All the examined chambers operated automatic feeding systems. The new
technology farm chambers are characterized by appropriate insulation in roof and in the walls
(average Um=0.58 kW/(m2K) for lowland farms and Um=0.55 kW/(m2K) for mountainous farms)
and automatic ventilation and cooling systems. The old technology chambers considered as
chambers with poorly insulated walls (average Um=1.03 kW/(m2K) for lowland farms and Um=1.0
kW/(m2K) for mountainous farms) and manual operated ventilation and cooling systems.
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Table 1. Farms’ characteristics
Position

Capacity
[no of
birds]

Cambers
area [m2]

Number of
chambers
[-]

Yearly
production
[birds/year]

Yearly
production
[kg/year]

Big farm

LowLand

115170

7723

7

532733

1472816

Small farm

LowLand

61000

3740

3

324100

776544

New technology

LowLand

25000

1404

1

119218

273009

Big farm

Mountainous

88000

6345

7

347666

828140

Old and new technology
Old technology

Mountainous
Mountainous

24000
30000

1641
1933

3
2

128253
157331

326071
384486

Small farm

Mountainous

20000

1253

1

102994

251277

New technology

Mountainous

20000

1264

1

101509

249619

Characterization

In the next graphs the installed power is given for the lowland and mountainous farms.

Figure 1. Distribution of total installed power in lowland and mountainous farms

Figure 2. Distribution of electrical power in lowland and mountainous farms
As it is expected the installed thermal power (mainly for heating) represents significant
percentage of the installed power in all the farms, with the highest percentage in mountainous
farms. Ventilation in all cases covers the 50% of the electrical installed power followed by the
feeding and cooling equipment consumption.
3.2 Energy indices
In the following table, the energy indices expressed in final and primary energy per produced
mass weight and per chambers’ area, given for lowland and mountainous farms, as well as for all
the examined cases. The conversion factor for the primary energy calculation was 1.05 for the
propane used for heating of the broiler chambers and 2.9 for electrical energy.
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Table 2. Energy indices in farm level
Farm Location

Lowland Farms
Mountainous
Farms
All farms

Energy Index

Final Energy
per weight
[kWh/kg]

Final Energy
per area
[kWh/m2]

Thermal Energy
Electrical Energy
Total Energy
Thermal Energy
Electrical Energy
Total Energy
Thermal Energy
Electrical Energy
Total Energy

0.14
0.12
0.26
0.41
0.09
0.50
0.31
0.1
0.41

27.23
24.23
51.46
16.73
75.92
92.65
19.54
57.68
77.2

Primary
Energy per
weight
[kWh/kg]

Primary
Energy per
area [kWh/m2]

0.50

98.85

0.69

128.22

0.62

117.2

In total the examined farms fall in the expected average values which leads to the conclusion
that the final energy consumption for broiler houses is between 60 to 80 kWh, with the lowland
farms achieving better than the expected score and the mountainous farms to be a little bit worse
than that. This variation is restricted in the calculation of primary energy index due to the mixture of
energy consumption. Indeed the thermal and electrical energy is consumed in the lowland farms are
comparable although in the mountainous farms the thermal energy is fourfold of the electrical
energy. The mountainous farms consume energy for heating and the lowland farms for cooling.
In the following table the same energy indices are given in chamber level grouping chambers
with the same technology level.
Table 3. Energy indices in chamber level
Chamber
location/
technology level
Lowland – new
technology
Lowland – old
technology
Mountainous –
new technology
Mountainous –
old technology

Energy Index

Final Energy
per weight
[kWh/kg]

Final Energy
per area
[kWh/m2]

Thermal Energy
Electrical Energy
Total Energy
Thermal Energy
Electrical Energy
Total Energy
Thermal Energy
Electrical Energy
Total Energy
Thermal Energy
Electrical Energy
Total Energy

0.13
0.12
0.25
0.21
0.16
0.37
0.31
0.07
0.38
0.41
0.07
0.48

23.35
23.03
46.38
37.93
29.61
67.54
67.7
14.91
82.81
76.81
12.56
89.37

Primary
Energy per
weight
[kWh/kg]

Primary
Energy per
area [kWh/m2]

0.5

91.31

0.69

125.69

0.57

114.32

0.62

117.07

From the indices it comes out that the insulation can play important role mainly in the
mountainous farms and the automation level affects mainly the lowland farms. Nevertheless all
energy indices are better for the new technology farms except from the electrical energy
consumption per area in the mountainous farms, but this can be attributed to actually failing achieve
appropriate internal microclimate.
It should be noted that the above values are mean values of the examined farms and chambers.
In individual cases, it was found that the minimum final energy consumption of 30 kWh/m2 and the
maximum of 90 kWh/m2 became in terms of primary energy consumption 70 to 130 kWh/m2.
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3.3 Energy consumption distribution
The thermal energy is consumed mainly for heating, while the electrical energy is consumed
for many others applications (like feeding, cooling, ventilation, heating and lighting). In the next
figures the sharing of energy consumption among these applications is given for lowland and
mountainous farms.

Figure 3. Distribution of consumed electrical energy
4.

ENERGY SAVING MEASURES

For the estimation of the insulation effect at chambers’ heating demand, the explicit analytical
model developed for the energy audit second phase was used. It was examined two typical
chamber’s sizes in lowland and mountainous area. According to the energy audits a typical small
chamber will have area 600 m2 (13x46.15) with side height 3.25 m and roof inclination 10o, while a
big chamber will have 1200 m2 area (15x80) with the same height and roof. In all the cases are
considered load was 15 birds/m2. The typical chamber is consisted of a reinforced concrete floor
with 15 cm width, water proofing layer covered by cement coating and straw litter. For the roof two
technologies were examined polyurethane roof panels and panels of extruded polystyrene. For the
walls also two options were examined, concrete blocks insulated with polystyrene and polyurethane
panels. The combination of polyurethane panel for roof and walls characterizes the new-constructed
chambers while the combination of insulated concrete walls with polystyrene and the roof coated by
extruded polystyrene correspond to old renovated chambers.
For the small chamber it is considered that 40m2 of the perimetrical wall was covered by
evaporative pads while for the big chamber the evaporative pads cover 50 m2. Another 5% of the
perimetrical wall is covered by windows which remain closed during the chickens’ breeding.
During the 10 first days of each breeding it is considered that all the birds are gathered in the half
chamber which is divided from the rest room with a plastic curtain.
According to the above assumptions an absolutely not insulated small chamber will be
characterized by a Um of 3.3 kW/(m2K) which can be reduced by adding 3cm of insulation in roof
to 1.12 kW/(m2K) and can reach values close to 0.45 kW/(m2K) with 10cm insulation for renovated
chambers and 0.41 kW/(m2K) for new ones. For big totally uninsulated chambers the Um varies
from 3.39 [kW/(m2K)] to 1.04 kW/(m2K) and by adding 3cm roof insulation the average heat
transfer coefficient leads to 0.43 kW/(m2K) for 10cm insulation in renovated chambers and 0.39
kW/(m2K) for new chambers.
The heating demand is constituted by the heating losses by transfer through the chamber shell
(convection) and the heating losses due to ventilation needs. Those losses are reduced due to
internal heating gains via birds’ metabolism. In the next four graphs the heating losses and its
analysis is given for small and big chambers in lowland and mountainous areas.
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Figure 4. Heat demand for small chamber in lowland farm

Figure 5. Heat demand for big chamber in lowland farm

Figure 6. Heat demand for small chamber in mountainous farm
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Figure 7. Heat demand for big chamber in mountainous farm
From the above figures it concludes that in a lowland area for an elementary insulated
chamber the big heat losses are due to ventilation. While in a mountainous area the ventilation
losses are comparable with the convection losses especially for small chambers. In order to find the
critical insulation thickness for small and big chambers in the next two figures is given the total heat
demand versus the insulation thickens for the case of new constructions.

Figure 8. Total heat demand vs insulation thickness for big chamber
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Figure 9. Total heat demand vs insulation thickness for small chamber
From the above it comes out that for lowland chambers, an insulation thickness of 4 to 5 cm is
appropriate for small and big chambers since thicker insulation cannot offer further significant
benefits. It is worth to be marked that the chamber ventilation is proven ‘energetically expensive’
while for mountainous chamber it is proposed a little bit thicker insulation of 6 cm in order to
achieve a proper insulation levels.
5.

CONCLUSIONS

The energy consumption in Greek broiler houses in average terms is comparable and close to
the values suggested by the international literature, although it varies depending on the installation
position of the unit and the technology used. The average final energy consumption varies from
46.38 kWh/m2 in lowland farms with new technology to 89.37 kWh/m2 for old technology
mountainous farms. Nevertheless the maximum and the minimum energy indices of individual
chambers can vary from 30 to 130 kWh/m2. In terms of energy per produced mass meat it varies
from 0.25 to 0.48 kWh/kg.
Significant differences are observed between mountainous and lowland farms due to different
mixture of energy they use. In the lowland farms the half of the consumed energy is electrical while
in the mountainous farms this percentage is reduced to 20%. Since electrical energy is an
‘expensive energy’ the energy indices in terms of primary energy show that the average energy
consumption varies from 91 to 121 kWh/m2 while extreme values like 70 or 180 kWh/m2 are
observed in particular cases. In terms of energy per produced meat the most expensive case is the
lowland farms with old technology with primary energy consumption of 0.62 kWh/kg which is
reduced to 0;5 kWh/kg for new technology. The respective values for mountainous farms is 0.57
and 0.52 kWh/kg.
The high electricity demand of the lowland farms is due to increased cooling needs and the
difference observed between the old and new technology farms is due to automation level of the
used equipment. Insulation can offer important energy savings especially in mountainous farms. It
is recommended insulation thickness of 4 to 5 cm for lowland farms and 6 cm for mountainous
farms. Further insulation cannot offer significant benefits since a significant percentage of heat
losses are due to ventilation needs, especially to lowland farms. The second recommendation is the
careful control of ventilation system since it is responsible not only for the excessive electrical
energy consumption but for thermal energy consumption too.
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ABSTRACT
Even if the EU has made important progress towards meeting its climate and energy targets for 2020,
the effects of financial instability due to the economic crisis are still apparent, especially in the
southern European countries, acting as a great obstacle for residents to invest in energy retrofit
projects in order to improve their house energy performance. EU Member States striving to limit the
risks that such investments entail and to aid with high upfront costs, are using financial incentives in
the form of funding schemes, grants, tax exemptions/reductions etc. as a way of spurring
investments in energy efficient services and technologies. Within this framework, the current study
deals with the financial attractiveness of incentive schemes for energy retrofitting of residential
buildings that are set in three European countries (Cyprus, Greece and UK).
The methodology followed uses, as a first step, three case studies of typical residential
buildings, one for each country, for the computation of pre-retrofitting and post-retrofitting energy
demands. Material and labor costs that apply in each country together with energy costs and
economic parameters are taken into account in order to sum up the initial energy upgrade budget for
each case. The second step regards the computation of investment criteria such as NPV and IRR
and the analysis is formed for a 30-year period to account for the life-cycle of a building using
economic parameters such as Discounting and Inflation Rates. Then, the particulars of each
country’s funding scheme are incorporated into the economic model to reveal their benefits and
evaluate their attractiveness. The final output of the study comprises a comparative analysis of the
current funding schemes using Present Worth as an indicator for the evaluation of their application
in each country.
1

INTRODUCTION

According to the European Commission, EU has made important progress towards meeting its
climate and energy targets for 2020. Regarding greenhouse gas emissions, there was a reduction of
18% in the EU between 1990 and 2012, and is well on track to meet the 2020 target. The share of
renewables in the EU's energy mix in 2012 reached 14.1%, comparing to 8.5% in 2005 and energy
efficiency is predicted to improve by 18% to 19% by 2020 [1].
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However, an integrated policy framework for the period up to 2030 is needed to ensure
regulatory certainty for investors and a coordinated approach among Member States. The new 2030
targets aim to help the EU achieve a more competitive, secure and sustainable energy system and to
meet its long-term 2050 greenhouse gas reductions target. The 2030 targets can be summarized to
the following [2]:
 a 40% cut in greenhouse gas emissions compared to 1990 levels
 at least a 27% share of renewable energy consumption
 a 30% improvement in energy efficiency (compared to projections of 2020)
The European Commission proposed a 30% energy savings target for 2030, following a
review of the Energy Efficiency Directive [3]. The proposed target builds on the achievements
already reached: new buildings use half the energy they did in the 1980s and industry is about 19%
less energy intensive than in 2001. The European Council, however, endorsed an indicative target
of 27% to be reviewed in 2020 having in mind a 30% target.
In addition, it has been stated that the cost of meeting the targets does not substantially differ
from the price need to be paid to replace ageing energy systems. The main financial effect of
decarbonisation will be to alter our energy behavior and turn towards low-carbon technologies.
However, Maio et al (2012) and Patlitzianas (2011) highlight that one of the main obstacles for
achieving high energy efficiency standards, regards financing such projects when appropriate and
competitive financial schemes are absent [4; 5].
1.1

Problem Definition

The successful mobilization and scale up of investments in energy upgrade projects in the
building sector has to overcome important obstacles nowadays due to the ongoing economic crisis
that EU is facing. Uncertainty and risk created by current economic state of various EU Member
States has caused according to BPIE (2010) a freeze or deceleration on critical energy projects and a
delay in energy technology development [6]. In addition, as the unemployment rate is increasing,
investing in energy efficiency measures in households is considered a “luxury”. As indicated by
Frederiks et al (2015), investment costs in energy efficiency measures are considerable and
immediate, requiring liquidity, while benefits can be seen gradually over time [7]. On the other
hand, homeowners are more and more interested in such projects as it is the only way to reduce
energy demands and thus energy consumption and annual utility expenses. To tackle this challenge
there is a need of widespread adoption and implementation of effective policies and support
programmes.
According to Global Buildings Performance Network, effective policy packages for energy
upgrade projects should include a collection of policy instruments that, combined, can upscale,
finance, and promote deep renovations in Member States. What is crucial indicated by Shnapp
(2015) is that respective policy packages of instruments should be formed according to the specific
political, economic and social situation of the MS [8].
Last, according to Menicou et al (2014) there is a need for an economic analysis to reveal the
financial attractiveness for energy upgrades in the residential sector in the absence of Government
subsidies [9] but also to evaluate current funding schemes in terms of effectiveness. This would
facilitate local authorities and policy makers to develop such incentive schemes to constitute energy
retrofits on residential buildings financially attractive to the general public and comply with
European regulations.
1.2

Methodology

The main aim of the current study is to evaluate the attractiveness of current funding schemes
for energy efficiency projects in the residential sector in Cyprus, Greece and UK. The general
aspects of the methodology can be seen in Figure 1. In detail, the first step was to assess the energy
requirements of typical residential buildings in Cyprus, Greece and UK and the energy savings
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resulting from the application of retrofit strategies. For this reason a research on characteristics of
each country’s building stock that affect the energy performance of buildings has been conducted in
order to identify a typical representative residential building to be used as a case study.
The following step was to construct a thermal model of the representative building so as to
apply retrofit strategies in the three countries and assess the energy savings and cost effectiveness of
the application of retrofit strategies. In each case study the building can be described as typical in
terms of age, location, construction characteristics and materials representing a considerable
percentage of Cyprus, Greece and UK residential building stock, following evidence from various
references such us Statistical Services, scientific publications, outputs from research projects.
TRNSYS v.17 was used to simulate heating and cooling energy consumption of the typical
residential buildings over a 1 year period for several retrofit scenarios. In all three cases the same
building was used in terms of type of construction (detached 2 story dwelling), size (205 m2),
orientation (South – Southwest), internal layout and number of occupants (family of 5) and
differentiated in construction materials.
Five retrofit scenarios are considered based on the particulars of each funding scheme. The
scenarios comprise improvements of the external walls’ U-value by adding insulation (Scenario 1),
improvements of the roofs’ U-value by adding insulation (Scenario 2), improvements of the glazing
by replacing old panes with energy efficient ones (Scenario 3), improvements on the envelope of
the building regarding opaque components (Combined scenario 1+2) and finally improvements on
the envelope of the building regarding opaque and transparent components (Combined scenario
1+2+3).

Figure 1: Important steps of the methodology followed for the evaluation of funding schemes
Monetary cost estimation of each retrofit scenario considered marks the initialisation of the
economic analysis for the base case economic scenario. Then, the percentage reduction in heating
and cooling requirements to be brought about by each retrofit scenario considered is calculated.
These percentages are utilised to estimate the annual expected monetary savings for each scenario
considered.
As soon as the annual expected savings are determined, a discounting factor is applied to
calculate Net Present Value (NPV) of each retrofit scenario considered. Current funding schemes
with the respective terms and conditions are applied in order to form economic scenarios for each
retrofitting scenario in each country. Subsidies and remaining amounts based on the initial
investment budget of each retrofit scenario are calculated. Last but not least, Present Worth is then
computed so as to evaluate the funding schemes and compare them for each retrofit scenario in each
country.
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2
2.1

ENERGY SAVINGS POTENTIAL & ECONOMIC ANALYSIS
Pre-retrofitting and Post-retrofitting Energy Demands

The assessment of the energy savings potential for the typical residential buildings in Cyprus,
Greece and UK was performed through the modelling and simulation procedure. Focus has been
given to the heating and cooling loads of the pre-retrofitting and post-retrofitting simulations. As
seen through Figure 2, Figure 3 and Figure 4, depicting the simulation results, the initial thermal
loads are dependent on the initial construction characteristics revealing how energy intensive typical
buildings are. The “Trend” at the graphs depicts the change in post-retrofitting heating and cooling
loads.

Figure 2: Heating and cooling loads for the residential building in Cyprus and the respective
energy demand change (Trend) for each scenario

Figure 3: Heating and cooling loads for the residential building in Greece and the respective
energy demand change (Trend) for each scenario

Figure 4: Heating and cooling loads for the residential building in UK and the respective
energy demand change (Trend) for each scenario
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2.2

Economic Analysis

The aforementioned simulation results of the reference building and the respective scenarios are used
as an input to the economic analysis. The investment budget (investment required) for each retrofit

scenario was an outcome of the computation of the total cost of retrofitting measures (materials and
labor) for each retrofit scenario depending on the market prices of each country (Cyprus, Greece,
UK). Common values that apply for each retrofitting activity can be seen in Table 1. Statistical data on
current household energy needs in terms of grid-supplied electricity and heating oil/ natural gas are going to
be used so as to calculate the estimated energy consumption reduction followed be the application of the
energy demands reduction percentage.

Table 1: Key input data for Cyprus, Greece and UK
Energy & Investment Parameters

CYPRUS

GREECE

UK

30

30

30

6.4%

6.4%

6.4%

2.5%

2.5%

2.5%

€ 45.0

€ 50.0

£7.3

Roof Retrofitting Cost /m

€ 35.5

€ 40.0

£3.1

Glazing Dbl Low-e Cost /m2

€ 234.0

€ 280.0

£261.0

Investment Horizon (Yrs)
Discounting Rate
Inflation Rate of Cost Energy (Electricity & Heating Oil)
2

External Wall Retrofitting Cost /m
2

Annual requirements in Heating oil/ Natural Gas (KWh)

15271

21273

31019

€ 0.0971

€ 0.1262

£0.078

€ 1,482.62

€ 2,684.94

£2,419.48

Annual Requirements in Grid Supplied Electricity - Cooling (kWh)

1,351

444

0

Cost per kWh

€ 0.27

€ 0.15

£0.16

€ 364.72

€ 66.65

€ 0.00

Price of Heating oil/ NG per KWh (Year zero)
Annual Cost of Heating Oil/ NG (Year zero)

Annual Cost of Grid Supplied Electricity

As a following step, detailed economic calculations took place so as to estimate the Net Present Value
(NPV) and Internal Rate of Return (IRR). The Base-case economic scenario for the three countries refers to
the energy upgrade project in the absence of funding schemes and the results of which can be seen in Figure

5.

Figure 5: Internal Rate of Return and Net Present Value results for the base-case economic
scenario
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2.3

Funding Schemes Integration

2.3.1 The Cypriot funding scheme “Energy upgrade at Households”
The current scheme, which is the first integrated scheme for energy upgrades of residential
buildings in Cyprus, was published by the Ministry of Energy, Commerce, Industry and Tourism
during March 2015. The aim of the scheme is to promote energy efficiency through the
implementation of large-scale energy upgrading interventions of the existing building stock in the
country with a view to improving energy efficiency in households, including the use of Renewable
Energy Sources (RES). The scheme is developed under the Operational Programme
"Competitiveness and Sustainable Development" 2014-2020 with public expenditure of €16.5Μ for
the respective programming period. It covers investments that concern the supply and installation of
new equipment/material and are mature technologies and not in the stage of research and
development.
The funding programme refers to integrated energy upgrade of buildings or building units
used as residences, to achieve energy efficiency class at least B in the Energy Performance
Certificate (EPC) or to reduce energy consumption of at least 40% compared to the overall home
energy consumption before the upgrade. The amount of public financing is 50% of the total
approved budget. For cases of vulnerable consumers, the amount of public funding is increased to
75%. The grant amount for energy upgrade of each building can be up to € 15,000.
2.3.2 The Greek funding scheme “Energy Efficiency at Household Buildings”
The program “Energy Efficiency at Household Buildings”, published during May 2011 by the
Ministry of Environment, Energy and Climate Change, was designed having as a goal the
promotion of integrated energy-saving interventions in the residential building sector and with the
main objective to reduce the energy requirements of buildings, the GHG emissions that contribute
to the deterioration of global warming and to achieve a cleaner environment. It offered citizens
incentives to carry out the most important interventions, aimed at improving their houses’ energy
efficiency, while at the same time contributed to the achievement of Greece’s energy and
environmental targets.
It is funded by the European Union (European Regional Development Fund) and National
Resources, through the Regional Operational Programmes and the Operational Programmes
“Competitiveness and Entrepreneurship”, “Environment and Sustainable Development” NSRF
2007-2013. The total public expenditure of the program is €396Μ. The eligibility of the program
expenditure expired at the end of December 2015 and it will be completed no later than the end of
2017.
The funding subsidized categories were based on annual incomes and can be summarized in
Table 2.
Table 2: Categories of the Greek funding scheme
Category
Personal Income
Family Income
Subsidy

A1
≤12.000€

A2
12.000€ < P.I. ≤ 40.000€

B
40.000€ < P.I. ≤ 60.000€

F.I. ≤ 20.000€

20.000€ < F.I. ≤ 60.000€

60.000€ < F.I. ≤ 80.000€

70%
30% interest-free loan
(interest subsidy of 100%
up to 31.12.2015)

35%
65% interest-free loan (interest
subsidy of 100% up to
31.12.2015)

15%
85% interest-free loan (interest
subsidy of 100% up to
31.12.2015)

2.3.3 The UK funding scheme “Green Deal”
The Green Deal is a UK government backed initiative, launched initially in October 2012 by
the Department of Energy and Climate Change to permit loans for energy saving measures for
properties in UK.
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Through this scheme homeowners were able to understand the energy-saving improvements
that can be applied to their homes and find companies to carry out the work, by giving access to a
number of options for paying for the improvements, including Green Deal finance.
The uniqueness of the Green Deal stands in the fact that Green Deal loans are repaid through
the electricity bill of the tenant. Another characteristic of the Green Deal contract is that it belongs
to the property, meaning that the loan will be repaid by any tenant that resides in the property. A
small amount is taken from the meter each day if there is a prepayment meter. If the occupant
moves, he no longer benefits from the improvements and therefore stops paying for them. This
system is known as the 'Golden Rule' - the annual repayments on the loan shouldn’t be more than
the savings made on the energy bills.
Regarding interest rates, they are fixed for the full term of the plan so the repayments are
fixed but there’s no set rate. The interest rate will be determined by the amount of the finance plan
and are dependent on the provider.
Funding schemes under the Green Deal comprised 3 Offers:
Table 3: Funding scheme offers under the Green Deal
Funding scheme-Offer 1
Up to £1,000 subsidy towards the cost of installing
any 2 of the following:
 a condensing gas boiler on mains gas
 glazing replacement
 energy efficient replacement external doors
 cavity wall insulation
 floor insulation
 flat-roof insulation
 insulation for a room in the roof
 a replacement warm air unit
 fan-assisted storage heaters
 a waste water heat recovery system

Funding scheme-Offer 2
Up to £500 more if the
application is made within 12
months of buying a home

Funding scheme-Offer 3
Possible to claim back up to
£100 towards the cost of the
Green Deal assessment if
energy-saving improvements
are installed through the
GDHIF (Green Deal Home
Improvement Fund)

It is worth noting that there was previously a 4th Offer regarding solid wall insulation (internal
or external) but currently the scheme is closed. Around 6.6 million homes in the UK have solid
walls. The respective scheme funded 67% of the budget, up to a maximum of £4,000. The new
program is focusing on cavity wall insulation and other measures.
Despite the fact that the Green Deal once presented and launched seemed highly promising in
regards to the effects that the scheme will have in energy renovation of residential buildings, there
were quite a few voices of doubt. There has been a wide discussion regarding the benefits,
restrictions and gaps of the scheme. Common worries refer to the fact that the total cost of the parts,
labor and finance should always be less than the total savings made. But the fact that interest is
charged on the loan at about 7% suggests this is going to be hard to achieve.
Other uncertainties that arise, are based on the effect a Green Deal loan could have on a house
sale. The loan is linked to the house, rather than to the individual, and as the scheme is still
relatively new it is unclear whether this might make the property harder to sell.
Last but not least, since the energy savings are directly linked to the user in terms of different
energy demands and thus different consumption, it can create a different outcome if another tenant
occupies the house. The user’s type and behavior is affecting a great deal the successfulness of the
Green Deal scheme applied in a house.
However, after a series of amendments made in the basic core of the scheme, wide acceptance
seemed to be gained by householders.
Summing up the three funding schemes that apply in Cyprus, Greece and UK used in the
analysis, their particulars, encoded, can be seen in Table 3. The schemes are categorized into 6
groups, two for Cyprus based on the type of applicant (vulnerable or non-vulnerable category),
three for Greece depending on annual income of the applicant and one for the UK.
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Table 3: Summary of funding schemes for each country (Cyprus, Greece, UK)

3

Abbreviation
CYP 1 (CYPRUS 1)
CYP 2 (CYPRUS 2)

Short description
Vulnerable People (75%)
Non-Vulnerable People (50%)

GR 1 (GREECE 1)

F.I. ≤ 20.000€ OR P.I.≤12.000€ (70% up to 10500€)

GR 2 (GREECE 2)
GR 3 (GREECE 3)
UK 1

20.000€ < F.I. ≤ 60.000€ OR 12.000€ < P.I. ≤ 40.000€ (35% up to 5250€)
60.000€ < F.I. ≤ 80.000€ OR 40.000€ < P.I. ≤ 60.000€ (15% up to 2250€)
Up to 1000£ for combination of at least two measures

EVALUATION/RESULTS ANALYSIS

Each funding scheme was applied to all three countries in order to evaluate the applicability
of them in each country and compare them in terms of financial attractiveness within the investment
horizon. Table 4, Table 5 and Table 6 present the particulars of each funding scheme when applied
to each country. The investment required for each retrofit scenario varies depending on the country
and thus the actual amount of grant is a different amount in each case. Loans are considered only in
the case of the Greek funding scheme due to the fact that it is the only scheme that provides solid
terms and reductions in interest rates in the case of loaning the remaining amount of the budget after
the grant. Regarding the Remaining amount after the Grant, for the Cyprus and UK funding
schemes; it is assumed that the applicant provides it. The same applies for the Greek funding
scheme in case the Grant and Loan are not sufficient for the investment required.
Values with red color signify that this is the maximum amount that can be subsidized for the
specific scenario regardless of the percentage of the subsidy. These amounts in red can be seen in
the case of the Cypriot funding scheme in Scenarios 1, 2 and 3 due to a limitation of the scheme in
subsidies regarding single measures in retrofitting (eg. Scenario 2: only roof insulation). In the case
of the Greece and UK funding schemes it signifies that the maximum limit is reached which is
occurring in Scenarios 4 and 5 representing a combination of measures and not in single retrofitting
measures. Greece and UK funding schemes have the same general maximum limit for all categories
(Scenarios) of retrofitting in contrast with the Cyprus funding scheme where Scenarios 1, 2 and 3
have a different maximum limit from Scenarios 4 and 5.
Observing the Tables it can be also noticed that the UK funding scheme is not applicable for
Scenarios 1, 2 and 3 and this is because the Green Deal can only be applied when the investment
refers to a combination of retrofitting measures and not in single measures.
According to Table 4, if the Greek funding scheme is applied to Cyprus, for Scenarios 1, 2
and 3 there is no remaining amount to be invested by the applicant. The interest rate is fully
subsidized for a 6 year loan and thus it is the most attractive one in case the applicant is not capable
in providing the remaining amount besides the Grant.
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Table 4: Application of funding schemes for the case of Cyprus

UK Greece Cyprus
Ince Incentiv Incentiv

Investment
Required

Scenario 1 (External Walls)
€ 12,875

CYPRUS
Scenario 3 (Windows)
€ 7,020

Scenario 2 (Roof)
€ 4,530

Scenario 4 (1&2)
€ 17,404

Scenario 5 (ALL)
€ 24,424

CYP 1

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
10,375

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
2,030

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
4,520

Grant
(€)
13,053

Loan
(€)
0

Remain
(€)
4,351

Grant
(€)
15,000

Loan
(€)
0

Remain
(€)
9,424

CYP 2
GR 1
GR 2
GR 3
UK 1

2,500
9,013
4,506
1,931
0

0
3,863
8,369
10,944
0

10,375
0
0
0
12,875

2,500
3,171
1,586
680
0

0
1,359
2,945
3,851
0

2,030
0
0
0
4,530

2,500
4,914
2,457
1,053
0

0
2,106
4,563
5,967
0

4,520
0
0
0
7,020

8,702
10,500
5,250
2,250
1,388

0
4,500
9,750
12,750
0

8,702
2,404
2,404
2,404
16,016

12,212
10,500
5,250
2,250
1,388

0
4,500
9,750
12,750
0

12,212
9,424
9,424
9,424
23,036

For the case of Greece (Table 5), the Greek funding scheme (Grant and Loan) is proved sufficient for Scenarios 1, 2, 3 and 4 and only Scenario 5
has a remaining amount to be covered by the applicant.
Table 5: Application of funding schemes for the case of Greece

UΚ
Greece
Cyprus
Ince Incentives Incenti

Investment
Required

Scenario 1 (External Walls)
€ 8,400

GREECE
Scenario 3 (Windows)
€ 14,305

Scenario 2 (Roof)
€ 5,104

Scenario 4 (1&2)
€ 13,504

Scenario 5 (ALL)
€ 27,809

CYP 1

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
5,900

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
2,604

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
11,805

Grant
(€)
10,128

Loan
(€)
0

Remain
(€)
3,376

Grant
(€)
15,000

Loan
(€)
0

Remain
(€)
12,809

CYP 2
GR 1

2,500
5,880

0
2,520

5,900
0

2,500
3,573

0
1,531

2,604
0

2,500
10,014

0
4,292

11,805
0

6,752
9,453

0
4,051

6,752
0

13,905
10,500

0
4,500

13,905
12,809

GR 2

2,940

5,460

0

1,786

3,318

0

5,007

9,298

0

4,726

8,778

0

5,250

9,750

12,809

GR 3

1,260

7,140

0

766

4,338

0

2,146

0

2,026

11,478

0

2,250

12,750

12,809

UK 1

0

0

8,400

0

0

5,104

0

12,15
9
0

14,305

1,388

0

12,116

1,388

0

26,421

As observed in Table 6, for the case of UK, the UK funding scheme is the less attractive one in terms of subsidization amount. On the other hand,
the Greek funding scheme covers all five scenarios (Grant and Loan) and the Cypriot funding scheme even if it does not provide terms for a loan, the
remaining amount is considerably less than the one based on the UK funding scheme. However, it is worth noting that the Green Deal subsidized other
interventions with different amounts in previous versions in the past.
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Table 6: Application of funding schemes for the case of UK
Scenario 1 (External Walls)

Scenario 2 (Roof)

UK
Scenario 3 (Windows)

Scenario 4 (1&2)

Scenario 5 (ALL)

€ 2,089

€ 396

€ 7,830

€ 2,484

€ 10,314

UΚ Greece Cyprus
Ince Incentives Incentiv

Investment
Required
CYP 1

Grant
(€)
1,567

Loan
(€)
0

Remain
(€)
522

Grant
(€)
297

Loan
(€)
0

Remain
(€)
99

Grant
(€)
2,500

Loan
(€)
0

Remain
(€)
5,330

Grant
(€)
1,863

Loan
(€)
0

Remain
(€)
621

Grant
(€)
7,736

Loan
(€)
0

Remain
(€)
2,579

CYP 2
GR 1

1,045
1,462

0
627

1,045
0

198
277

0
119

198
0

2,500
5,481

0
2,349

5,330
0

1,242
1,739

0
745

1,242
0

5,157
7,220

0
3,094

5,157
0

GR 2
GR 3

731
313

1,358
1,776

0
0

139
59

257
337

0
0

2,741
1,175

5,090
6,656

0
0

869
373

1,615
2,111

0
0

3,610
1,547

6,704
8,767

0
0

UK 1

0

0

2,089

0

0

396

0

0

7,830

1,388

0

1,096

1,388

0

8,926

Following the quantification of the Grant, Loan and Remaining amount that corresponds to each scenario for each country, the attractiveness of
each funding scheme should be evaluated by an economic indicator taking into consideration the diminishing value of money over the predefined lifecycle of a building which corresponds to 30 years. Time value of money is addressed by applying a discounting factor to anticipated cash flows over
the project’s life considered (30 years). The Present Worth (PW) indicator is computed, which sums the anticipated cash flows over the project’s life
after applying this discounting factor. The computation of the PW indicator and a comparison between the funding schemes for each retrofit scenario
for the case of Cyprus are depicted in Figure 6.
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Figure 6: Incentives comparison for the Cyprus case of retrofitting based on PW Indicator
For Scenario 1 which refers to external wall retrofitting, the Greek funding schemes stand out
having the highest value of PW and followed by the Cyprus funding schemes. GR 1 seems to be the
most profitable scheme of all and refers to applicants of lower annual income, up to 20000€ for
Family Income and up to 12000€ for Personal Income. In these terms it can be compared with the
CYP 1 standing for vulnerable people, although this category involves various types including
disabled or families with many members besides annual income. Regarding Scenario 2, again GR 1
has the highest PW value. However in this case the 2nd and 3rd place occupy the CYP 1 and CYP 2
respectively and followed by GR 2 and GR 3. Scenario 3 has the lowest PW values of all Scenarios
due to the high initial investment required. In this case the Greek funding schemes have higher
values and are followed by the Cyprus funding schemes. For Scenarios 1, 2 and 3, the UK funding
scheme is not applicable for single measures and thus has the same PW value with the “No
incentives” value.
Scenarios 4 and 5 are the most profitable of all. For both Scenario 4 and 5 the most attractive
scheme is the CYP 1 followed, in Scenario 4, by GR 1 and in Scenario 5 by CYP 2. In total, it can
be concluded that for the Cyprus case of retrofitting residential buildings, the Cypriot funding
schemes outbalance the rest in integrated energy upgrades with a combination of measures applied
in the building envelope and openings. However, for single measures’ application, the Greece
funding schemes are more attractive.
For the case of retrofitting residential buildings in Greece, Figure 7 depicts the computation of
PW values for each retrofitting Scenario. As in the Cyprus case, GR 1 has the highest value for
Scenarios 1 and 2 but the difference with the rest of the funding schemes has decreased here.
Scenario 3 is the less profitable scenario as the cost of retrofitting is even bigger than in the case of
Cyprus. Regarding Scenario 4, GR 1 funding scheme is almost at the same level with CYP 1. The
same outcomes can be observed in PW in Scenario 5 where CYP 1 and CYP 2 are slightly better
than GR 1. In general for the case of Greece the Greek funding scheme GR1 for low income
applicants is as attractive as the CYP 1 with slight differences comparing to the Cyprus case where
the differences were more noticeable.
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Figure 7: Incentives comparison for the Greece case of retrofitting based on PW Indicator
Concerning energy retrofitting of residential buildings in UK, there is a countable difference
in the initial investment required for each retrofit Scenario. This lies in the fact that residential
buildings have different characteristics than the typical residential buildings that can be found in
Cyprus and Greece and thus the procedures for retrofitting differ significantly. For example, cavity
wall insulation is much cheaper than external wall insulation in Cyprus and Greece and much
cheaper than solid wall insulation that a previous version of the Green Deal used to subsidize in the
past. Regarding the attractiveness of funding schemes applied in energy upgrade projects in UK,
Figure 8 present the PW values computed for each retrofit scenario. PW values of funding schemes
under Scenarios 1, 2 and 4 have slight differences between them. Under Scenario 3 and Scenario 5,
the funding scheme GR 1 is more attractive than the rest having however a slight difference with
CYP 1 in the case of Scenario 5.

Figure 8: Incentives comparison for the UK case of retrofitting based on PW Indicator
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It must be noted here that for the case of the UK funding scheme, the Green Deal presented in
the current report is a follow up of a series of funding schemes unlike the Greek funding scheme
running for the past 4 years in Greece and the Cypriot funding scheme which is the first integrated
funding scheme for energy upgrade projects in residential buildings in Cyprus. This means that past
version of UK funding schemes offered great assistance to home owners subsidizing such projects.
4

CONCLUSIONS

The current work dealt with the applicability and attractiveness of funding mechanisms used
by Cyprus, Greece and UK to not only improve the renovation rate in the residential building sector
of their country but also to comply with the respective European Directives as Member States and
contribute to EU efforts for achieving the energy efficiency targets.
Even though each policy package is different it seems that the Cypriot and Greek funding
schemes have a strong effect when applied and evaluated in all three countries. Both Cyprus and
Greece have a subcategory that involves low income householders that can benefit in different
terms by the funding schemes. On the contrary, the UK’s funding scheme, designed to serve UK’s
building stock, is not applicable in terms of profitability in the case of Greece and Cyprus due to the
distinct method of retrofitting according to different building characteristics leading to high costs of
initial investment capital.
An important conclusion drawn from this analysis is that even though each Member State can
benefit from successful policy measures adopted by other Member States, the actual design of a
funding scheme should be unique for each country taking into account political, economic and
social aspects as well as the special features of its building stock. However, successful funding
schemes can provide crucial insights for policy makers for the proper design of innovative financial
instruments.
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ABSTRACT
In Thailand, the rapid economy growth in parallel with Western practices that have been
adopted, influence a great deal the construction methods, living standards and comfort conditions of
Thai building occupants and provoke a crucial increase in energy demands in the residential
building stock. In order to maintain comfort levels in the internal environment of the residential
buildings, there is an increasing rate in ACs purchased and installed, increasing as a consequence
the electricity consumption of households. Within a decade the electricity consumption in the
residential sector has increased by 60%. Due to the high energy demands in cooling and the
extensive use of Air Conditioning units, energy efficiency measures are mainly targeting the
electricity consumption reduction.
In the framework of the 20-year Energy Efficiency Development Plan of Thailand (20112030), the current study focuses on the energy efficiency potential of Thai residential building
stock. Under this scope a review of today’s construction methods, materials and general
characteristics of Thai houses is performed, taking into account the influence of the hot and humid
climate of Thailand. An assessment of the impacts in terms of energy savings, economic benefits
and improvement of the internal environment comfort levels is taking place through the application
of energy efficiency measures on a case study of a typical detached residential house. Modeling and
simulation procedure is used to account for the energy demand reduction and the amelioration of
comfort levels. Last, current barriers together with possible financial incentives are reported.
1

INTRODUCTION

According to The World Bank (October 2015) Thailand has succeed a significant economic
development and sustained growth with an impressive poverty reduction the past four decades.
However, there is an increasing concern regarding environmental sustainability. Under this scope,
the Thai government in an effort to promote energy efficiency and sustainable development, in
2011, releases the 20-year Energy Efficiency Development Plan (EEDP, 2011-2030). The Plan is
setting energy conservation targets for all energy consuming sectors such as the industry,
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transportation, commercial and residential. The aim is to develop proper strategies and guidelines so
as to achieve the long term targets for 2030 which are:
 20% reduction in energy consumption, from 151 million toe in the Business-As-Usual case
in the year 2030 to 121 million in the EE Plan case and 49 million tons reduction in CO2 emissions
and 11 million toe in the industrial sector’s energy consumption
 25% energy reduction in energy intensity defined as energy use per unit in GDP (Figure 1),
from 16.2 ktoe/billion baht in 2005 to 12.1 in 2030, for all economic sectors compared to 2005
levels.

Figure 1: Final energy consumption in relation to GDP
Energy Efficiency results in 2014 have showed a reduction in energy consumption by 3.2%
(Figure 1), 16 thousand million Baht saves in energy imports and a reduction of 2 million tons of
CO2. Policies on energy efficiency, through Thailand’s National Energy Conservation Program,
resulted in a decrease of 3.8% in energy intensity in the first quarter of 2014 compared to 2010 as
depicted in Figure 2 [1].

Base year

Figure 2: Energy intensity figures from 2003 to 2014
In addition, in 2015, the Energy Policy and Planning Office of the Ministry of Energy
presented the new EEDP targets aiming on ensuring further energy security, economy and ecology.
New targets set a 30% reduction in energy intensity by 2036 compared to 2010 levels and 7%
reduction in GHG emissions from transport and energy sector in 2020, compared with 2005 levels.
One of the energy consuming sectors that the Energy Efficiency Development Plan is
targeting is the residential sector, which according to the Department of Alternative Energy
Development and Efficiency (DEDE, 2014), has a share in Final Energy that account for 15%,
following the Industry and Transportation sector (depicted in Figure 3) [1].
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Figure 3: Final Energy Consumption by Economic Sector
However, residential electricity consumption in 2014 reached 23% of the total electricity
consumed with an increasing trend since 2002. Within a decade (2004-2014) the electricity
consumption in the residential sector has increased by 60% [2]. The constant rise on energy
consumption in households in Thailand is based, according to Sirichotpundit et al (2013), on factors
of physical and structural, social and cultural, and economic nature, leading eventually to an
increase in domestic energy use [3].
2

ENERGY PERFORMANCE OF THAI RESIDENTIAL BUILDINGS

Among the important parameters that affect the energy performance of buildings are the
climate of the area, the construction and architectural characteristics of the buildings and human
behaviour and lifestyle. In a developing country like Thailand, economic growth has influenced
these parameters turning the building stock into highly energy-intensive. This was mainly an
outcome of the increasing comfort levels and also from the increasing number of appliances used
daily.
In addition, thermal comfort is greatly affected by Thailand’s tropical climate. High humidity
levels, low wind velocity and high temperatures along the year create discomfort conditions in the
internal environments. The region is also influenced by the South Asian monsoon season which is
accompanied with heavy rains that provoke temporary or long term floods. This had a significant
effect on traditional Thai Architecture.
2.1

Architecture and Construction Characteristics

Traditionally, houses in Thailand were designed and constructed so as to adapt to the local
climate and therefore they were elevated ground floor structures built mainly by local materials
such as wood. The living area was limited in the upper part of the construction during rainy seasons
to avoid the floods damages. The rest of the year the ground floor space could be used as an open
living space during daytime due to the fact that it is protected by solar radiation and due to the fact
that natural ventilation creates comfort conditions. The traditional materials used for the
construction were lightweight (timber) due to the fact that they did not absorb heat and thus they
could avoid overheating at night. Another typical characteristic is the high pitched roof that aids in
the draining of rainy water preventing from leakage at the same time, self-shading provided by
overhanging eaves. Moreover, standing columns are usually inclined for stability reasons [4; 5]. A
model of traditional Thai architecture build in the premises of Bangkok University can be seen in
Figure 4.
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Figure 4: Traditional Thai architecture
Special design parameters were used to enhance natural ventilation for cooling and proper
orientation for solar protection. A schematic representation by Sreshthaputra (2015) of the air flow
through the different parts of a Thai house that enhances passive cooling is presented in Figure 5.

Figure 5: Design and orientation in traditional tropical houses [4]
However, the rapid economy growth in parallel with Western practices that have been
adopted influenced a great deal the construction methods, living standards and conditions of Thai
occupants. Contemporary houses are now being built mainly by concrete, bricks and plasterboard as
depicted in Figure 6.

Figure 6: Examples of contemporary Thai houses
In addition the National Housing Authority in Thailand had launched in 2003 a low-income
housing project to provide affordable housing for Thai people. The two-storey detached model had
gained great acceptance. The specific construction combined with tropical climatic characteristics
has led to high cooling energy demands so as to maintain comfort levels in the internal environment
of the houses. Studies based on in-situ measurements and modeling and simulation procedure by
Tummu et al and Rattanongphisat et al revealed that the specific models are highly energy intensive
due to their construction characteristics and materials [6; 7]. One of the main reasons that residential
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electricity consumption has increased is that more split type air conditioning units are installed so as
to provide comfort conditions in contemporary houses [8].
2.2

Thermal Comfort Perception

Thermal comfort constitutes one of the crucial parameters for the identification of potential
energy saving measures in buildings. Occupant’s behaviour related to thermal comfort perception
influences significantly the energy performance of a building. Numerous studies have been focusing
on the adaptation of international thermal comfort standards in tropical climates in order to evaluate
thermal comfort perception of occupants. Research evidence show that people residing in tropical
climates can adapt better to hotter internal environmental conditions. In particular, it has been
reported that Thai people’s tolerance is higher to warmer conditions.
A study by Yamtraipat et al [9] concluded that with a temperature setting of 26°C at the AC
thermostat and a humidity level between 50-60% most of the occupants are thermally comfort. It is
also suggested that with each degree increase in setpoint temperature there will be a reduction in
energy consumption of around 6% [10]. Moreover Keonil et al suggest through their research that
through proper natural ventilation thermal comfort conditions can be maintained for up to 33°C
[11]. More specifically for small detached houses in the Bangkok area it has been concluded that
under passive cooling the effective range of summer day-time temperature is 30 - 33°C. Last, an
investigation done by Khedari et al [12] with the help of 288 Thai volunteers revealed that due to
higher tolerance, 28°C with low air velocity (>0.2m/s) are sufficient for Thai people.
2.3

Socio-economic parameters

Regardless of thermal comfort perception of Thai people, socio-economic parameters have an
important influence in the final energy consumption of households as they affect occupants’
behaviour and lifestyle significantly. As an impact of the economic development and the new living
conditions, ACs are operating the whole year in Thailand aiming to provide comfort conditions in
the internal environments affecting a great deal the final energy consumption of a household.
A survey in 52.000 sample households during 2013 by the national Statistical Office in
Thailand revealed that more than 10% of households’ expenditure was on energy [13]. In Bangkok
household spend on average 3561 Baht/month on energy, 35% of which is spent on electricity.
Looking closely on socio-economic parameters that affect the energy consumption of households it
seems that households that run by professionals, technicians and managers have higher expenditure
per month of nearly 39000 Baht on average spending more on energy than the average, around 12%
of their total expenditure. On the other hand fishermen and farmers having the lowest monthly
expenditure of 10500 Baht spent again above 10% (around 11%) but only at 60% of the average
level nationwide. In addition, people residing in urban slums in Bangkok spend about 16% of their
monthly income on energy.
The ability of households to spend on energy and especially on electricity is an indicator of
financial status. At the same time in Thailand there are still numerous households that cannot afford
it financially to provide thermal comfort conditions to their houses by purchasing and operating AC
units. Alleviating energy poverty in Thai households is possible to be achieved effectively through
energy efficiency of the residential buildings, improving significantly living conditions of Thai
people. The application of energy saving measures can decrease the energy demands of households
and provide comfort conditions for the occupants.
3

ENERGY EFFICIENCY OF THAI CONTEMPORARY HOUSES

To assess the energy savings potential and energy demand reduction in contemporary Thai
detached houses, an analysis of the energy performance taking into account the parameters that
affect the final energy consumption is necessary. A case study of a contemporary house is used
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focusing on the application of energy efficiency measures to improve thermal comfort conditions
while decreasing cooling energy demands. For this reason a contemporary detached residential
building is modeled in the DesignBuilder graphical interface. The EnergyPlus was used as the
thermal simulation software through which the energy performance analysis took place. A weather
file of Bangkok Metropolis was used for the thermal simulations consisting of hourly weather data.
Details of occupancy patterns, construction details, materials and openings data were also
introduced to the model.

Figure 7: Thermal modeling of a contemporary detached Thai house
The main construction characteristics introduced to the thermal model were 10 cm concrete
external walls, pitched roof uninsulated and single grazing. The energy upgrade examined, refer to
widely used energy efficiency techniques applied mainly at the envelope of the building having a
considerable effect in energy demand reduction. Energy retrofitting of the envelope is achieved by
insulating the external walls and roof through the use of insulating materials that can be found
locally and by replacing the inefficient glazing with highly efficient ones. Following a market
research regarding insulation materials in Thailand, it can be assumed that the most popular
insulation materials for the residential building sector are polyurethane (foam) and fiberglass
provided by numerous companies for insulating roofs and external walls of Thai homes. The
insulation added to the external walls and roof was 5 cm polyurethane foam and single glazed
windows were replaced with double glazed aluminium frames.
Simulation results suggest that through an integrated envelope retrofitting project which
includes roof and wall retrofitting and glazing replacement reveals the significant energy demand
reduction by 60% that can be achieved. The significant monthly energy demands’ decrease can be
seen in Figure 8. Summer or hot season in Thailand last from March to June and thus the highest
energy demands occur during April and May. On the other hand the cool season lasts from
November to February where the lowest energy demands appear on the graph.
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Figure 8: Monthly energy demands decrease between pre-retrofitting and post-retrofitting
conditions
Regarding internal environmental conditions, during the extreme hot week of the year, 26 of
April to 2 of May based on the weather file used for the simulations, the Post-retrofit temperature of
the house decreases by 2°C on average compared to the temperature of the house on pre-retrofit
conditions. During this week at pre retrofit conditions the temperature used to vary from 29.5°C to
33.6°C while at post retrofit conditions the temperature used to vary from 28.3°C to 30.8°C
resulting in a much smoother temperature variation and thus providing more comfortable
environmental conditions.

Figure 9: Pre-retrofit and post-retrofit operative temperature during extreme hot week
Through the retrofitting of the envelope of the building, a limitation in heat gains has been
achieved and in parallel the airtightness of the building has been significantly improved. Thermal
comfort conditions in the internal environment are improved significantly. The simulation results
indicate that through energy efficiency in residential buildings, households can confront energy
poverty.
Last, based on a market research on the cost of an energy upgrade project for the above
example of contemporary residential building, the rates are 300-400 Baht/m2 for insulating the
envelope of the building (walls and roof) and around 2500 Baht/m2 for installing double glazed
windows with aluminum frame including labor costs. The cost is not prohibitive especially for
western standards. However, for many households in Thailand energy retrofitting is not a first
priority. Through the proper energy efficiency policies, the principles of sustainable development
can be promoted and substantial aid can be given to households to reduce their energy demands and
provide appropriate living conditions within their homes.
4

DESIGNING FINANCIAL INCENTIVES

The Energy Efficiency Development Plan of 2015 is targeting to a decrease in the final energy
consumption of the residential sector by 8% until 2036 compared to Business As Usual. This is
mainly due to the fact that focus is given to other energy-intensive economic sectors such as the
transport sector where a decrease in final energy consumption of 46% is targeted or at the
commercial and governmental sector where a decrease in final energy consumption of 34% is
expected.
Within this framework of the EEDP, the Thai-German Programme is conducting research on
Financial instruments to promote highly energy efficient buildings by incentivize investments on
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energy efficiency. The financial instruments refer to grants, tax incentives and soft loans aiming to
overcome financial barriers which usually comprise:
 Low return on investment
 Lacking access to capital and high up-front costs
 High uncertainty/risk
 Lack of capacity/information
Grants refer to non-repayable funds for purchasing highly efficient equipment or for reaching
high energy performance levels. In addition, tax reductions can be given on particular goods or
activities under the energy upgrade projects. Soft loans with low or even zero interest rates can also
be given so as to further promote investments.
Focus is also given on good practice funding schemes that can act as examples and be the
base for the design of innovative financial instruments. These are four European programmes and
one from Mexico:
 From France the “Sustainable development tax credit”
 From The Netherlands the “Green Funds scheme”
 From Germany under the KfW Programme “Energy Efficient Construction”
 From Germany under the KfW Programme “Energy Efficient Refurbishment” (Germany)
 From Mexico the “This Is Your House & Green Mortgages Programme”
Moreover, among the strategies to achieve the targets are compulsory measures in regard to
energy labelling on equipment/appliances and regulating utilities or large energy producers/
distributors to help end-users save energy in the percentage of their usual or expected electricity
use. Finally, as an additional subsidy, social tariffs can be provided for low income households.
5

CONCLUSION

This study aimed to highlight the importance of energy efficiency in Thai residential buildings
for alleviating energy poverty and improving living conditions of Thai people. A case study of a
contemporary house was used incorporating the important parameters that affect the energy
performance of residential buildings such as architecture and construction characteristics influenced
by Western practices, comfort perception which indicates tolerance in higher temperatures and
tropical climate characteristics. Through the case study, the great energy savings potential from
energy retrofitting practices was revealed. Important aspects on current planning and policies
regarding the promotion of energy efficiency under the Energy Efficiency Development Plan have
been reported.
Priority in planning and policies is given in economic sectors such as the transport, industrial
and commercial which will effectively aid in achieving the targets set in the Energy Efficiency
Development Plan. However, special focus should be given to the residential sector by designing
innovative financial incentives for Thai households and seize the rising trend on electricity
consumption. Overcoming the barriers through proper funding mechanisms can enhance
investments on energy upgrade projects of the current building stock and on the construction of new
nearly Zero Energy Buildings of high comfort standards.
ACKNOWLEDGEMENT
The authors would like to thank the Erasmus Mundus INTACT Programme for funding the
research mobility and Bangkok University for being the Host Institution.

423

REFERENCES
[1] Energy in Thailand: Facts and Figures Q1/2014, Department of Alternative Energy
Development and Efficiency, Ministry of Energy, Thailand, 2014.
[2] EPPO: Energy Policy and Planning Office, Ministry of Energy, Thailand. Energy
Statistics, Electricity. [Accessed Online, June 2015]
[3]. P. Sirichotpundit, C. Poboon, D. Bhanthumnavin, W. Phoochinda, Factors Affecting
Energy Consumption of Households in Bangkok Metropolitan Area, J. Environment and Natural
Resources. 11 (2013) 1.
[4]. A. Sreshthaputra, Sustainable buildings in Thailand. Bangkok, 11th International Conf.
Renewable Energy Asia, Bangkok, 3-6 Jun., 2015.
[5]. P. Antarikananda, E. Douvlou, K. McCartney, Lessons from traditional architecture:
Design for a climatic responsive contemporary house in Thailand, 23rd Conf. on Passive and Low
Energy Architecture Geneva, Switzerland, 6-8 Sept., 2006.
[6]. P. Tummu, S. Chirarattananon, P. Rakwamsuk, P. Chaiwiwatworakul, S. Chuangchote, A
survey of housing features and thermal comfort of medium and low income earners in Thailand, 5th
International Conference on Sustainable Energy and Environment (SEE 2014): Science,
Technology and Innovation for ASEAN Green Growth, Bangkok, 19-21 Nov., 2014.
[7]. W. Rattanongphisat, F. M. Butera, R.S. Adhikari, C. Yooprateth, The Importance of
Building Criteria on Cooling Energy Demand of a Low Cost Residential House: Thailand Case
Study, Recent Researches in Environmental and Geological Sciences, Procc. on the 7th WSEAS
International Conference on Energy and Environment (EE '12), Kos Island, Greece 14-17 Jul.,
2012.
[8]. K. Wangpattarapong, S. Maneewan, N. Ketjoy, W. Rakwichian, The impacts of climatic
and economic factors on residential electricity consumption of Bangkok Metropolis, J. Energy and
Buildings, 40 (2008) 8.
[9]. N. Yamtraipat, J. Khedari, J. Hirunlabh, Thermal comfort standards for air conditioned
buildings in hot and humid Thailand considering additional factors of acclimatization and education
level, J Solar Energy, 78 (2005) 4.
[10]. N. Yamtraipat, J. Khedari, J. Hirunlabh, J. Kunchornrat, Assessment of Thailand indoor
set-point impact on energy consumption and environment, J. Energy Policy, 34 (2006) 7.
[11]. N. Keonil, N. Sahachaisaeree, Architectural Design towards Energy Optimization: A
Case of Residential Buildings in Bangkok, Procedia - Social and Behavioral Sciences, 42 (2012).
[12]. J. Khedari, N. Yamtraipat, N. Pratintong, J. Hirunlabh, Thailand ventilation comfort
chart, J. Energy and Buildings 32 (2000) 3.
[13]. Major Findings of the 2013 Household Energy Consumption, National Statistical Office,
Ministry of Information and Communication Technology, Thailand, 2014.

424

Paper No.1656

Experimental investigation of water spray cooling technique applied
on photovoltaic panel
S. Nižetić1, D. Čoko2, F. Grubišić-Čabo3
1

Faculty of Electrical and Mechanical Engineering and Naval Architecture,

Laboratory for Thermodynamics and Energy Efficiency, University of Split, Split, Croatia
snizetic@fesb.hr
2Faculty of Electrical and Mechanical Engineering and Naval Architecture,
Department of Electronics, University of Split, Split, Croatia
dcoko@fesb.hr
3

Faculty of Electrical and Mechanical Engineering and Naval Architecture,

Laboratory for Thermodynamics and Energy Efficiency, University of Split, Split, Croatia
fgrubisi@fesb.hr

KEYWORDS – photovoltaics, energy efficiency, energy conversion, experimental approach,
electrical efficiency, renewable energy.
ABSTRACT
This paper presents an experimental approach where a water spray cooling technique was
implemented to siliceous monocrystalline photovoltaic panels in order to obtain an increase in panel
electrical efficiency. The major problems of market available photovoltaic technologies are
electrical efficiency degradations caused with the increase of average panel temperature and
cleaning issues that can significantly affect panel performance. The provided experimental study
showed potential as we managed to obtain an increase in electric power output and an increase in
electrical efficiency. Finally, economic viability of the proposed cooling technique was proven and
it showed a potential for its application.
1

INTRODUCTION

Nowadays, utilization of solar energy in practical terms is enabled through solar thermal
systems [1] for heat production as well as through solar photovoltaic systems for electricity
generation, [2]. Besides the previously mentioned market available technologies, hybrid
photovoltaic-thermal (PV-T) energy systems [3] are also market available concepts that are under
constant investigation. The main disadvantage of the widely used siliceous photovoltaic (PV)
technology is its low efficiency followed with a relatively high overall investment. Furthermore, an
additional issue related to the mentioned photovoltaic technology is the noticeable degradation of
panel electrical efficiency due to the rise of the average PV panel operating temperature. From the
previous reasons, it is clear that surrounding stochastic circumstances (average velocity of
surrounding air, wind angle of attack, temperature of surrounding air, solar insolation, etc.) have
significant influence on panel electrical efficiency. Namely, the degradation of panel electrical
efficiency for siliceous based photovoltaic technology ranges in average from 0.45%/°C to
0.5%/°C, where a higher level of degradation occurs in the case of polycrystalline PV technology.
To reduce PV panel temperature, it is important to ensure a proper heat rejection rate from the PV
panel surfaces.
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The majority of heat is rejected via heat convection into the surroundings and the rest via heat
radiation into the surroundings (in the case of PV panels located in typical Mediterranean operating
conditions). Hence, one possible way to boost PV panel heat rejection is to apply a specific cooling
technique. However, the proposed cooling technique should be economically viable and applicable
in practical terms. Different cooling techniques for PV panels have therefore been investigated in
the recent years in order to obtain an increase in panel electrical efficiency. A detailed overview of
different cooling techniques as well as their comparison is provided in [4]. In general, cooling
techniques can be divided into passive and active ones where the main coolants are air or water, [59]. Phase change materials (PCM) have even been investigated recently as viable options for the
cooling of PV panels, [10].
The objective of this paper was to analyse a water spray cooling technique applied on
monocrystalline PV panels, where the final goal was to check the realistic increase of PV panel
electrical efficiency for the case of Mediterranean climate operating conditions.
2

BRIEF THEORETICAL OVERVIEW AND DESCRIPTION OF THE
EXPERIMENTAL SETUP

2.1

Theoretical overview

As already previously emphasized, the heat transmission rate from PV panel surfaces is
important as it affects the average operating PV panel temperature magnitude and its degradation
efficiency rate (with a PV panel temperature rise). If we analyse basic energy flows in the case of
the PV panel (non-exposed to water spray), Fig.1., than it is clear that the difference between the
overall PV panel incoming energy and overall outgoing energy causes an increase in the PV panel’s
internal energy (which finally means a rise in PV panel temperature) and where a certain electric
power output would be produced, Pe . Overall incoming energy on the PV panel as the system is
available solar irradiation G (W/m2), however, just one part of incoming solar energy is absorbed
by the PV panel (the rest is dissipated into the surroundings), i.e. net energy input for the considered
case is marked as Q solar .

Figure 1: Elementary energy flows in the case of the PV panel
Hence, according the energy balance equation, i.e. according to the first law of
thermodynamics, it could be written as,
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dU panel
d

 Q solar  Q loss  Pe ,

(1)

Where energy input into the PV panel surface AP equals,
Q solar  aGs Ap ,

(2)

and where a represents absorptivity coefficient (for glass roughly around 0.86). Internal PV panel
energy, dU panel is complex as PV panels are commonly assembled from multiple layers, i.e. from a
glass layer, EVA layers, siliceous layer and finally Tedlar® layer. The overall internal PV panel
energy is the sum of internal energies taken from each layer that the PV panel is assembled with.
Further, overall PV panel heat loss (from the PV panel’s front and backside), Fig.1 is primarily
caused due to heat convection, Q C as well as thermal radiation, Q R (however, much less due to a
relatively low temperature difference). Hence, overall heat loss from the PV panel can be expressed
as follows,

Q loss  Q C  Q R .

(3)

Convection heat loss is strongly affected by variable surrounding stochastic conditions which cause
a magnitude variation of the convection heat transmission coefficient, h (as well as from panel
temperature average Tp and average surrounding air temperature Ta ).
For the herein analysed case, when water spray was applied on the front and backside surface of the
PV panel, heat loss from the PV panel was boosted (because of heat loss due to evaporation Q E ), it
could therefore be written as,

Q loss  Q C  Q R  Q E .

(4)

The PV panel’s heat rejection caused by heat evaporation Q E additionally reduces the PV panel’s
average operating temperature which has a favourable effect in PV panel electrical efficiency. The
magnitude of heat evaporation loss depends from the evaporation factor, e , partial pressures
ps , pd and from the evaporation’s latent heat, r .
Finally, in relation to the previously obtained theoretical elaboration, the energy balance equation
could be written in a wider manner as follows,
dU panel
d





 aG s A p  h Ap T p  Ta       A p  Fxy Tx4  T y4   e  Ap   p s  p d   r  Pe

(5)

From the above eq. (5), it is obvious that average PV panel temperature is sensitive to a wide
number of parameters that can affect its magnitude and are generally not controllable. However, by
using the proposed water spray cooling technique, we are able to control the PV panel’s operating
temperature up to a certain level and to achieve the desired increase in panel electrical efficiency.
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2.2

Description of the experimental setup

A specific experimental setup is presented in Fig. 2 for typical working circumstances when
water spray was applied on the front and backside surface of the PV panel. For the purpose of
experimental analysis, a monocrystalline PV panel was used with a maximal power output of 50 W
(Model SL-50M) with a surface of 0.31 m2 (all technical details regarding the tested PV panel are
specified in Table 1). A monocrystalline PV technology was purposely used as it has a lower
degradation rate of panel electrical efficiency in comparison with polycrystalline PV technology
(which means that results are even better in the case of poly PV panel) in general. The panel was
fixed under a specific angle of 17° as it suits the specific geographical location where the
experiment was obtained.
Table 1: Characteristics of examined PV panel
General characteristics of examined PV panel*
Model
SL‐50M
Energy class
A
Number of cells in the modul
36
Maximal power output
50W±3%
18.0 V/22.5V
Maximal voltage/Open circuit voltage
2.78 A/3.03A
Maximal current/Short circuit current
0.31 m2
Effective panel area

Figure 2: Specific experimental setup in operating conditions.
Water spray was applied on the front and backside surface of the PV panel through a
developed and mounted system of fixed water nozzles (20 nozzles were mounted overall on the
front and backside surface of the PV panel). On the backside surface of the PV panel, the nozzles
were perpendicular on the PV panel surface and they were fixed on the front side at an angle of
approximately 40° to disperse the water spray (as good as possible) as well as to prevent a frame
shadowing effect. The used coolant in the experiment was pipeline water with a constant average
temperature of 17°C and with an average water pressure of 4.8 bars. A water flow meter was also
mounted to measure the wasted quantity of water and a regulating valve was installed to enable the
variation of water spray flow and to examine its effect on PV panel performance.
The magnitude of incoming solar irradiation on the PV panel was measured by a pyrometer
(Haeni, Solar 130). Temperature sensors were installed on the front and backside surface of the PV
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panel and one temperature sensor was enabled for the monitoring of surrounding air temperature.
The average velocity of the surrounding air was measured with a hot wire thermo-anemometer
(Kimo VT-100). To measure electric parameters, the whole system was connected to a currentvoltage (I-V) tracker with a rheostat with the main goal being to determine the specific powervoltage characteristics for the considered PV panel (rheostat resistance was set to twelve different
values ranging from 0 to 35 ohms). In respect with the used sensors in the herein reported
experimental investigation, the overall guaranteed measurement error for PV panel electrical output
was in the amount of ±1.5%.
Finally, PV panel electrical efficiency was calculated according to the measured parameters
using the standard, well-known analytical relations.
3

EXPERIMENTAL RESULTS AND DISCUSSION

The experiments were provided on a typical Mediterranean climate geographical location
(city of Split situated on the coastal side of Croatia, [11]) in the circumstances of a clear summer
day. The PV panel was tested in the period of highest solar irradiation levels, from 11 am to 14 pm,
as the series of measured irradiation ranged from 810 W/m2 to 850 W/m2 in general. Average
surrounding air temperature ranged from 27°C up to 30°C, with an average surrounding air velocity
of around 1.0 m/s. As already mentioned, the applied water spray temperature was approximately
constant and around 17°C. Further, we examined three different cooling regimes for the PV
panel, i.e. front side cooling, backside cooling and finally simultaneous front and backside cooling
of the PV panel. The quantity of water spray flow was also varied from 144 l/h up to 225 l/h to
examine the effect on PV panel performance. A characteristic power-voltage curve is presented in
Fig. 3 in the case of PV panel backside cooling as the function of different water spray flow
quantities.
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Figure 3: Panel electric power output versus voltage in relation to the different quantities of
applied water spray flow (the case of PV panel backside cooling)
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From Fig. 3, it is clear that for the considered case of highest applied water quantities the
highest increase in PV panel electrical efficiency occurs. However, increase in the quantity of water
spray flow is limited regarding economic viability as a larger amount of work is needed for the
circulation system. For the herein analysed case, we calculated the equivalent power loss that
ranged from 2.7 W up to 4.2 W (for the applied quantities of applied water spray flow). As we
managed to boost PV panel power output from 35 W (case of non-cooled PV panel) to 41.2 W (case
of simultaneously cooled PV panel with the highest applied magnitude of water spray flow), so with
included the equivalent power loss for the circulations systems, we still have an effective increase in
PV panel power output in the amount of 2.0 W. We therefore proved economic viability for the
proposed cooling technique in general.
By applying water spray flow over the PV panel surfaces, the best result was obtained for the
case of simultaneous front and backside cooling where PV panel electrical efficiency was increased
from 13.92% up to 15.92% (the relative increase in PV panel power output was 7.7% and effective,
i.e. the previously included mentioned equivalent power loss efficiency increase was 5.9%).
Furthermore, the average PV panel operating temperature was significantly reduced. Namely, for
the considered operating conditions, average PV panel temperature ranged between 50°C up to
60°C (case of non-cooled PV panel), where mean temperature was around 54°C. By applying the
proposed water spray cooling technique, we managed to reduce the operating temperature by 2.45
times less in comparison with the case of non-cooled PV panel. The maximal achieved lowest PV
panel temperature was around 22°C (which was limited with lowest possible pipeline water
temperature as well as with general heat exchange circumstances during PV panel experimental
testing).
If we compare different examined cooling regimes, it can be concluded that the best result
was achieved for the case of simultaneous front and backside PV panel cooling of as already
emphasized. Further, it was also noticed that there was no major difference in the case of front or
backside PV panel cooling only, where slightly better results were achieved in the case of front PV
panel cooling only.
The proposed water spray cooling technique is among the best currently investigated cooling
techniques regarding the achieved increase in specific power output. A detailed comparison of
different cooling techniques for photovoltaic panels is elaborated in [4] regarding the specific
increase of specific power output. Additionally, water spray acts as a self-cleaning element for the
PV panels, which is an important feature and which finally solves one major practical problem
regarding the implementation of PV technologies (i.e. reduction of PV system produced electricity
due to accumulated dust and grease on PV panel surface).
4

CONCLUSION

This paper elaborates a proposed cooling technique for PV panels where water spray was
applied over the PV panel’s surfaces to obtain the decrease of average PV panel operating
temperature and obtaining an increase in PV panel electrical efficiency in the same manner. The
result of the experimental study that was conducted for monocrystalline PV panel showed a
potential increase in achieved PV panel power output as well as an increase in PV panel electrical
efficiency. The achieved increase in panel power output was 16.3%, effective, with the included
power loss for the circulation system being 7.7% for the considered case. The obtained relative
increase in PV panel electrical efficiency for the considered case was 5.9%. Furthermore, a
significant reduction of average PV panel temperature was noticed where average panel temperature
was reduced from 54°C up to 24°C (the case for simultaneous cooling of PV panel surfaces). The
best cooling regime was the one related to simultaneous front and backside PV panel surface
cooling and the other examined cooling regimes were more or less identical in relation to the
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obtained increase in panel power output. A variation of water spray flow quantity was also
investigated and showed that a higher quantity of water spray flow resulted in higher panel
electrical efficiency (however there is a certain economic limit).
Finally, although the proposed water spray cooling technique showed a certain potential as well as
an economic potential for more precise conclusions, a small-scale prototype plant should certainly
be assembled and tested.
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ABSTRACT
Global climate change and carbon emissions as an indicative environmental factor, have been
recently, mainly because of the strict European legislation framework, a top priority in the decision
making process for governments and companies. On the other hand, many companies face
difficulties in estimating their footprint and in connecting the results derived from environmental
evaluation processes, to an integrated energy management strategy, which will eventually lead to
energy efficient and cost effective solutions.
The paper highlights the need of companies to establish integrated environmental
management tools and standards such as carbon footprint analysis for monitoring sufficiently the
energy performance in production processes. For that reason concepts and methods are analysed,
selected indicators are presented by means of benchmarking, monitoring and reporting the results in
order to be used efficiently from the companies.
The real needs of companies are outlined based on data gathered from more than 40 small
and-medium enterprises in Greece considering also the economic recession as a key parameter in
the data analysis. A comprehensive discussion is presented concerning cost effective and realistic
energy saving measures for companies, identifying areas for improvement while carbon footprint
indicator is suggested for monitoring companies’ ene
rgy efficiency.
1

INTRODUCTION

Taking into consideration the ongoing economic recession that affects companies in many
European countries, but also energy poverty that makes significant parts of the populations suffer,
one could expect that sustainability and therefore green management will not be among the top
priorities of many businesses and organizations. However, and in spite of the rather bleak
background, there is evidence for the opposite trend: Many companies seem to recognize that
applying environmental management schemes and implementing sustainability policies in the
production helps to reduce energy consumption as well as the use of raw materials, and can
therefore lead to a cleaner, leaner and more cost-efficient production; a recognition that is mirrored
in the continual increase of the energy and environmental management certificates [1,2]. In that
sense, sustainability is essential for business, for two main reasons: (a) as a means for the
improvement of the quality of products and (b) as a major tool for marketing and promoting goods
and services.
On a broader scale, one cannot omit to mention the increasing concern about global climate
change, which is reflected in the European legislative framework, carbon emissions being the major
causal factor. Companies and organizations are therefore pursuing “carbon footprint”indicators to
estimate their own contributions to global climate change and to assess the saving potential. The
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carbon footprint analysis can be used from companies as a tool to define the processes with the
most significant energy consumption and improve the present situation of a company or
organization by setting energy and environmental goals and improving the environmental and
consequently the energy efficiency processes. Such information can help those companies in
pursuing carbon and environmental emission mitigation actions, not only within their own plants
but also across their whole supply chain. Many organizations are already pursuing carbon emission
inventory projects to set a baseline for their carbon footprints in preparation for future carbon
mitigation projects. Most of these groups look to the protocols for guidance in how to prepare their
footprint inventories and set indicators for monitoring and improving the environmental efficiency.
The paper highlights the need of companies to establish integrated environmental
management tools and standards such as carbon footprint analysis for monitoring sufficiently the
energy performance in processes. For that reason carbon footprint method is discussed, together
with the results of its application in more than 40 small and medium enterprises (SMEs) in Greece
in the years 2012, 2013 and 2014 taking into consideration the processes relevant to the companies
activity, the transport of their products and the energy used for the company’s overall operation.
2

METHODOLOGY

Carbon Footprint Analysis is focusing on mapping greenhouse gas emissions throughout the
products or processes, targeting at sustainability and economic benefits. A ‘carbon footprint’ is in
that sense a measure of the greenhouse gas emissions associated with an activity or group of
activities of a product or process.
The task of calculating carbon footprints can be approachεδ methodologically from two
different directions: (a) bottom-up, based on Process Analysis (PA) and (b)r top-down, based on
Environmental Input/ Output (EIO) analysis. Both PA and EIO deal with the aforementioned
challenges and strive to capture the full life cycle impacts [3].
Process analysis (PA) is a bottom-up method, which has been developed to enable
understanding the environmental impacts of individual products from cradle to grave. The bottomup nature of PA-LCAs (process-based LCAs) means that they suffer from a system boundary
problem - only on-site, most first-order, and some second-order impacts are considered. If PALCAs are used for deriving carbon footprint estimates, a strong emphasis therefore needs to be
given to the identification of appropriate system boundaries, which minimize this truncation error.
PA-based LCAs run into further difficulties once carbon footprints for larger entities such as
government, households or particular industrial sectors have to be established [4]. Environmental
input-output (EIO) analysis provides an alternative top-down approach to carbon footprinting.
Input-output tables are economic accounts, providing a picture of all economic activities at the
meso (sector) level. In combination with consistent environmental account data they can be used to
establish carbon footprint estimates in a comprehensive and robust way taking into account all
higher order impacts and setting the whole economic system as boundary [5].
All methodologies can be implemented, supported by specific software tools, in order to
calculate the environmental performance of the production, evaluate the whole process and identify
those part of it where there is potential for improvement. Those tools can be used in relation with
management and environmental, systems and standards used by companies, such as the ISO 9001,
ISO 14001 and ISO 50001 families of standards. Carbon Footprint Analysis is easier to implement,
as it focuses on a specific category of emissions and is limited to certain processes. There is a
number of newly developed Carbon Footprint Analysis web-based software tools, such as
TerraPass, Carbonica, Carbonfund, Carbon Counter, which support the carbon footprint calculations
for selected products and activities [6].
There are several tools and methods assisting companies to establish integrated environmental
management schemes such as carbon footprint analysis for monitoring sufficiently the energy
performance in production processes and achieving sustainability. For that reason concepts and
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methods are analyzed, presented and compared (table 1) by means of benchmarking, monitoring
and reporting the results in order to be used efficiently from the companies.
Table 1 Tools for evaluating environmental performance
Tools

Type

LCA

Carbon
Footprint
Analysis

Ecolabel

Approach

Emissions

Standarisation

Process tool

per process
per product

Air
emissions,
solid
and
liquid waste

ISO 14040
14044

Process tool

per person,
per household
per process
per product

Greenhouse
gases

PAS 2050
ISO 14064-65

Air
emissions,
solid
and
liquid waste
Air
emissions,
solid
and
liquid waste

ISO 14040 14044 and
PAS 2050
ISO 14064-65

-

ISO 50001

cradle to grave

Process tool

Environmental
Management
Systems (EMS)
Energy
Management
Systems

Relation with
other tools and
standards

Application

Analytical tool

Analytical tool

per product

evaluation of all
environmental
aspects

per organisation

evaluation
of
energy
consumption

per organisation

EMAS,
14001

-

ISO

ISO 14000, ISO
50001,
Environmental
Rating Systems
(LEED,
BREEAM)

ISO 14040
14044
ISO
EMAS

14001,

Data related to carbon footprint analysis of SMEs should include specific information relevant
to the company’s activity profil and processes. The diversity of SMEs demands careful
consideration of factors that may influence their access to and interest in efficiency improvements.
These include: the number of employees, the sector, the energy intensity of operations, energy cost,
ownership structures (e.g. family-owned, private shareholders, publicly listed), position in the
supply chain (e.g. intermediate or customer-facing) [7].
3

THE SURVEY

A field study has been carried out in the period February 2012 to February 2014, in order to
determine the energy and environmental performance in Greek SMEs and the impact that the
economic recession had on the enterprises attitude towards energy and environmental management.
The survey was carried out by means of structured questionnaires, that included closed and open
questions in order to obtain insight on Greenhouse Gas (GHG) emissions focusing mainly on CO2
emissions. The questions were formed in such way aiming to identify the processes affecting energy
consumption and environmental impacts and were divided in three fields of interest.
- Field 1: refers to direct CO2 emissions related to the company’ s operation and processes (for
instance boilers, heatres, equipment).
- Field 2: refers to indirect emisions deriving from the electricity used for the company’s
operation.
- Field 3: refers to indirect emisions related to transport (employees transport).
Input (raw materials and energy used) and ouput data (CO2 emissions) were quantified for three
years period of time from 2012 to 2015.
More than 70 SMEs were visited and the questionnaires were completed during interviews
with the persons responsible for the energy and environmental issues of the companies. Out of those
questionnaires, 42 were selected as they represent those very small and small enterprises active in
processing and services provision, which are typical for the Greek economy, and also for many
other countries, not only because they form the majority of entrepreneurial activities, but also
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-

because traditionally they are the backbone of the economies and the main factor of growth and
employment [8].
The SME’s studied are family-owned companies with between 2 and 25 employees located
mainly in and around Thessaloniki, in the Region of Central Macedonia. With a population
corresponding to 17,1% of the country’s total, the region contributed more than 25% of the national
GDP until the de-industrialization of the 1990s, based precisely on its very small and small
enterprises, which were active in the textile, processing, manufacturing and food branch [9].
As a result of the de-industrialization in the period 1994-2004 and the recession after 2008,
more than 1.500 SMEs seized their operation, whilst a significant number relocated, most notably to
Bulgaria [10].
4

RESULTS AND DISCUSSION

For the group of the 42 SMEs studied, all production processes were defined and the energy
consumption was registered, for the processes related to the company’s operation as well as for
heating, cooling and lighting of buildings; data on water and hot water use were also collected
where applicable. Moreover, the transport processes were taken into consideration. The primary
data were defined and grouped.

Figure 1: Annual energy consumption for SMEs
The energy data referred to the years 2012, 2013 and 2014. The levelized annual energy
consumption for the three years considered is depicted in Figure 1, its average value is 18MWh.
The respective figures for the average annual carbon footprint are depicted in Figure 2, with
an average annual value of approximately 20 tn CO2. The carbon footprint estimated was devided
based on the process to three fields:
- Field 1: refers to direct emissions related to the company’ s operation and processes.
- Field 2: refers to indirect emisions deriving from the electricity used for the company’s
operation.
- Field 3: refers to indirect emisions related to transport (employees transport).
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Figure 2: Annual carbon footprint
The analysis proved (fig. 3) that the indirect emissions from the electric energy used are more
significant than the carbon footprint calculated from transport and other processes. This was
expected because in filed 2 the carbon footprint for the electric energy production was also estimated
by means of the primary mixture extraction and production process of electricity.

Figure 3: Carbon footprint percentage per field
The survey also highlighted the need of the companies to establish carbon footprint indicator
as a monitoring tool for reducing energy consumption and consequently cost through realistic
energy saving measures identifying areas for improvement. This is because the carbon indicator
helps enterprises to monitor, assess, report, manage, and improve the energy and carbon footprints
achieving compliance with legislation, energy reduction and operating costs. After defining the
carbon footprint indicator two set of energy saving measures were suggested [11].
The first group of measures introduced actions focusing mainly on increasing awareness of
the employees on energy saving and was based on training and behavioral actions (closing the
lights, sleep mode of pcs, maintenance of HVAC systems etc). The first set of measures, which are
without any cost, is estimated to achieve energy savings of about 5% in the majority of the SMEs,
as it is indicated by a series of surveys and also by the documentation like the related EN 16247
standard [12,13].
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Table 2 Indicative low or no cost saving measures for SMEs
Office Equipment
Turn off computers, monitors,
printers, copiers and lights at the
end of each working day.
Use email instead of faxing
documents.
Lighting
Turn off lights when not needed.
1st Group of measures: low cost Heating,
ventilation,
air
focused mainly on training and conditioning
increase awareness actions
Perform regular maintenance on
units including checking ducts and
pipe insulation for damage.
Clean condenser coils and replace
filters regularly.

Office Equipment
Buy energy star model computers,
monitors, printers, fax machines
and copiers that power down after
a
user-specified period of
inactivity.
Lighting
Substitute incandescent lamps
2nd Group of measures: low cost with compact fluorescent lamps
investments
(CFLs).
Heating,
ventilation,
air
conditioning
Install timers or programmable
thermostats to maximise efficiency of
your air conditioning.
Install locking covers on your
thermostats to prevent people from
tampering with the temperature
settings

The second group of measures, refers to actions related to upgrading the present equipment,
changing the thermal energy systems and introducing efficient lighting. It is clear that the impact of
such energy saving measures can only be assessed by means of a thorough energy audit and based
on an cost-effective energy refurbishment proposal. Energy management plans should be prepared
on the basis of expert opinions and include suggestions from front-line employees [14]. Moreover,
energy management should define clearly energy targets and goals, realistic timetable, performance
evaluation/assessment methods and indicators, rules for adjusting the plan in case of emergency and
responsibilities for the employees.
5

CONCLUSIONS

Europe faces multiple socioeconomic challenges, which have direct impact on the energy and
on the financial sector. The increase of energy demand, observed in the past years, led to the
gradual depletion of fossil fuels. Furthermore, the significant increase of gas pollutants (CO2, ΝΟx)
has had major impacts on climate and environmental quality (eg. global warming). Therefore, and
also because of the the strict European legislation framework, global climate change and carbon
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emissions as an indicative environmental factor have been a top priority in the decision making
process for governments and companies. Moreover, many companies confront difficulties to
estimate their footprint and connect the results deriving from environmental evaluation processes,
with an integrated energy management strategy that leads to energy efficient and cost effective
solutions.
Saving energy can significantly reduce operating and production costs for companies,
obviously also their environmental impact. Understanding energy use and define the energy
intensive processes contribute to more energy efficient and sustainable business. Saving energy
leads to the reduction of carbon emissions, reduce costs and enhance the companies’ image. Energy
efficiency and conservation should be a part of companies’ planning. There are many low-cost steps
that SMEs can take to start saving energy, as well as more detailed actions with low costs
investment that can be implemented over time within an energy plan. A well designed energy
management plan provides information that can be used to assess environmental impacts, identify
opportunities to improve the current situation, improve energy efficiency, as well as costeffectiveness.
On a European level, the relationship between energy and the economy is fundamental, strong
and often complicated. Relationships among energy prices, growth, competitiveness and
employment as well as relationships between the structure of the energy industry and energy prices
and companies can hardly be fully integrated (World Economic Forum 2012). Complexities and
differences among energy systems, energy demand and socio-economic parameters need to be reexamined, as the analysis of the impacts of the economic crisis in the consumers’ behaviour.
Considering the Greek very small and small enterprises, which have been hit hard by eight
years of recession, introducing every possible way to reduce production costs is crucial. Carbon
Footprint Analysis is a useful tool in that sense, as it provides the information needed. It can of
course not substitute an energy audit, but it can act as preliminary audit, indicating where the
enterprise should focus.
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ABSTRACT
Buildings have a considerable environmental impact that corresponds to almost 30% of the
global carbon footprint, with a prediction for further growth, and to 40% of the final energy
consumption in the EU. The EU therefore has set a goal to reduce primary energy use by 20% by
2020, which is one of the five headline targets of the European 2020 Strategy. Moreover, the
European Commission has established since 2002 a common policy for sustainable buildings and
low environmental impact materials promoting energy efficiency and reduction of greenhouse gas
(GHG), based on a series of directives and regulations.
A key role parameter for sustainable building construction, is the appropriate building
envelope’s thermal insulation in order to reduce its thermal losses. This was firstly introduced in
Greece, with the Regulation of Building Insulation in 1979.
Therefore, the paper focuses on the implementation of thermal insulation at buildings in
compliance with the Greek national legislation framework during the last forty years. In this line of
approach, measurements of the U-values and of the internal and external surface temperatures were
carried out, in residential and office buildings. The sample consisted of buildings with construction
dates that mirrored the development in legislation and in the building practice.
1

INTRODUCTION

It is well documented that building sector is responsible for the 40% of the total final energy
consumed in the EU. Specifically, the residential sector was responsible for the 27% of the total
final energy consumption in 2010, while the tertiary sector was responsible for the 16%
respectively. Therefore, the European Parliament approved the Energy Performance of Buildings
Directive (EPBD) 2002/91/EC and the recast Directive 2010/31/EC. Except from those Directives,
the EU set the main goals for energy, transport and GHG emissions not only for 2020 but also for
the following decades; 2030 and 2050. The main goal is no other than the gradual reduction of the
energy consumption and GHG emissions [1, 2].
On a global scale, building sector accounts 32% (118,6 EJ) of final energy consumption for
2012 and 53% of global electricity consumption. According to the International Energy Agency
(IEA), final energy consumption in building sector was increased by 1,5% every year, in 20002012. It is estimated that building’s energy consumption will continue to have an increasing trend
with a high rate (annually 1,4%), reaching 142,7 EJ [3], [4] .
Buildings can be divided in to two main categories: a) residential buildings and b) nonresidential buildings. In Europe, 75% of building stock are residential buildings and only 25% are
non-residential. More particularly, in Greece residential buildings can be divided in to two main
subcategories: a) single-family houses and b) multi-family houses, as it is shown in Figure 1.
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Figure 1: Distribution of building sector in Europe and Greece
The most common goal is the reduction of energy consumption in buildings at least up to 20%
and in order to achieve this target, effective interventions in existing buildings are required. This
need of improvement was initially expressed by means of the Directive 2002/91/EC for the Energy
Performance of Buildings and its review (2010/31/EC). These Directives have been harmonized in
Greek legislation with the following Laws and Ministerial Decisions (MD): (i) Law 3661/2008, (ii)
MD 2008 for public buildings, (iii) Law 4122/2013 and (iv) under construction, respectively.
Despite the fact that the Greek Law 4122/2013 has been published recently, the construction of the
buildings is still following the demands of the previous regulation (Greek Law 3661/2008).
KENAK (the Regulation on the Energy Performance of Buildings) along with TOTEE (the
Technical Guidelines of the Technical Chamber of Greece) are leading in changing the way in
building envelope upgrades [5], [6].
In case of Greece and according to Hellenic Statistical Authority (Figure 2), 41% of the
existing building stock was constructed before 1970 under no regulation concerning insulation.
Also, 35% of the buildings were constructed in 1980-2010 under the initial Thermal Insulation
Regulation of Greece and only a small number of buildings (7%) were constructed after 2010 and
are in accordance to the KENAK regulation [7], [8].

Figure 2: Development of construction rate in Greece in accordance to Hellenic Statistical
Authority
In accordance to the Greek regulation KENAK all buildings, newly constructed or deeply
renovated, public or private, need to obtain an Energy Performance Certification (EPC). According
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to the Ministry of Reconstruction of Production, Environment & Energy over 590 thousand
certifications have been issued in the period of 2011-2014 [2].
2

METHODOLOGY AND MEASUREMENTS

The thermal transmittance, which is expressed by the heat transfer coefficient (U-value) is the
most important feature, which characterizes the thermal performance of building elements. It
expresses the rate of heat transfer through a structure, which can be a single material or a composite
building element, divided by the temperature difference across that structure. It is therefore a
measure of how much heat is lost through a given thickness of a particular material, including the
three major ways in which heat transfer occurs – conductivity, convection and radiation. The units
of measurement are W/m²K. Three temperature values are needed to calculate U coefficient. These
three temperature values are the external and internal surface temperatures as well as the ambient
air temperature.
The ambient temperatures, inside and outside the building, play an important role when
calculating the U-value of an element. If one imagines the inside surface of a 1 m² section of an
external wall of a heated building in a cold climate, heat is flowing into this section by radiation
from all parts of the inside the building and by convection from the air inside the building. So,
additional thermal resistances should be taken into account associated with inside and outside
surfaces of each element. These resistances are referred to as Rsi and Rso respectively with typical
values of 0.12 Km²/W and 0.06 Km²/W for the internal and external surfaces, respectively [9].
This is calculated by taking the reciprocal of the R-Value and then adding convection and
radiation heat losses, as follows [10],
Within the framework of this paper, measurements of the U-value for the two main vertical
building elements, namely brick-walls and concrete elements, were carried out. In total, 52
buildings in Thessaloniki, Greece, were measured, 26 residential and 26 office buildings. Based on
the construction year, the measured buildings can be classified as depicted in Figure 3.

Figure 3: Distribution of measured buildings based on the construction year
The measurements were made using the device TM 200 U. The device and its elements are
presented below in Figure 4 whereas its technical specifications are shown in Figure 5.
U coefficient value is the most important value for the evaluation of thermal features of
construction elements. To calculate U-value, four conditions must be respected:
 The outside temperature should be low,
 The room should be heated
 The wall should not be exposed to wind and sun
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The temperature difference between outside and inside temperature should be more
than 20oC. Once these four conditions are respected, the measurement of the three
temperatures (Ti: inside temperature of the room, Te: outside temperature, Ts:
temperature of the internal surface of the wall) allows to get the U coefficient:
The coefficient 0,125 corresponds to the superficial thermal
resistance of the air-brush on the internal surface of the wall) [11].

Figure 4: TM 200 U device and its elements

Figure 5: Technical Specifications of TM 200 U-meter

3

RESULTS

The results carried out from the analysis of the measurements are presented below. The first
statistical analysis depicts the relevance of U values in different constructing time periods according
to the insulation regulation that prevailed when the buildings, both residential and non-residential
ones, were constructed.
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More specifically, in Figure 6 and Figure 7, are depicted the results for residential and nonresidential buildings respectively, constructed before 1979, that is prior to the introduction of the
first Thermal Insulation Regulation.

Figure 6: U-value measured for residential buildings constructed before 1979

Figure 7: U-value measured for office buildings constructed before 1979
It is obvious that the U-values in the buildings constructed before 1979, when there was no
requirement for thermal insulation, are really high. It is observed that, reinforced concrete and brick
have different properties. The brick was proved to have increased insulated capability compared to
reinforced concrete and as a result brick’s U-value for all cases is lower than reinforced concrete’s.
It is of interest to notice in office buildings, that although the brick elements present lower Uvalues, those are not that low as one would expect them to be, based on the much better thermal
transmissivity value of clay bricks compared to armed concrete. This is mainly due to the fact, that
the typical Greek office buildings of the 1960s and 1970s had rather thin brick walls, with
thicknesses not exceeding 16 cm, thereby results in high U-values. One residential building
constructed in 1978, with Ubrick=0,66 W/m2K and Uconcrete=2,8 W/m2K, is worth noting. Brick’s Uvalue, is quite low which means that probably at this construction thermal insulating bricks, were
used.
444

Then, in Figure 8 and in Figure 9, U-values for residential and non-residential buildings
constructed in 1980-2009, are depicted. In this period, the Greek Thermal Insulation Regulation was
in effect, which foresaw maximum U-values 0,7 W/m2K.

Figure 8: U-value measured for residential buildings constructed in 1980-2009

Figure 9: U-value measured for office buildings constructed in 1980-2009
From Figure 9 it becomes clear, that the Thermal Insulation Regulation was not fully
implemented. U-values both for brick and armed concrete elements, are lower than the ones of older
buildings. However, in most cases, the U-values measured were above the maximum U-values
required by the Regulation, which indicates that insulation applied was not sufficient. Also,
especially in office buildings, it was observed that in some cases, whilst brick elements were
insulated, the load bearing elements of armed concrete were not.
Finally, in Figure 10 and in Figure 11, are depicted the results for the buildings constructed
after 2010. The sample of buildings for this period is small, and this is absolutely representative of
the economic recession that troubles Greece since 2009. One has to notice, that the number of
construction permits in 2014 was 13.100, compared to more than 77.400 in 2007 [12].
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Figure 10: U-value measured for residential buildings constructed after 2009

Figure 11: U-value measured for office buildings constructed after 2009
After 2010, with the implementation of KENAK, thermal insulation requirements became
significantly tighter. However, implementation of the new regulation requires some time, therefore,
it comes not surprisingly that in the first two years (2010-2011), the U-values measured were above
the ones foreseen by the regulation of Umax. It is particularly hopeful, that the two residential and
three office buildings constructed after 2012, comply with the KENAK requirements.
Lastly, the average U-value for the different time periods, is shown in Figure 12 and Figure
13 for residential and non-residential buildings respectively.
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Figure 12: Average U-values for residential buildings

Figure 13: Average U-values for office buildings
Overall, both for residential and non-residential buildings, it becomes obvious that the
thermal insulation of the building’s envelope gradually improved, complying to the requirements of
the regulations, albeit with a certain lag, both in terms of time of implementation and of U-values
achieved.
4

CONCLUSIONS

The necessity for improving the buildings’ energy efficiency is expressed by a variety of
legislations not only in Europe but worldwide. This improvement cannot be considered
independently in this context, as it has strong economic and social consequences. In this paper are
presented the results of 52 buildings located in Thessaloniki, 26 residential and 26 office buildings,
were measured. The results were grouped based on the construction year of the buildings, in
compliance with the national R regulations valid in the period of the construction.
It was observed that, before 1979, when there was no thermal insulation regulation, the
buildings envelopes were completely uninsulated and as a result buildings had significant heat
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losses. Later, with the implementation of the first Greek Thermal Insulation Regulation, things
began to evolve. In the beginning, it was applied only in brick walls, in the form of the double brick
wall with the insulation in the cavity in between. However, the armed concrete elements were
frequently left uninsulated, especially in office buildings. Still, it cannot be left uncommented, that
the majority of buildings from this time period, measured, failed to achieve the limits foreseen by
the regulation. Finally, it is encouraging to notice that, despite the depressing situation of the
construction sector, the tight requirements of the new regulation, introduced in 2010, seem to be
achieved in practice.
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ABSTRACT
The energy improvement of the existing building stock is vital, not only due to the strict
European and National Regulations but also due to the great amount of energy consumed by the
buildings (about 40% of the primary energy produced in Europe). This need is outlined through the
last EU Directive 2012/31 concerning the energy performance of buildings, both residential and
non-residential. In case of non-residential buildings, intense energy consumption and thermal loads
provoking negative effects on indoor conditions and occupants’ health, well
-being and productivity
are outlined.
The main objectives of this paper are both the evaluation of indoor air and comfort conditions
in non-residential buildings and the examination of parameters concerning occupants’ thermal
sensation during winter. For the evaluation of indoor conditions, in situ measurements were
conducted in a non-residential building. The building is located in northern Greece and was
constructed before 2010, in line with the first Greek Thermal Insulating Regulation, like the
majority of the existing building stock. Among other elements, air temperature, relative humidity
levels and respective CO2 levels are determined, specifying the indoor conditions. Moreover, a
revealed preference survey was conducted in order to specify the parameters affecting the
occupants’ reaction concerning the indoor thermal conditions through the usageinferential
of
statistics.
The interpretation of human sensation of comfort through the identification of environmental
exogenous conditions and the linkage with individuals’ characteristics are very promising as they
help both policy makers and building designers to achieve zero energy, comfort and sustainable
buildings.
1

INTRODUCTION

The European Directive 2012/31 along with the established targets for the 2020, outline the
need to improve the existing building stock, as 40% of the Europe’s stock was constructed before
1960 [1, 2, 3]. The increased buildings’ energyconsumption in Europe (40% of the primary energy
produced in Europe), is a result of the aged European building stock. Therefore, the fact that 16% of
the total final energy consumption in 2010 was consumed by the tertiary sector, while 27% by the
residential, should not be overlooked [4, 5]. The Odyssee Database specifies that the total energy
consumed in 2013 by the tertiary sector was 161.46 Mtoe (1.02 Mtoe/employee) while in the
residential sector 300.32 Mtoe (1.42 Mtoe/dwelling) [6]. As a result, measures and strategies should
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be implemented in order to achieve the required targets, as set by the European Union. This need, in
case of the non-residential buildings, is now more than ever essential as the intense energy
consumption along with the high thermal loads, can provoke negative consequences not only on the
environment but also on the existing indoor conditions, affecting greatly the occupants’ well-being
and productivity.
In the framework of this paper, two main objectives are evaluated; (a) the indoor air
conditions and the (b) comfort sensation of the occupants. These parameters constitute domains that
affect the occupants’ health and psychology during their stay in the building. Specifically, the
parameters that describe the indoor conditions are the levels of temperature, relative humidity and
CO2. Therefore, it can easily be outlined whether the appropriate principles of ventilation and
heating are followed by the occupants or an irrational use of the HVAC systems is taking place
leading to an unnecessarily high energy consumption [7].
The parameters of comfort sensation and thermal comfort can be described through a variety
of anthropogenic characteristics and activities along with certain building’s characteristics. In both
P. O. Fanger’s and H. Zhang’s models a variety of parameters are measured in order to calculate the
level of thermal comfort [8, 9]. These parameters are age, gender, clothing, activity and body mass
of the occupants. However, within the framework of this study an alternative approach of comfort
sensation based on the occupants’ perception and attitude towards the indoor conditions and
sensation is presented. The evaluation of comfort sensation in non-residential buildings is achieved
through a revealed preference survey. Finally, the main objective of this survey and study is the
interpretation of the human sensation through the identification of the indoor conditions and the
linkage with individuals’ characteristics.
Therefore, in order to specify the indoor conditions, in situ measurements were conducted in
two different non-residential buildings, in northern Greece. The buildings under evaluation are the
3rd Primary School and 3rd Kindergarten of Elassona and the Municipality Hall of Elassona, a city in
the region of Thessaly, in Climate Zone C. Both buildings constitute representative examples of the
Greek building stock and were constructed in 1965 and 1982 respectively.
2

BUILDING DESCRIPTION

The aforementioned buildings were selected, as they represent 17% and 23% of the nonresidential building types, namely schools and public office buildings respectively [1]. In order to
evaluate the indoor conditions, an analytical description concerning the structural elements and the
HVAC systems of the buildings is essential.
2.1

Office building

The building is located in the city centre of Elassona. It is a two-storied building with a
basement, a ground-floor, a mezzanine and a first floor. The entire building is occupied by offices,
except for the ground floor and the mezzanine in the south-west, which is occupied by stores. Its
construction was carried out between 1965 and 1967 and therefore was prior to the introduction of
the Greek Thermal Insulation Regulation that took place 1979. Its successor is the Regulation on the
Energy Performance of Buildings, known as KENAK, which was adopted in 2010. Then, in 2013
the Greek Law 4122/2013 was published, introducing the definition of the net zero energy buildings
for both commercial and private buildings [2, 10].
Concerning the current state of the building, the two main areas of interest are (a) the
building’s envelope and (b) the HVAC systems. For the architectural characteristics, it should be
outlined that its main orientation is south-westen, with a variety of openings both in north-west and
north-east facades and only a few in the south-east. Moreover, the building has been refurbished in
2000 and the old, single glazed windows were replaced with double glazed, aluminum framed ones.
No external sun-protection systems exist, there are however internal blinds. The number and

450

dimensions of openings in every office is considered to be sufficient for lighting and ventilation,
based on the offices’ dimension, the number of employees and the usage.
In order to achieve the appropriate indoor conditions during winter, an oil-fired boiler is used,
that is feeding radiator panels. Furthermore, local heat pumps (room air-conditioners) are installed
almost in every office and are occasionally used for heating. The operation schedule of the central
heating system corresponds with the office hours of the Municipality, namely from 07:00 am to
03:00 pm. During the summer period, cooling is achieved by means of natural ventilation and by
using the aforementioned local air conditioning unit. Concerning the artificial lighting, the majority
of the lamps used are fluorescent ones and the total level of lighting in all offices cane be
characterized as adequate. However, there neither occupancy nor lighting intensity sensors and also
no respective controls.
2.2

Educational Building

Among the public educational buildings of Elassona, the one under evaluation is the 3rd
Primary School and the 3rd Kindergarten of Elassona. Both schools are housed in the same building,
which is located in the centre of Elassona and was constructed in 1982, after the introduction of the
first Greek Thermal Insulating Regulation. It is a two storied one, with a ground-floor and a first
floor.
Concerning the architectural characteristics of the building, it features openings in every
façade: south-east, south-west, north-east and north-west. All windows are single glazed with metal
frame and without any thermal break, leading to increased thermal losses, to rather poor airtightness and hence affecting both energy performance and indoor conditions. There are no external
shading systems, but curtains are used in every classroom to control natural lighting. The building
was constructed immediately after the introduction of the first Thermal Insulation Regulation,
which means that is not adequately insulated, at least with respect to contemporary requirements.
Therefore, a reinforcement of the building envelope’s thermal protection would be needed.
In order to achieve a better understanding of the building the HVAC systems should also be
considered. During the winter period the heating in both Schools is achieved by means of an oilfired boiler, installed in 1995 with a rating of 383 kW and an efficiency of 0.897. It operates from
06:30-06:45am to 13:00-13:30pm. In the cooling period, only natural ventilation solutions are
applied, as the existing ventilation fans are not operational. It has to be mentioned that the schools
do not operate from mid-June to mid-September. Finally, concerning the artificial lighting,
fluorescent tubes are used and the total level of lighting in the classrooms was found to be adequate.
3

IN SITU EVALUATION

In order to determine the indoor conditions and the comfort sensation perceived by the
occupants, a series of in situ measurements was carried out, together with a qualitative survey. The
measurements took place in parallel in both buildings in the spring of 2015, in accordance to the
requirement of standard EN 16247 on energy audits in buildings. The qualitative survey was
conducted based on the behavioural studies and the revealed preference surveys’ methodology. The
results of the analysis are e presented based on the type of the analysis for every building use.
3.1

Indoor Conditions

In order to evaluate the indoor conditions, measurements were carried out by means of
thermo- and hygrometers, as well as by means of an infrared camera to document and visualize the
surface temperature values’ distribution. Specifically, the measurement period started on 24th
March 2015 and ended on 21st April 2015; the parameters under evaluation in both buildings were
the indoor air temperature and the relative humidity, using the HOBO UX100 sensors and data
loggers, and the level of CO2, by using the Telaire 7001 monitor.
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The indoor conditions affect the occupants’ well-being and productivity. Therefore, and in
order to achieve the maximum comfort, a stability of the indoor values is desired with the level and
range of temperature to differ based on the use of the area and the time period. Specifically, based
on the Technical Guideline of the Technical Chamber of Greece, for the case of office and school
buildings, the temperature range during winter is 20°C and 26°C during summer [11]. However,
achieving stable indoor air temperature conditions in non-residential buildings is difficult, as a
variety of parameters can affect them. Those parameters are the microclimate, the architectural and
structural characteristics of the building, along with the operation and efficiency of the HVAC
systems [12].
Moreover, an integrated evaluation of the indoor conditions has to consider the levels of CO2,
as a reliable index for indoor air quality. The determination of poor air quality in a building can lead
to a variety of health problems to the occupants. These symptoms and health reaction may appear
only during their stay in the building or even affect their life long-term. The most common
problems related to this syndrome are headaches, dry throat, itch and watery eyes, lethargy even
irritated skin [13, 14]. Therefore, the monitoring of indoor level of CO2 is essential and can improve
the indoor conditions of the occupants in a building.
3.1.1 Municipality of Elassona
In the case of the Municipality of Elassona, the aforementioned data loggers were used and
placed in two offices, one in a corner office with a south-east and a north-east surface (Office_1)
and the other in a south-west office (Office_2). The measurements presented in Table 1
demonstrate, that in both offices the mean indoor temperature levels are higher than the mean
external and sometimes even than the maximum observed temperature during the day. However,
this is not the case when the maximum outdoor temperature exceeds 22°C. Also, the indoor
temperature levels even when the building is under no use, are higher from the outdoor, achieving a
range of temperature difference among mean indoor and outdoor conditions from 1K to 13K in case
of Office_1 and 2K to 13K in Office_2.
Concerning the monitored temperature differences between the two offices, it can be
observed that during the week when the occupants specify the indoor temperature through the local
heat pumps, in Office_2 the temperature levels are 1 to 2K higher than in Office_1. However, this is
not the case during the weekends, when the indoor temperatures are predictably similar. Therefore,
we can conclude that the temperature differences mentioned are a result of both the orientation and
the additional use of local heat pumps (air conditioners) by the occupants. Moreover, concerning the
hourly temperature variation, it is specified that during the weekends, the indoor temperature in
both offices varies from 16°C to 19°C, while during the operational days of the building, the
temperature levels change and vary from 18°C to 24°C in case of Office_1 and 22°C to 26°C in
Office_2.
Except for the air temperature and the relative humidity levels, another parameter under
evaluation, is the level of CO2 in both offices. In order to have the benefit of an objective approach,
two measurements were conducted; one before the natural ventilation of the office and another
after, Table 2. The ventilation period was 5 to 7 minutes and only one window was opened in every
area. Based on ASHRAE the maximum level of CO2 is 1000ppm. However as demonstrated in
Table 2, in case of Office_1 the levels of CO2 are higher even after ventilating the area whereas in
Office_2, they exceed the appropriate limits before ventilating but after they are reduced by almost
50%. This difference between the levels of CO2 is a result of the geometrical characteristics and the
use of the offices. Concerning the geometrical characteristics of Office_1 compared to Office_2, it
should be outlined, that the former has an area of 55m2 whereas the latter of 23m2. Also, in both
areas the same in dimension frames were implemented but in case of Office_1 the number of
openings is higher. Finally, concerning their occupancy, during the measurements, in Office_1 there
were six people, while in Office_2 only three.
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3.1.2 Educational Building
Concerning the educational building, the data loggers were placed in three classrooms, one in
a corner south-west and north-west classroom on the 1st floor (Class_1), another in a north-east
classroom (Class_2) and the last in a corner south-west and north-west classroom on the Groundfloor (Class_3).
The measurements were conducted in a period when the building was in a dual state of
operation. From 24/3/2015 until 4/4/2015 and from 20/4/2015 until 21/4/2015, it was operating in
its typical educational schedule, whilst from 4/5/2015 until 19/4/2015 the building was closed due
to Easter Holidays and therefore, the heating system was not used. We therefore had the chance to
evaluate the thermal storage characteristics of the envelope in the latter period, although obviously
not the thermal comfort. The measured parameters are presented in Table 1 and outline that when
the building is used, the mean indoor temperature in every classroom is higher than the mean and
minimum outdoor temperature. Specifically, the range of temperature difference specified between
mean indoor and outdoor conditions is 2K to 8K in Class_1, 0.5K to 7 in Class_2 and 3K to 9.5K in
Class_3. However, this is not the case when the building is under no use. During this period, the
mean indoor temperature in every classroom is similar to the mean external without dropping under
14°C, when the maximum outdoor varies from 20°C to 30°C. In detail, the range of temperature
differences between mean indoor and outdoor conditions varies from 0K to 4.5K in Class_1, 0K to
4K in Class_2 and 0K to 6K in Class_3.
Concerning the monitored temperature differences between the three classrooms, it is
specified that during the operation period of the building, Class_3 has the higher temperature levels,
followed by Class_1 and Class_2. This temperature differentiation is a result of the orientation of
Class_1 and Class_3, which is the same, and the number of occupants in every case, which in case
of Class_3 (Kindergarten) is slightly larger. The indoor temperature conditions change as it is only
reasonable, when the building is not used. In this case, the classroom with the higher indoor
temperature is Class_1, followed by Class_3 and then Class_2. Moreover, concerning the hourly
temperature differentiation, it is specified that during the operation period of the building, the
indoor temperature levels varies from 15°C to 19°C in case of Class_1, from 16°C to 22°C in
Class_2 and from 17°C to 23°C in Class_3. The temperature levels in Class_2 and Class_3 can be
characterized as appropriate, as they are in accordance to the Technical Instruction of the Technical
Chamber of Greece.
Table 1 Mean temperature levels in the municipality and educational building along with external
temperature conditions.
Date
24/3/2015
25/3/2015
26/3/2015
27/3/2015
28/3/2015
29/3/2015
30/3/2015
31/3/2015
1/4/2015
2/4/2015
3/4/2015
4/4/2015
5/4/2015
6/4/2015
7/4/2015
8/4/2015

Mean Daily
Temperature of
Municipality [°C]
Office_1
Office_2
19.86
21.49
17.71
18.66
20.58
20.95
21.73
22.34
18.24
19.07
17.38
17.88
20.11
21.45
21.91
23.17
21.93
22.91
22.02
23.17
21.82
21.93
19.48
19.51
17.92
18.12
20.86
21.22
21.50
21.75
21.87
21.98

Mean Daily Temperature of
Educational Building [°C]
Class_1
16.63
15.13
16.08
16.82
15.87
15.63
17.02
18.26
19.50
20.08
18.58
16.71
15.64
14.92
14.11
13.77

Class_2
14.99
13.68
14.97
15.41
14.45
14.22
15.74
16.81
17.41
17.90
17.63
16.28
15.26
14.69
14.15
13.50

Class_3
18.99
16.63
18.12
18.83
17.23
16.57
18.67
19.92
20.68
20.84
20.03
18.16
16.86
16.39
15.70
15.06

External Mean
Daily
Temperature

Maximum
external
Temperature

Minimum
External
Temperature

10.60
9.90
11.10
12.20
12.90
13.40
14.20
15.40
16.40
13.40
10.60
10.90
11.20
12.90
10.10
9.10

12.30
11.10
12.10
14.40
17.30
18.90
20.70
23.10
25.20
19.30
18.30
16.90
15.10
18.70
14.50
13.10

9.20
8.60
10.10
10.90
10.10
9.90
8.20
10.40
8.70
9.30
5.30
5.40
8.50
9.50
7.90
5.70
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Date
9/4/2015
10/4/2015
11/4/2015
12/4/2015
13/4/2015
14/4/2015
15/4/2015
16/4/2015
17/4/2015
18/4/2015
19/4/2015
20/4/2015
21/4/2015

Mean Daily
Temperature of
Municipality [°C]
Office_1
Office_2
21.35
22.09
19.27
20.02
18.43
19.14
18.38
19.00
18.61
18.87
21.39
21.57
22.37
22.98
22.34
23.47
22.81
24.07
21.97
23.72
21.66
23.34
22.26
23.47
22.29
23.24

Mean Daily Temperature of
Educational Building [°C]
Class_1
13.72
14.40
14.93
16.14
16.85
17.21
17.84
18.06
19.19
20.05
19.97
20.15
20.02

Class_2
13.17
13.26
13.52
14.21
14.98
15.57
16.12
16.50
17.26
18.02
18.53
19.01
19.15

Class_3
15.12
15.43
15.76
16.44
16.84
17.17
17.58
17.84
18.59
19.22
19.20
19.94
20.56

External Mean
Daily
Temperature

Maximum
external
Temperature

Minimum
External
Temperature

11.10
13.20
13.70
15.90
17.10
16.40
17.00
16.70
19.60
20.80
16.00
12.50
13.90

16.80
19.40
23.20
26.00
25.70
24.80
22.10
27.20
28.80
29.60
21.20
17.00
20.80

5.50
7.60
5.00
7.10
9.00
9.60
12.30
8.30
11.00
12.80
12.10
10.50
7.70

Similar to the office buildings, the level of CO2 was measured in all classrooms twice: once
before pupils enter their classrooms and then before they leave classrooms for break; the values are
presented in Table 2. The ventilation period was 5 to 7 minutes. Based on ASHRAE
recommendations, the maximum CO2 level should not exceed 1000ppm, however as demonstrated
in Table 2, in all cases, the level of CO2 are higher in both measurements. Also, it is clear that the
values of the 1st measurement have been double in the 2nd measurement. This result is expected, as
the 2nd measurement took place after a full hour of lectures, when windows and doors were closed
and classroom full of pupils. Therefore, the implementation of enhanced ventilation, for example by
using the existing ventilation fans (which unfortunately are not operational), along with natural
ventilation is required.
Table 2 Level of CO2 in both office and educational building before and after conducting natural
ventilation.
Area
Class_1
Class_2
Class_3
Class_1
Class_2
Class_3

Τ (°C)
CO2 [ppm]
1st Measurement
18.9
1056
17.9
1300
21.4
1196
2nd Measurement
18.9
1776
18.4
1560
22.3
1958

Τ (°C)
CO2 [ppm]
1st Measurement
19.1
1335
Office_1
23.8
1678
Office_2
Area

2nd Measurement
19.8
1227
Office_1
19.2
720
Office_2

In addition to these measurements, the infrared camera was used to document the existing
situation. From the analysis we concluded that the building envelop is poorly insulated as an
important heat lose is documented from the windows area and the load bearing structure. From the
Figure 1 is clear, that the surface temperature from the brick structure is low and only in case of the
windows and the concrete elements, the temperature is high reaching even 18.2°C. Therefore,
extensive energy loss from the building envelop is specified leading to an increase in energy
consumption and environmental impact of the building.
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Figure 1 The south-west façade of the 3rd Primary School and 3rd Kindergarten of Elassona, Greece.
3.2

Comfort Sensation

The estimation of the parameters affecting the occupants’ comfort sensation is achieved by
means of a revealed preference survey conducted for the office buildings. This type of analysis is
implemented widely and its combination with stated preference surveys is found to be very
promising in a variety of scientific sectors [15, 16]. Moreover, the implementation of a revealed
preference survey can lead to a determination of indirect valued conditions and goods [17, 18]. The
adopted methodological approach is based on four stages; (a) evaluation of criteria and prospective
parameters, (b) construction of questionnaires, (c) data collection and (d) data analysis.
The main goal of the questionnaires is the detailed evaluation of the parameters that affect the
occupants’ perceived comfort sensation during winter. Therefore, the structure of the questionnaires
is based on three sections; (a) general profile information, (b) thermal comfort conditions and (c)
questions concerning occupants’ attitude towards the building. The collected sample size is 26
questionnaires with an error of 10% and a confidential level of 95% based on the population of the
building. In the framework of this study, the correlations among the occupants’ comfort sensation
and the perceived indoor conditions are analysed along with the correlations between the occupants’
complains and a variety of personal characteristics and buildings parameters.
The respondents were asked to evaluate the perceived indoor conditions in a Likert scale from
1 to 7 for the winter period. Due to the nature of the data, a non-parametric Wilcoxon statistical
analysis is conducted and the results are depicted in Table 3. Therefore, it can be deduced that the
comfort sensation of the occupants is affected from the perceived indoor temperature conditions and
the perceived air quality with confidential interval of 99% (p<0.01). In the first case (Temperature
Comfort-Total comfort sensation) the more comfortable the indoor temperature is described, the
more improved the occupants’ level of comfort sensation is. Also, as expected, when the indoor
temperature levels are evaluated as neither too hot nor too cold, but as neutral, then the comfort
sensation of the occupants’ is documented as satisfactory. Concerning the perceived indoor air
quality, it is determined that the more satisfied the occupants are with the indoor air quality, the
more satisfied their comfort sensation is described to be. Moreover, a correlation of comfort
sensation with both perceived noise levels and natural lighting is designated, with a confidential
interval of 99%. In this case, the more satisfying the conditions with respect to noise and natural
lighting are, the more improved the comfort sensation is. However, the fact that no statistical
important correlation among comfort sensation and artificial lighting as well as air movement has
occurred, should be outlined.
Table 3 Correlation among occupants comfort sensation and perceived indoor conditions.
Temperature Comfort - Total Comfort sensation, during winter
Temperature Conditions - Total Comfort sensation, during winter
Air Quality - Total Comfort sensation, during winter
Noise Levels - Total Comfort sensation, during winter
Natural Lighting - Total Comfort sensation, during winter

Z
-3.536
-3.238
-2.836
-3.580
-2.302

Asymp. Sig. (2-tailed)
0.000
0.001
0.005
0.000
0.021
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Furthermore, the occupants specify whether they express any complains concerning heating,
ventilation, cooling and working environment conditions. Their answers differ and from the
inferential analysis, we conclude that a variety of other parameters, are correlated with the
aforementioned complains (Table 4). To begin with, the occupants’ attitude towards heating
complains is correlated with the frequency of fatigue symptoms with a confidential interval of 99%
(p<0.001), as all the respondents who expressed this complain describe the frequency of headaches
as rarely while the others classified it from 1 to 2 times per week. Also, statistical significant
correlations are deduced between cooling complains and sensibility in temperature differences,
natural lighting during winter and work environment conditions. All three correlations are
characterized as statistical significant with confidential interval of 99%. Specifically, those
correlations respectively, outline that the respondents who express complains for cooling are
described as sensible in temperature differences, are unsatisfied with the indoor natural lighting
conditions and are neutral and even slightly unsatisfied with their work environment conditions.
The occupants expression of complains concerning ventilation are correlated with a variety of
different parameters. Some of those parameters are the gender, the Body Mass Indicator (BMI) and
the frequency of practising sports by the respondents, the indoor noise conditions during winter
along with symptoms like headaches and skin irritations. Once again all these correlations are found
to be statistical significant with confidential interval of 99%, as also indicated in Table 4. The
inferential analysis concluded that the respondents who complained about ventilation are only
women with a mean BMI of 24kg/m2 (healthy weight). Also, it is determined that the respondents
who express complains about ventilation, are practicing sports rarely, are neutral concerning the
indoor noise conditions and experience rarely headache symptoms. However, those who express no
complain in the matter, experience no skin irritation symptoms during their stay in the office and
from 1 to 2 times per week headaches. In addition, they are very unsatisfied with the indoor noise
conditions and practise sports occasionally. The final complain under evaluation is referring to the
work environment. For this parameter the inferred statistical important correlations are with
education level of the respondents and a variety of health symptoms (catarrh, cold, dry throat and
skin irritation). In detail, the respondents who expressed complains on this matter are highly
educated and experience cold symptoms. However those who express no complain are facing no
catarrh, dry throat and skin irritation symptoms. Therefore, we can conclude, that the occupants’
complains are correlated with a variety of buildings parameters along with personal characteristics.
Table 4 Correlation among occupants’ complain and social and indoor buildings parameters.

Frequency of complain for fatigue - Heating Complain
Sensibility in temperature differences – Cooling Complain
Natural Lighting during winter – Cooling Complain
Work Environment Conditions – Cooling Complain
Gender - Ventilation Complain
BMI –Ventilation Complain
Frequency of practising – Ventilation Complain
Indoor noise – Ventilation Complain
Frequency of complain for headache – Ventilation
Complain
Complain for skin irritation - Ventilation Complain
Educational Level – Work Environment Complain
Skin Irritation – Work Environment Complain
Dry throat – Work Environment Complain
Catarrh – Work Environment Complain
Cold – Work Environment Complain

df

Value

-2.449
-2.321
-2.181
-2.084
-2.336

Asymp. Sig.
(2-tailed)
0.000
0.037
0.020
0.029
0.008
0.032
0.037
0.019

1
1
24
-

4.338
7.025
-2.280
-

Mann-Whitney U

-2.036

0.042

-

-

X2
X2
X2
X2
X2
X2

-

0.018
0.002
0.037
0.009
0.037
0.007

1
2
1
1
1
1

5.554
12.343
4.351
6.851
4.351
7.180

Type of Analysis

Z

Mann-Whitney U
X2
Mann-Whitney U
Mann-Whitney U
X2
t-test
Mann-Whitney U
Mann-Whitney U
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4

CONCLUSIONS

Documentation and evaluation of the indoor conditions in non-residential buildings is more
than ever essential, as the main goal of the existing and forthcoming regulations is the combination
of ensuring energy efficiency and the occupants’ well-being through a high indoor environmental
quality. It was in this line of approach, that an extensive evaluation of an office and an educational
building was carried out.
The analysis on the office building concluded that despite the building’s age, appropriate
indoor temperature and relative humidity conditions are measured. Also, the slight temperature
differences measured between the two office areas under evaluation are a result of their orientation
and the occupants’ autonomy in using the air conditioning systems. Another parameter under
evaluation was the level of CO2, as it affects the occupants’ productivity and health. In the case of
the office building, as expected, the CO2 levels are exceeding the recommended limits due to the
lack of ventilation system and the high visitors’ frequency.
Regarding the educational building, the indoor measurements outline that the building is
poorly insulated, at least with respect to contemporary requirements, leading to important heat
losses occurring, both from the openings and the armed concrete elements. Between the monitored
classrooms, slight temperature differences are measured with the highest temperatures occurring in
the north-west and south-west oriented classes. Also, the indoor temperature levels in all areas are
around 22°C, which is characterized as the most appropriate and preferable temperature for the
indoor environment during winter. Moreover, the evaluation of the CO2 levels state that ventilating
solutions should be implemented in order to achieve a reduction of the indoor CO2 concentrations to
more appropriate levels.
Except for the measurements carried out, a revealed preference survey was conducted and an
inferential statistical analysis was performed. In this framework, statistical important correlations
between the occupants’ comfort sensation during winter and the perceived indoor temperature,
natural lighting, air quality and noise conditioned are documented. Also, statistical important
correlations between the occupants’ complains and a variety of personal characteristics and
building’s parameters are found, determining the importance of indirect measured parameters on the
decision making process.
Finally, the analysis highlighted the need of specifying the indoor conditions along with the
occupants’ behavioral and personal characteristics are imperative. The work environment
conditions can affect the occupants’ productivity and well-being and also help the policy makers to
create not only zero energy buildings but also a sustainable and comfort work environment.
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ABSTRACT
The aim of this work is to investigate the thermal performance of the school building in
MegaliPanagia, Chalkidiki, Greece, and its heating system, after an energy upgrade study which
was carried out in February 2013. According to the energy study, the building was refurbished and a
hybrid solar assisted ground source heat pump (SAGSHP) system was designed to serve as a
heating system. The main scope of the study was to examine techniques to keep the heat pump
system’s capacity low by using seasonal thermal energy storage,consistedof single U-Tube vertical
boreholes. Simulations of the thermal performance of both the building and its heating system
wereperformedbyusing the TRNSYS software. From the analysis of the thermal behaviour of the
building it was concluded that the heating power for the morning warm-up periods is 1.5 times
higher than the “normal” heating load of the building. Simulations of the heating behaviour of the
building, assuming internal or external thermal insulation, proved that both the annual heat demand
and the design heat load of the building were practically the same in the two case studies. Five types
of heating systems were examined with TRNSYS, and their performances were finally
compared:aconventionaloil fired system, a conventional ground source heat pump (GSHP) system,
a hybrid GSHP system and two hybrid SAGSHPsystems withdifferent area of solar collector fields.
The comparison showed that the hybrid SAGSHP system displays the lower primary energy
consumption among all systems examined. The primary energy consumption of this system is about
the same withthat of the conventionalGSHP system, in which the heat pump’s capacity is double
and the ground heat exchanger 2.5 times longer. The work also highlights the contribution of the
simulation tools to the design of complex heating systems with renewable energy sources and
building management energy systems.
1. INTRODUCTION
The building sector is the largest user of energy and CO2 emitter in the EU, and is responsible
for more than 40% of the EU’s total final energy use and CO2 emissions. Improving the thermal
insulation of the buildings envelope and integration of energy-efficient and renewable energy
technologyin space heating and air-conditioning systems is the most promising way for energy
savings, and reduction of fossil primary energy consumption and greenhouse gas emissions.
Geothermal energy is defined as the energy stored in the form of heat beneath the surface of
the earth [1] and “shallow geothermal energy” refers normally to a depth up to 400 m (in most
practical cases about 100 m or less).The surface of the earth acts as a very large collector of solar
energy, where the energy radiated from the sun is stored below the earth’s surface. Simultaneously,
heat from the core of the earth is transmitted by thermal conduction to its surface. Heat from the
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earth can be used as an energy source in many ways and it is a sustainable solution for reducing
fossil fuels and the global warming that results from their use. In this way geothermal energy is part
of the renewable energy sources. One of its biggest advantages is that it is constantly available and
usable everywhere.
Ground source heat pump systems (GSHPS)exchange heat with the ground to provide space
heating and cooling as wellas domestic hot water. They use the earth or groundwater as a heat
source in winter and a heat sink in summer. GSHP technology usually offers higher energy
efficiency compared to air source heat pump systems because the underground soil is in higher
temperature and experiences less temperature fluctuations than the ambient air temperature.In a
GSHP system, heat is extracted from or rejected to the ground viaa closed-loopground heat
exchanger (GHE), consisted of horizontal, vertical, or coiled pipes, which are installed in either
vertical boreholes or horizontal trenches, and through which pure water or an antifreeze solution
circulates [2].Among the various GSHPS, the vertical system with the pipes either embedded in the
ground or embodied in the foundation piles of buildings [3], hasattracted the greatest interest in
research field and practical engineering.
The amount of heat injected into or drawn from the ground should be balanced onan annual
basis to ensure that ground temperature does not change in the long term.If this annual energy
balance is not maintained, ground temperature might rise or drop, which could result in failure of a
GSHPS.In heating-only or heating dominated applications, the yearly load imbalance leads to
ground cooling over the years. Thermal heat depletion of the soil decreases the evaporator inlet
fluid temperature of the heat pump and the coefficient of performance (COP) of the installation is
decreased.In these cases the borehole length must be extended, especially in larger systems with
multiple boreholes that interact thermally with each other [4].
One of the main solutions to this problem is to install systemswhich couple geothermal and
solar thermal energy. Supplemental heat from solar collectors may be usedto recharge the boreholes
by raising the soil temperature and reduce the required GHE length.AGSHPScombined with solar
collectors is called a solar-assisted ground source heat pump system (SAGSHPS).
When installing a SAGCHPS in a building it is appropriate a) to design a low energy building
envelope with good thermal insulation, b) to incorporate solar collectors in a way that the length of
the GHE and the capacity of primary equipment are optimized and c) to design in a way that the
efficiency of the overall system in terms of primary energy consumption is increased. The study for
the energy upgrade of the building envelope and the heating systemof the school building in
MegaliPanagia,
Chalkidiki,
Greece,
was
performed
in
these
directions
[5].
DuetothecomplexityofthethermalbehavioroftheschoolbuildinganditsheatingsystemtheTRNSYS
(TRaNsientSYstemSimulation) softwareenvironmentwaschosen [6] as an analysis tool.
Simulations of the heating behavior of the building, assuming internal or external thermal
insulation, as well as of fivetypes of heating systems with different configurations and control
strategy were performedby using the TRNSYS software.Fromthesimulationsresultsthe appropriate
insulation for the minimization of the heating loads of the building, the best strategy for the
morning warm-up period, likewise the systemconfiguration withthe lower primary energy
consumption were concluded [7].
2. LITERATURE REVIEW
The idea of storingthe collected energy from solar collectors in the ground, for improving the
performance of a GSHP, was first proposed by Penrod in 1956[8]. The interest in the combination
of solar heat and ground-source heat pumps for heating and cooling applications started in the late
70s, when the use of solar energy was increasing.
Since the 70s a lot of international research work has been done in combining solar collectors
and ground-source heat pumps. Various experimental projects and simulations have been carried
out in past decadesaiming at improving the COP of geothermal heat pumps, increasingthe
exploitationof collected solar energy and thereby reducing the electricity demand. Most studies
have focused on the feasibility assessment and the overall performance of the systems by
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investigating variousparameters, likethe heating and cooling capacity of heat pumps (HP), the
surface area of solar panels, the size of earth heat exchangers, and the control strategies.
A system simulation approach to assess the feasibility of a ground heat pump coupled with
solar thermal collectors in heating dominated buildings was presented by Chiasson and Yavuzturk
[9]. They modelled a school building with typical meteorological year weather data for six US cities
and sized the system to maintain the heat pump entering water temperature (i.e. the ground return
temperature) above 0°C after 20 years of operation. The simulation results showed that the
SAGSHPS could reduce the borehole length at the design step and the system life cycle costs.
An experimental performance study and exergoeconomic analysis of a SAGSHPS for
greenhouse heating was performed by Ozgener and Hepbasli[10, 11]. Experimental results showed
that the heating COP of the ground-source heat pump unit and the overall system were 2.64 and
2.38 respectively, and that monovalent central heating operation cannot meet the overall heat loss of
greenhouse if ambient temperature is very low. The bivalent operation can be suggested as best
solution in Mediterranean and Aegean regions in Turkey.
Trillat-Berdak et al. [12] studied experimentally a combined system with ground-coupled heat
pump and thermal solar collectors used in a 180 m2 private residence in France. Solar heat is used
as a priority for domestic hot water heating and excess solar energy is injected into the ground via
boreholes. After 11 months in operation, the experimental study has shown that the combination of
renewable energies such as thermal solar energy and geothermal energy in a single system makes it
possible to meet a residence’s heating and hot water requirements. They also proved that the
optimization of the circulation pumps control system is essential for electricity consumption and
that if all circulation pumps work only when the heat pump works, the average system’s COP
increases from 2.6 to 3.35.
Chapuis and Bernier [13] simulated with TRNSYS two different configurations of a Borehole
Thermal Energy Storage (BTES) system implemented in a northern climate to heat 52 homes in
Canada. The first system design, with large solar collectors area and high temperatures in BTES,
shows significant heat losses and relatively small solar collectors’ efficiency (23%) although the
solar fraction for space heating is high (98%). At the second configuration with reduced collectors’
area by a factor of 4, accompanied with a fourfold increase of the BTES volume and the use of a
heat pump for heating, the heat losses are reduced while the solar fraction of the system reaches
78%, with an average solar collector efficiency of 58%.
Kjellsson [14] showed that recharging the ground with solar heat is particularly useful if the
BTES system is undersized and has active boreholes that are too shallow or if the boreholes are so
close together that they influence each other.Kjellsson et al. [15] analyzed different configurations
of combined systems with solar collectors and ground-source heat pump in a single dwelling in
Sweden, with the use of the simulation program TRNSYS. Results from simulations indicated that
the optimal design is when solar heat produces domestic hot water during summertime and
recharges the borehole during wintertime.
Helpin et al. [16] examined the viability of SAGSHPSs that use unglazed solar collectors in
heating only French buildings. The study concludes that the SAGSHPS deliver capital cost savings
of 23% and LCC savings of 15% over 20 years.Bakirci et al. [17] investigated experimentally the
performance of a SAGSHPS.The experimental apparatus consisted of solar collectors, a ground heat
exchanger, a liquid-to-liquid vapor compression heat pump, water circulating pumps and other
measurement equipment. The COP of the heat pump and system were found to be in the range of
3.0-3.4 and 2.7-3.0,respectively.
Chen and Yang [18] simulated with TRNSYS a SAGSHPS for space heating and domestic
hot water in a building, and investigated the influence of the solar collector area on the total
borehole length and system performance. Simulations were carried out for six working modes and
under different meteorological conditions, and the optimal design was concluded. Wang et al. [19]
developed a simulation model in TRNSYSto predict the multi-year performance of a novel hybrid
solar GSHPS composed of a GSHPS and a SAGSHPS used in an office building for heating and
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cooling.The simulation results showed that it is very important to predict the long-termperformance
and the operation control strategies in order to increase the overall COP of such systems.
Busato et al. [20] evaluated and analyzed the data obtained through real time monitoring of a
school building HVAC system in operation, for a period of approximately two heating seasons. The
HVAC system, which includes a multisource gas-fired absorption heat pump utilizing ground and
solar energy, a boiler and an AHU with heat recovery for ventilation, was designed through
dynamic simulation of different solutions with the use of the TRNSYS environment. The evaluation
showed that the integration of different heat sources increases remarkably the efficiency of the
system in terms of primary energy consumption.
Dai et al. [21] studied experimentally the performance of a SAGSHPS, consisted of a heat
pump, a ground heat exchanger, heat pipe evacuated tube collectors and a solar heat storage water
tank, under four different heating operation modes. From the comparative analysis it was concluded
that the solar thermal storage water tank is beneficial to the stable operation of the SAGSHPS and
that the volumetric flow rate in this tank has a significant impact on the electricity consumption of
the system.
Although in recent years SAGSHP systems have become a commercially viable solution the
technology has not yet been widely adopted. The present study, which investigates the thermal
performance of a SAGSHPS that is proposed to be installed in an existed school building, with the
scope to conclude amongvarious configurationsthe one with the lower primary energy consumption,
may be considered as pivotal in the Greek area.
3. SIMULATION OF THE BUILDING
TheHighSchoolbuildingunderstudyissituatedatthewestsideofthevillageMegaliPanagia,in
Chalkidiki peninsula,at 476 m height above sea level. The geographical area of Chalkidiki,
according to the latest Greek Regulation of the Energy Performance of Buildings (KENAK)
[22],lies in climate zone C where the climate is cold during wintertime.
Exteriorviewsofthebuildingarepresented in Fig. 1.

Figure1: Building views a) ESE and NNE b) SSW and ESE c) WNW
Fromanarchitecturalpointofview, thebuildinghas a rectangular floor planand comprisestwo
floors(Fig. 2)and a pitched tiled roof. Intermsofdimensions, theheightofeachflooris3.07 m, the total
building volume is 4320 m3, and the external surface to volume ratio F/V is 0.49 m1
.Thefloorareasofheatedandunheatedspacesare1280 m2and 30 m2respectively.
Τheopaque portion of the buildingenvelope consistsmainly of brick walls, whereas the joists,
the pillars, the slab on grade floor and thefloorplatesare made of reinforced concrete.The building’s
openings (doors, windows) have aluminum or steel single-glazed windows (with an exception of
some double-glazed windows with PVC frame).In its original form, the building was constructed
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with no thermal insulation. The installed heating system was a conventional central hydronic system
with radiators, fueled by an oil-fired boiler of 250 kW nominal power.

Figure 2: Floor plans of a) ground floorand b) 1st floor
The proposal of the energy upgrade study [5], which was carried out in February 2013, was
the refurbishment of the building with a) thermal insulation of extrude polystyrene (XPS) on all its
construction elements (5 cm on brick walls, joists, pillars and 7 cm on concrete plate under the tile
roof) except on the slab on grade floor and b) replacement of all external openings with new
aluminum double-glazed windows and doors with thermal break (U-value=1.80 W/m2K). The
average thermal transmittance of the building (Um),before and after the application of thermal
protection, was equal to 2.08 W/m2K and 0.822 W/m2K respectively.
The thermal performancesof the building and its heating system were not simulated
simultaneously. The building thermal behavior was simulated for one year under the TRNSYS
environment,with a 1-hour time step, in the component known as "Type 56". Weather files were
generated with the use of Meteonorm5.1 software. Thermo-physical properties of the building
construction materials, heat transfer coefficients, natural ventilation and infiltration air flow
rates,and internal heat gains were determined according to national directives and codes [23, 24].
Thebuildingwasdividedin 12 thermalzones according to the use and the thermal behavior of
each space. Table 1 shows the spaces in each thermal zone and the corresponding air change rates
(ACH) for natural ventilation and infiltration. It was presumed that the minimum air flow rate
requiredfor hygienic reasonsduring occupied hours(8 a.m. to 2:15 p.m./ Monday to Friday) is
achieved with the opening of windows (natural ventilation) in the time of intervals among lessons.
During unoccupied periods, air enters in the building only with infiltration through the building
envelope. Occupancy schedules and operating profiles for equipment and lighting were assumed
according to in situ recordings in the building [25].
Table 1 Thermal zones in the building
Zone
Space
(Infiltration)(h-1)
(Natural
Ventilation)(h-1)

1
Locker
rooms-W.C.
0.05
1.5

2
3
Recess Teachers’
areas
offices
0.09
0.36
0.5

1.0

4

5-12

Non-heating zone

Library

Classrooms

Boiler room

0.31

0.33

-

1.0

2.0

-

At first, the design heating load was calculated by simulating the thermal behavior of the
building without taking into account the internal and the solar heat gains, and presuming a) constant
inside air and outdoor air temperatures (20ºC /-5.65ºC),and b) constant infiltration and natural
ventilation rates. The resulted design heat loadwas equal to 71.5 kW (table 2),very close to the
calculated value according to EN12831 standard [26].
Table 2 Design heat loads
Transmission heat losses

Infiltration heat losses

Natural ventilation heat losses
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34.9 kW

6.6 kW

36.6 kW

Secondly, the problem of the high heating requirements for the morning warm-up periodwas
investigated. The proposal of the energy upgrade study was the installation of a hybrid SAGSHP
systemwitha water-to-water HPof nominal heating capacity equal to 60 kW(evaporator/condenser
inlet temperatures= 0/42ºC) and an oil-fired boiler. This HP’s capacity is sufficient to fulfill the
heating load of the building in the majority of the hours (~75%) of the heating periodexcept in
warm-up periods after long time breaks, when the heating load is in certain cases 1.5 times higher
than the “normal” heating load of the building.During warm-up or very low temperature periods,
which usually appear during the morning hours, the HP is not able to maintain the inside
temperature of the building above the comfort level of 20ºC, and the hot water boiler at full power
is used.
In order to define the boiler heating capacity an iteration process with parameters the boiler
capacity and the morning warm-up periods was applied. After consecutive simulations considering
different boiler capacities from 100 to 200 kW and different warm-up periods from 1 to 4 hours
(fig. 3), it was concluded that a 100 kW boiler and a 2-hour warm-up during the two coldest months
of the year give satisfactory results in keeping the comfort levels in the building. With this installed
heating equipment capacity, further optimization of the warm-up period was attempted with an
iterative process, in order to minimize the energy consumption for heating and the occupied hours
with inside temperature under 20ºC. According to the resulted operating schedule (Table 3) the
heating system is able to meet 96% of the total school hourly heating loads.

Figure 3: Effect of different boiler heating capacities and durationsof the morning warm-up period
on the heating load (for maintaining 20ºC during occupied periods)
Table 3Optimized operating schedule of the school heating system
Dates
20/10-25/11
16/3-20/4
26/11-25/12
8/1-28/2
1/3-15/3

Weekdays
st

2

3

4

5

6

7

8

Hours
9 10

11

12

13

14

15

1
2nd-5th
1st
2nd-5th
1st
2nd-5th
1st
2nd-5th
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No heating

Heat pump

Oil boiler

In order to investigate the influence of the thermal insulation position on the energy demands,
two simulations of the building thermal behavior were performed: one with the thermal insulation
on the inner and another on the outer side of the structural elements. The simulation predictions
indicated that the internal insulation would reduce the annual energy requirements for heating only
5%, without anyimpact on the decrease of the design heat load of the building.It is worth to mention
that the energy savings for heating after the application of thermal insulation are estimated about
70%.
The total annual energy requirements for heating of the thermally insulated building are equal
to 29 MWh. Table 4 shows the heating requirements per month. As expected, the highest
requirements are observed in January.
Table 4Monthly heating requirements (kWh)
October
0

November December
1142

January

February

March

April

Total

9542

7913

3901

178

29009

6333

4. SIMULATION OF THE HEATING SYSTEM
4.1. System under study - Assumptions
The main equipment of the system consists of a GSHP, a closed-loop GHE, two fields of flatplate solar collectors, an external heat exchanger and an oil-fired boiler. The solar collectors are
installed on the SE and SW facing roof sides of the building.
All-year round, but mostly during the summer months, heat from solar collectors is injected
and stored in the ground.During the heating period the geothermal heat pump extracts heatfrom the
ground via the GHE and transfers it inside the building.This design requires specific attention
because groundwater flow in the GHE regionmay cause considerable heat dispersion andcancel the
role of the GHE as seasonal heat storage.The GHE consists of a closedcircuitof single U-tubes,
filled with an antifreeze solution (15% propylene glycol – 85% water). Each circuit consists of 6
loops connected in parallel, while each loop comprises 3 boreholes connected in series.
An external heat exchanger is added to serve as a connection between the solar collector fields
and the GHE (Type 557). Thus, the heat from the solar collectors (Type 1) is not transferred directly
to the ground, but through this external heat exchanger (Type 91). The efficiency of this heat
exchanger was assumed to be 1.0. With this assumption,when heat is extracted from the ground and
simultaneously heat is produced from solar collectors,this heat is added to the primary loop of the
HP and consequently the heat absorbed by the HP’s evaporator (Type 668) is equal to the sum of
the heat extracted from the GHE and the heat produced by the solar collectors.
The charging of GHE with heat from solar collectors a) prevents the risk of long term
temperature drop in the ground, b) increases the HP’s efficiencybyproviding a higher temperature
heat transfer fluid, and c) reduces the size of GHE and HP’s capacity. The oil-firedboiler (Type
700) is turnedonly during the morning warm-up periods or in case of heat pump failure. Table 5
summarizes the heating system’s components and the devices principal characteristics.
Table5 The main characteristics of the hybrid SAGSHP system
GSHP heating capacity
Oil-fired boiler heating capacity
SE solar collector field area
SWsolar collector field area
SE solar collectors field azimuth
SW solar collectors field azimuth

: 60 kW
Borehole depth
: 100 kW Spacing between boreholes
: 24 m2
Borehole diameter
2
: 24m
Underground headers depth
: 110º
Borehole thermal resistanceR *b
: 200º
Ground thermal conductivity

: 30 m
: 3.8 m
: 0.112 m
:1m
: 0.1017 mK/W
: 2 W/mK
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Solar collector fields slope

: 20º

Ground heat capacity

: 2100 kJ/m3K

Figure 4 shows the four operating modes of the heating system as modified and modeled in
TRNSYS.
a) Mode 1: Only boiler operation (warm-up periods or HP failure to rise the inside building
temperature above 20ºC)
b) Mode 2: Solar collectors are charging the GHE (non-heating periods)
c) Mode 3: GSHP is absorbing heat from the ground without heat injection from solar collectors
d) Mode 4: GSHP is absorbing heat from the ground and simultaneously heat from solar collectors
is transferred to the primary loop of the HP.

Figure 4:Heating system operating modes
Long term simulations for 20 years were carried out in TRNSYS with a 1-minute time
step.After the simulation of the thermal behavior of the building, the created heating loads file
wasinserted to a TRNSYS project with the component known as “Type 682”, in which the thermal
performance of the heating system was studied.
The heat distributed throughout the school building was assumed to be 50% via convection
and 50% via radiation. The hot water flow rate to radiators is adjusted by a variable-flow pump, so
that the heating loads are met and the difference between the supply and return temperature is
maintained constant and equal to 5K. The distribution circuit volume capacity, equal to 1.5 m3, was
simulated with a storage tank (TRNSYS Type 60).
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4.2. Simulation results
Simulationsof five different heating system configurations were performed and the results
were investigated. The systems’ characteristics and the operating principles of each configuration
are as follows (see also Table 6).
1. Conventional system consisting of a 100 kW oil-fired boiler. The heating requirements of the
building were metto a percentage of 99%.
2. Conventional 120 kW GSHP system with a 1350 m long GHE. The system was designed
according to [2] for entering fluid temperatures to the evaporator/condenser equal to 0/420C. The
GSHP extracts heat from the GHE during winter, while the GHE is “regenerated” by heat diffusion
from the surrounding ground.The heating requirements of the building were metto a percentage of
99%.
3. Hybrid GSHP system, consisting of a 100 kW oil-fired boiler, a 60 kW HP and a 720 m long
GHE. The boiler operates only during the morning warm-up period while the GSHP operates during
the school working hours.The heating requirements were met to a percentage of 96%.
4. Hybrid SAGSHP system, consisting of a 100 kW oil-fired boiler, a 60 kW HP, a 540 m long
GHE and two solar collectors fields of 24 m2 areaeach. The GSHP extracts heat from the GHE
during winter, while solar thermal energy a) is injected into the GHE during (mostly) summer and
increases the ground temperature and b) increases the evaporator entering fluid temperature. Two
PV panels of 4 m2 total area are also added to the system to electricity need for pumping. The
heating requirements were met to a percentage of 96%.
5. Hybrid SAGSHP system. This configuration is the same as the previous, but the solar collector
fields’ area is 76 m2 and the collectors are located at the optimum slope and azimuth (42º and 188º
respectively).
The above mentioned five different configurations were compared to each other according to:
a) the annual primary energy consumption determined with conversion factors of 1.1 and 2.9 for oil
and electricity respectively [24], b) the annual primary energy consumption estimated with primary
energy conversion factor for electricity (PECF)equal to 2.5 (based on Europe directives), and c) the
GSHP seasonal performance factor (HPSPF) and the overall system seasonal performance factor
(SSPF).
The results are presented in Table 6 and indicate that primary energy consumption and SSPF
are both improved with the use of GSHP systems. The traditional GSHP system, compared to the
conventional system with oil-fired boiler,appears 18.5% less primary energy consumption (27.5% if
PECF=2.5 is assumed). The hybrid GSHP system with oil-fired boiler has 3.2% higher energy
consumption than the traditional GSHP system but the length of the GHE is reduced by 44%. The
heat from solar collectors contributes to the rise of ground temperature and thus to additional
decrease of the GHE length and increase of the HPSPF, while the primary energy consumption is
further reduced by 4%. When the solar collectors’ area is increased from 48 m2 to 76 m2, the extra
decrease in primary energy consumption (2%) is small unlike the increased installation cost.Taking
into account the specific load conditions and the installation cost, the optimum system design is
configuration 4 which was proposed by the energy upgrade study.
Table 6Primary energy consumption (kWh) per heating system
Heating System
1. Oil-fired boiler (OFB) 100 kW
2. GSHP 120 kW, GHE 1350 m
3. OFB 100 kW, GSHP 60 kW, GHE 720 m
4. OFB 100 kW, GSHP 60 kW, GHE 540 m,
Solar collectors (48 m2)
5. OFB 100 kW, GSHP 60 kW, GHE 540 m,

Primary Energy
Consumption (kWh)

HPSPF (1)

SSPF (2)

(PECF=2.9)

(PECF=2.5)

36644
29870
30783

36644
26542
28671

3.026
3.17

2.93
3.091

29558

27652

3.416

3.134

28951

27061

3.609

3.25
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Solar collectors (76 m2)

(1)

HPSPF=HP’s condenser heat output (kWh)/HP’s compressor electric energy consumption (kWh)
SSPF= HP’s condenser heat output (kWh)/(HP’s compressor + circulators) electric energy consumption (kWh)

(2)

The Sankey energy flows diagram of the proposed configuration,for the 20th year of
operation, is presented in Fig. 5. The fraction of the GSHP at the total energy consumption is 0.56
while the fraction of the oil-fired boiler is 0.44, mostly for the morning warm-up operation. From a
first sight it seems that the solar energy contribution is small (only 11%) but the role of solar
collectors is mainly to maintain the temperature of the ground at high level. It is worth mentioning
that the HPSPF and SSPF are increased from year to year, during the 20-year operation, and are
stabilized after the 10th year to the values given in Table 6.

Figure 5: Sankey diagram of the proposed hybrid SAGSHP system
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5. CONCLUSIONS
In the present study, simulations of the heating behaviour of a school buildingas well as five
types of heating systems with different configurations and control strategy were performed by using
the TRNSYS software. The five types of heating systems which were examined are a) a
conventional heating system with oil fired-boiler, b) a GSHP system, c) a hybrid system with GSHP
and oil-fired boiler, and d) two hybrid SAGSHP systems with different area of solar collectors.The
following conclusions can be drawn:
1. Simulations of the heating behavior of the building, by assuming internal or external thermal
insulation, indicatedthat the internal insulation reduces the annual energy requirements for heating
about 5%, without any impact on the decrease of the design heat load of the building. It is important
to mention that the energy savings for heating after the application of thermal insulation are
approximately 70%.
2. Heating loads duringthe morning warm-up periods, especially after long time breaks, are in
certain cases 1.5 times higher than the “normal” heating load of the building. Appropriate control
strategies and operating schedules may reduce significantly the installed heating capacity of the
primary heating equipment.
3. ThecomparisonofthedifferentsystemconfigurationsshowedthatthehybridSAGSHPSdisplaysthe
lower primary energy consumption and the optimumseasonal performance factor. Attention must be
paid because an increase of solar collectors’ area, although it decreases primary energy
consumption, may lead to a remarkable increase of the installation cost.
4. Transient simulation programs are important toolsfor the design and optimization of complex
heating systems with combination of different energy suppliers as in the present study boilers,
ground-source heat pumps and solar collectors. When designing carefully the primary energy
consumption is minimized and the overall system seasonal performance factor is increased.
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Abstract
Security of power supply is a crucial element of energy system planning and policy. However, the value that society
places on it is not clearly known. Assessing the socio-economic costs of interruptions is an important first step to
determining socially acceptable levels of interruptions. Such an assessment needs to go beyond a pure focus on
economic losses, but needs to include the costs of inconvenience for consumers. Moreover, decentralised generation
through renewables may help minimise the costs of interruptions by reducing the number of consumers affected. The
role of decentralised storage options, demand response, and prioritisations of loads is discussed in this context.
In this paper, available methods to quantitatively and qualitatively evaluate the effects of a supply interruption are
discussed and compared. We estimate the cost of outages – as the Value of Lost Load (VoLL) for households in each
EU-28 Member State. This has thus far not been conducted using a single methodology with consistent data across
the EU. Further, we analyse the impact of ‘substitutability’– the proportion of household activities that are dependent
on electricity - on the VoLL. Finally, we study the regional and policy implications of differing VoLL between EU
Member States. Differing VoLLs, especially between neighbouring Member States, may lead to an imbalance of
economic incentive to improve the reliability of grid interconnections between them.
Keywords: outage costs; electricity interruptions; residential electricity consumption; EU energy policy

1. Introduction
Power supply in the EU is characterised by a relatively high reliability. However, the reliability we
experience today should not be taken for granted given the increasing shares of variable electricity
generation, but also new opportunities to engage consumers through Smart Grids – and interrupt their
supply as needed. Choosing the ideal level of reliability to aim for requires a thorough understanding of
the socio-economic costs of electricity supply interruptions, which may be very different depending on
timing and type of consumer. For example, while a household may not notice an interruption during office
hours, a company unable to electronically submit a tender in time might potentially lose millions.
However, the actual damage to society might just be less than the additional cost for a more expensive,
but potentially better tender.
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Estimating the socio-economic costs is a non-trivial task, yet required to determine socially optimal
levels of interruptions. Such levels would ensure that investments to increase the system’s reliability are
balanced with the associated financial benefits, i.e., the reduced costs due to fewer and shorter
interruptions. However, most reliability studies focus on suppliers. The value that society places on
reliability is not clearly known across the EU. Also, the current distribution of costs between stakeholders
lacks a causal link between those in charge of ensuring the power system’s reliability and those having to
bear the consequences of an outage.
Currently, historic reliability levels may be used to design the future power system. These may be
quantified by defining an acceptable Loss of Load Probability (LOLP), which specifies the share of time
when a generation shortfall may occur. Other design criteria are redundancy measures to ensure the
system can cope with an outage in essential supply infrastructure (e.g., N-1 rule). Both approaches have in
common that they do not build on quantifications of the impacts of interruptions on individual consumers
or consumer categories. Thus, both approaches will not result in a socially optimal level of interruptions.
A clear understanding of the socio-economic costs of interruptions across the EU would be an
important step to decide on such an optimal level. This brief provides guidance on how to value the
consequences of supply interruptions and thus determine the demand for security of electricity supply.
Ensuring a cleaner supply of energy drawing on locally available renewable energy resources has
become a key policy objective of European governments. The growing reliance on renewable power
sources may result in significant instantaneous shares of their generation. Balancing their often variable
output requires a high degree of flexibility in the power system, i.e., changes in generation or demand
must be counterbalanced quickly enough to avoid supply interruptions.
2. Background
2.1. Characterising interruptions
Prior to estimating the costs of interruptions, it is useful to understand the reasons why the
consequences of supply interruptions differ from one to another.
Firstly, there are different types of end-users in the electricity system. An interruption in a hospital has
very different consequences than one in an industrial plant or household.
Another important aspect is the time of occurrence of the interruption. The type of activity that is
interrupted is dependent on the time of day, week and season. E.g., for a household, an interruption at 8
p.m. may interfere with recreation (e.g. television, internet), while at 3 a.m. an interruption typically has
much smaller effects.
In addition to the time of occurrence, the duration of an interruption also significantly influences its
impact. Certain types of damage, such as the loss of computer files, occur instantaneously. Others, such as
the loss of working hours and the spoilage of food, are proportional to the length of the interruption and
may only occur after a certain delay.
Advance notification of an electricity interruption also helps in mitigating its negative implications. For
example, if one is made aware of an electricity interruption, they may avoid using an elevator. Further, if
electricity supply is interrupted on a regular basis, people may prepare for it even without advance
notification. While this may reduce the cost per interruption, the overall impact of electricity supply
interruptions will be larger (e.g., less confidence of industry in the reliability of the system).
This relates as well to the “perceived reliability level”: the higher the perceived reliability in the
affected area, the less firms and households are inclined to take precautionary measures (e.g., invest in
backup facilities), and the greater the damage caused by an interruption (known as the ‘vulnerability
conflict’).
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Also of importance is the source of the outage: an outage caused by a failure in the network may have
smaller price effects than an outage caused by a shortage in generation, due to a higher redundancy in the
grid.
Resulting electricity price increases can lead to large transfers of wealth from users to suppliers. While
these transfers of wealth are not necessarily a social cost, they must be considered in policy-making [1].
2.2. Composition of outage costs
Typically, cost information can be inferred from a market. However, currently consumers have no
option to choose the tariff they pay depending on the level of reliability they receive. Thus, grid operators
lack information on the value of reliability improvements and, in unbundled markets, utilities lack
balanced incentives to engage in related investments.
In the absence of market mechanisms, assessments of the costs of interruptions are required. Various
types of costs need to be considered, including direct infrastructure costs and indirect costs, such as
production outages. In addition, macro-economic long-term costs related to market adjustments may
occur, e.g., due to changes in the choice of business locations or investments in back-up generation.
For households, only a part of the costs can be directly related to the household expenses, e.g., to
replace spoiled food. Indirect, immaterial costs equally require consideration. These may include fear
(e.g., to walk in an unlit neighbourhood), inconvenience (e.g., freezing), and the loss of leisure time (e.g.,
missing the championship’s final). To assess the customers' desire for security of supply commonly the
Willingness-to-Pay (WTP) is being quantified, as further outlined below.
There are primarily four sources of indirect costs of power outages in industries and commercial
services [2]. First, their output will be affected leading to a loss of profits. Second, power outages can
result in a loss of productivity during the outage and when restarting production/operations after an
interruption (e.g., recovering unsaved computer files). Third, materials and/or equipment can be damaged
by an electricity outage (e.g., dyeing in the textile industry, aluminium smelting). Fourth, there may be
costs of labour required after a power outage. For instance, additional labour is sometimes required to
restart production for which overtime bonuses may have to be paid. Long-term costs like a loss in
reputation due to production delays are often neglected.
2.3. Quantifying outage costs
Several methods are available to quantitatively evaluate the effects of a supply interruption [3], [4].
These include the following:
Surveys/interviews (stated preferences)
In general, the costs of interruptions may be measured by estimating the value of lost load (VoLL).
One method to determine this value is to ask people how much damage they have suffered due to supply
interruptions, how much they are willing to pay (WTP) for a given reduction in interruptions, the
minimum amount of money they are Willing-to-Accept (WTA) as compensation for an increase in
interruptions, or which combination of electricity price and number, duration and timing of interruptions
they prefer (conjoint analysis) [5], [6]. The latter may also be referred to as choice experiment. When
carried out in Sweden, such a study showed that marginal WTP of households to reduce power outages
increases with duration, and is higher during weekends and winter months [7]. This is confirmed by a
study in Austria, which found that the WTP is 33% higher in winter than in summer [8]. On a yearly
average, values ranged from €1.4 to avoid a 1-hour power cut to €17.3 to avoid a 24-hour interruption.
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Production-function approach
This approach aims to estimate the welfare costs of a power-supply interruption across different
sectors, durations and times of occurrence in a week (weekday during the day, weekday evenings, and
weekends) and includes studies based on macro-economic indicators. This can be quantified through lost
production for the commercial sector and lost convenience (or leisure time) for households. Within the
production-function approach, quantitative statistical information is used to determine the costs in relation
to a given supply interruption [9]. The lost production in each sector during an outage can be estimated
directly and then aggregated to a macro-economic total. Interactions between sectors can also be
evaluated through input – output tables [10].
Market behaviour (revealed preferences)
Another method to estimate how the industrial, commercial and household sectors value supply
interruptions is through information on their expenditures on backup facilities, interruptible contracts and
interruption insurances. The level of expenditure on backup facilities indicates how much businesses,
industry and households are willing to pay for a higher level of supply security [11]. Past studies
advocating this method were applied to cases with an average of 10 hours of interruptions per year [12].
For most of the EU, this value is larger than the cumulative duration of interruptions in a year. In an EU
context, backup generators would only have to be used for short periods of time. This would mean that the
cost of capital per minute of operation is often too high for businesses or households to invest in backup
technology (exceptions include hospitals and banks). This is in contrast to the US, where 22% of the peak
demand equalling 170 GW is available in the form of consumer backup generators. This includes
generators of up to 60 MW, but 98% of them are smaller than 100 kW [13]. In the case of Europe, the
market for diesel generators has shown signs of steady growth in the past few years [14]. However, a
figure of total backup generator capacity currently present in the EU could not be identified.
Case studies
There are two main approaches to using case studies to estimate the cost of supply interruptions. In one
method, effects of an actual supply interruption are first listed and these are then monetized. Another
approach is to undertake direct surveys after an interruption. An advantage of case studies is that an actual
rather than a hypothetical interruption is studied. Also, the interruption studied can be representative of
other interruptions in similar circumstances (geographical location, time of occurrence and duration of
interruption), and may be used to draw some general conclusions. Some studies have shown that revealed
preferences (market behaviour) provides a more objective basis than subjective valuation (surveys) for
estimating the cost of power outages, as it reflects “what people do rather than what they say”. In the
following sections, selected case studies are presented to highlight differences between supply
interruptions based on factors such as geographical location, associated level of grid interconnections,
duration, and time of occurrence.
Table 1 summarises and compares the VoLL for households from past studies in different countries.
The VoLL for different countries vary due to factors such as the method used, the value of lost leisure
time (e.g. non-paid time, during weekends) and the time or season of occurrence. In developed countries
with more severe winters, the total electricity consumed on a winter evening may be relatively high. Since
the electricity consumed is in the denominator of calculating the VoLL, a higher electricity consumption
may result in a lower VoLL (although the price of electricity itself during this period may remain high).
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Table 1 - Comparison of outage cost studies for residential consumers (VoLL)

Reference

Country

Sector

Currency

VoLL
(cost/kWh)

Methodology

Austria

Residential

2012 USD

1.54

Robust survey

Finland

Residential

EUR

65.88

Direct Worth Customer Survey

Germany

Residential

EUR

15.7

Monte Carlo simulation

Ireland

Residential

USD

17.97

Macroeconomic, with
some survey data

Ireland

Residential

EUR

68

Macroeconomic

Italy

Residential

EUR

10.89

Survey

Baarsma and Hop
(2009) [16]

Netherlands

Residential

EUR

3.66

Survey

de Nooij, M.,
Koopmans, C. and
Bijvoet, C. (2007) [1]
Linares and Rey (2012)

Netherlands

Weighted
average

EUR

8.56

Production function

Spain

Weighted
average

EUR

6.35

Production function

Fredrik Carlsson and
Peter Martinsson (2007)
[7]
London Economics
(2013) [17]

Sweden

Residential

SEK

108.09

WTP - Customer Survey

UK

N/A

GBP

1.65

GVA/VAR approach

Israel

Residential

USD

11

Elicited choice
probability

Mexico

Residential

EUR

0.75

Survey

Norway

Residential

EUR

1.08

Survey

USA

Residential

EUR

7.8

Survey

Johannes Reichl,
Michael Schmidthaler,
Friedrich Schneider
(2012) [8]
Sinan Küfeoğlu, Matti
Lehtonen (2015) [15]
Aaron J. Praktiknjo,
Alexander Hähnel ,
Georg Erdmann (2011)
[16]
Leahy and Tol (2010)
[20]
Tol (2007)
Bertazzi, Fumagalli et
al. (2005) [17]

Asher A. Blass, Saul
Lach and Charles F.
Manski (2010) [18]
Jenkins, Lim et al.
(1999) [19]
Kjølle, Samdal et al.
(2008) [18]
Lawton, Sullivan et al.
(2003) [19]

3. Methodology
In this paper, the outage costs for households, measured as VoLL, is estimated using a macroeconomic
approach. Specifically, the methodology used by Growitsch et al. [20] for a regional study will be
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modified and applied to the case of the EU-28 under consideration in this paper. In order to estimate the
outage costs for the household sector, the value of the output generated by them needs to be considered.
The primary effect of outages in households is the interruption of leisure activities, to which an economic
value needs to be assigned. While people ascribe value to leisure activities, the relationship between
electricity usage and leisure activities is not clear; some activities are directly and completely dependent
on electricity (e.g. watching television), other activities are not (e.g. playing an outdoor sport). Therefore,
any estimation of outage costs relies on the amount of hours spent on leisure activities and the proportion
of these leisure activities that are dependent on electricity. Becker [21] provides a framework to estimate
an economic value for time spent on leisure activities. He proposes that households gain utility from
consuming goods and time spent on leisure activities. The money required to purchase these goods to
consume is gained by working. Moreover, the marginal utility of both consuming goods and leisure
activities decreases with each additional unit leading to an optimal ratio between working and nonworking hours. At this optimal point, a person or household is indifferent between an additional hour of
work compared to an additional hour of leisure. Therefore, we can value an additional hour of leisure as
equal to the income from an additional hour of work (i.e. the hourly wage).

4. Results and discussion
4.1. VoLL for households by country (EU-28)
The average annual VoLL for households in each of the 28 EU Member States is represented in Figure
1. In the VoLL values represented, the substitutability factor was assumed to be 0.5 for all 28 EU Member
States. A sensitivity analysis of the level of substitutability was conducted for each country and is
discussed in the next section (Section 4.2).
The VoLL is represented as €/kWh for a 1-hour outage. The results show wide variation between
countries, from an annual average of 1.58 €7kWh in Bulgaria to 17.21 €/kWh in the Netherlands. Many
of the values match closely with those of other national-level studies presented previously in Table 1.

Figure 1 - Comparison of VoLL in households by country
6
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4.2. Sensitivity analysis (substitutability factor)

Figure 2 – Effect of substitutability factor on VoLL

5. Conclusions
In order to calculate economically optimal interruption levels, knowing the value that society places on
it is an important first step. A first step could be to replace reliability standards that in most Member
States are still based on past engineering practice and rules of thumb with a more technology neutral and
market based approach. This could be achieved by comparing the damage to society with the costs of new
investments to increase the systems reliability. This would require putting a price tag on interrupting
various forms of energy services, based on the duration of the interruptions and the consumers’
willingness to pay. One may argue that even an initial estimate is better and allows for a more market
based approach than not having any such value. The alternative, e.g., to define an LOLP and design the
system accordingly, may be more arbitrary. While better information may be available for industries, the
estimations of the willingness to pay can be improved as further information becomes available, e.g., from
smart home systems.
Once these values are defined, modified versions of outage simulation tools such as APOSTEL and
energy and power system models such as OSeMOSYS, MESSAGE, TIMES or PLEXOS may be applied
to optimise the extent of interruptions and minimise the costs for society. The model might be set up to
investigate to what extent increased variability in generation needs to be balanced and how to best do so,
e.g., by investments in hydro storage, electric vehicles, or demand-side measures. Overall, the model may
choose among all competing options and, assuming ‘perfect competition’ between all technologies, will
invest only in those which are most economically efficient. This information will be valuable for both, to
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inform the development of energy strategies and for TSOs, who are in charge of ensuring a reliable
supply.
To enable the balancing of increased reliability with the costs associated with achieving this reliability,
we propose to develop a detailed analysis of the cost of outages for each EU Member State. This will
enhance and build on existing efforts to include parameters such as services interrupted, geographical
location, and time of occurrence and duration of interruptions. The development of a standardised
database for aggregating costs of interruption could then serve to better integrate them in power system
planning and operation. This could be achieved, for example, by combining a macro-economic approach
with WTP surveys and energy system planning tools that consider a closer consumer integration through
Smart Grids. The insights gained may be valuable to help markets to more optimally price and combine
reliability services provided by the grid infrastructure, power generation options and consumers.
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ABSTRACT
Residential buildings are of great importance endeavouring to reduce energy consumption and
CO2 emissions, since they account for the 63% of the total energy consumption of the building
stock. The existing residential building stock exceeds the number of newly built dwellings in most
developed countries. While new constructions add at most 1% per year to the existing stock, the
other 99% of the buildings are already built. Therefore, the energy efficient renovation of the
existing housing stock is imperative in order to reduce the building energy consumption. It is for
this reason that the European Union ranked the improvement of the energy performance of the
existing building stock, as a high priority in its research agenda. Following Europe’s 20:20:20
objective, this case study investigates refurbishment scenarios in order to achieve Nearly Zero
Energy houses, in Cyprus.
The research focuses on the Multi-Family House typology, as classified in previous studies
for Cyprus, in the framework of the IEE, EU project EPISCOPE and specifically on retrofitting a
Multi-Family building, which was built after 2006. The aim is to upgrade it into a nearly Zero
Energy Building (nZEB) with the implementation of the national energy performance requirements,
as drafted by the Ministry of Energy, Commerce, Industry and Tourism (MECIT).
Following the EPISCOPE project methodology, a representative Multi-Family Building from
the corresponding residential building typology in Cyprus was chosen and modelled using the
iSBEM_cy tool. This is the official governmental software in Cyprus used for issuing Energy
Performance Certificates (EPC), for the categorization of the energy class of the buildings and the
calculation of the CO2 emissions according to the European Directives 2002/91/EC and
2010/31/EC.
The study investigates whether it is possible for an existing Multi-Family Building to reach
the nZEB standards and identifies the lurking obstacles and challenges, through building
simulations. To this end, various refurbishment scenarios were developed, with the implementation
of strategies aiming at fulfilling the MECIT requirements. Through analysis of the results, the
efficiency of each strategy and technique employed towards minimising the energy consumption
and the greenhouse gas emissions was evaluated, in terms also of its cost effectiveness.
Furthermore, the results of the research were investigated in order to assess whether the nZEB
requirements, as developed by the MECIT, are appropriate for the existing Multi-Family houses in
Cyprus and whether alternative strategies may be employed in order to meet the target of nZEB and
to reduce effectively the energy consumption and the CO2 emissions.
1

INTRODUCTION

The built environment is not only the largest industrial sector in economic terms; it is also the
largest in terms of resource flow [1]. The increasing energy demand already threatens the future of
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the planet; as researches show that 10% of the world population exploits 90% of energy resources
[2]. European Union (EU), the second economy worldwide, while consuming one-fifth of the
energy produced in the world, has only few stocks of energy resources [3]. Under this threat, the
European Union aims to achieve a more sustainable future and therefore focuses on the existing
building stock by identifying the potential energy conservation of the building sector.
Residential buildings comprise the biggest segment of the EU’s building stock, with a floor
space of 75% and are responsible for 2/3 of the sector’s energy consumption [1]. While new
constructions add at most 1% a year to the existing stock, the other 99% of buildings are already
built and produce about 26% of the energy-use induced carbon emissions [4]. Taking into account
that the expectation for the structural life of a building often exceeds 60 years while the envelope
shows signs of obsolescence after only in 20 or 30 years [4], it is understandable that a building
completed in 2010 will undergo refurbishment during the next 10 to 20 years. The improvement of
the energy performance of the existing residential stock in every country is essential since the
operational cost, the energy consumption and the carbon dioxide emissions are key concerns of
Europe in order to achieve the EU 2020 goals.
The Energy Performance Building Directive (EPBD) established the ‘nearly Zero Energy
Building’ as the building target from 2018 for all new publicly owned or occupied by public
authorities, buildings, and from 2020 for all new privately owned buildings [5]. By setting these
objectives, at the European level the nearly ZEBs should be reality in the next couple years. The EU
has set targets for 2020, which aim at a 20% reduction in greenhouse gas emissions from 1990
levels. The intent is to raise the share of the European energy consumption produced from
renewable resources by 20% and to improve energy efficiency by 20%. In order to meet these
targets, the EU emphasises the need of national definitions for the nearly Zero Energy Building
“nZEB”. Complying with the EU targets [6], Cyprus has published the Directive 366/2014 referring
to the minimum national requirements concerning the nZEB building [7]. Besides this, two major
challenges need to be met before full integration of the nZEB concept into national building codes
and/or international standards. This includes the adaptation of a common and unambiguous
definition and the development of a supporting methodology for computing the energy balance [8].
Furthermore, it is necessary to investigate the effectiveness of the refurbishment scenarios for the
existing residential buildings in order to set minimum national requirements and nZEB definition
for the renovation processes.
Sufficient thermal insulation of the building envelope is in fact critical for shielding the
indoor environment of the building, from the external adverse environmental conditions and thus
minimising through the envelope the thermal heat losses during the winter and the heating gains
during the summer period. Many surveys have been carried out in search of the nZEB standards,
concerning the optimization of the buildings envelope, the upgrading of the electromechanical
systems and the utilisation of Renewable Energy Sources (RES). Regarding the optimization of the
buildings envelope, in a recent study Serghides and Georgakis investigated the energy performance
of the building envelope in order to identify the optimum relationship of cost effectiveness and
energy efficiency in the thermal performance of the buildings in the Mediterranean region. From
this study it was concluded that the most effective solution for an improved building envelope
thermal performance is provided by the combination of external insulation on the building envelope
and with the increase of the internal mass, which in turn increase the thermal capacity of the
structure [9].
The RES contribution towards nZEB is proven to be vital for the improvement of the energy
performance of a building [10] and might even result to a positive energy building [11]. A
combination of upgrading the electromechanical systems, refurbishing the external envelope and
introducing RES in the building is the most effective approach. Furthermore, an individualised
approach for each building taking into consideration its own particularities is necessary in order to
reach an optimal solution [12].
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Previous studies on the Cyprus housing stock investigated the impact of different
refurbishment scenarios on the energy consumption of the dwellings and the resulting savings
[13,14,15]. The studies demonstrated the effectiveness of the insulation on the buildings envelope
and the high contribution of the PV systems in the reduction of the greenhouse gases.
This study focuses on the conversion of existing Multi-Family Building, representing one of
the main residential typologies in Cyprus [16] (43,3% of prevalence among the residential building
stock), into a nZEB and it highlights the arising challenges.
2

METHODOLOGY

According to the IEE Project TABULA and the ongoing IEE Project EPISCOPE [17], twelve
residential building typologies were established as typical and representative of the national
residential building stock in Cyprus [18]. These are classified according to their chronological
period of construction and their architectural and constructional characteristics. The three building
typologies consist of the Multi Family Houses (MFH), the Terrace Family Houses (TH) and the
Single Family Houses (SFH). These are further divided into four different chronological periods,
supported by the data collected from the Cyprus Statistical Service [16]. Each chronological
division was defined based on the different constructional regulations and techniques that were
applicable throughout the years, formulating the four distinctive chronological categories. These
categories are the following; 1. Before 1980, 2. Between 1981 and 2006, 3. Between 2007 and 2013
and 4. After 2014. The divisions were also guided by the rapid growth of the construction industry
in Cyprus, which occurred after 1980, by the adoption of the European Directive 2002/91/EC in
2007 and the amendment of the Directive 433/2013, which was enforced in the beginning of 2014.
It is worth mentioning that before the entry of Cyprus in the European Union there was no energy
related legislation for the building sector.
The building under study was selected according to its space-related characteristics (number
of floors, apartments floor area, number of bedrooms in each apartment etc.), which approach those
of the typical Multi - Family House of the 3rd chronological period. In order to perform this
investigation, the total building area, the heated living volume and the constructional characteristics
of the building envelope were documented. The constructional characteristics of the roof, the wall,
the floor slab, the structure and the openings were recorded and their U-values as well as their
thermal capacity were calculated. When this study was contacted, due to the lack of available data,
mainly concerning the installed electromechanical systems, certain assumptions were made (length
and type of pipes, condition of systems and energy efficiency) [19].
Initially, the energy performance of the building was found for its existing state, by
calculating the energy performance of each apartment individually, and the corresponding energy
consumptions were calculated. The apartments were grouped by floor and the total energy
consumption was found for the three floors. Subsequently a standard nZEB refurbishment scenario
was applied, based on the Directive 366/2014. The energy efficiency and the cost viability for each
refurbishment measure related to the building envelope elements’ thermal performance was
assessed separately, for three (3) apartments on different floors. Additional measures, not included
in the prerequisites of the Directive 366/2014, were examined in terms of their energy efficiency
and cost effectiveness. Based on the findings an optimized nZEB scenario was developed, oriented
to improve the energy efficiency and cost effectiveness of the refurbishment. The investment cost
associated with the nZEB refurbishment scenarios as well as the payback period, were based on the
current market values. These were calculated with the official tool published by the Ministry of
Energy, Commerce, Industry and Tourism of Cyprus for the cost optimal energy conservation
measures [20], in order to include the purchase, installation and construction costs for all the
systems used for these retrofitting scenarios. The modelling tool used throughout this study for the
energy performance calculation is the iSBEM-Cy, which is the governmental software for the
issuance of Energy Performance Certificates, [21]. This is the official governmental software in
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Cyprus used for the categorization of energy efficiency in buildings and the calculation of CO2
emissions according to the European Directive 2002/91/EC [22].
3

CASE STUDY
3.1

The Building – General information

The case study concerns a 3-storied Multi-Family House (MFH) of 15 apartments. with a Pilotis, a
free, open space in the ground floor, used mainly as a parking space. It is situated in Aradippou, in the

city of Larnaca, coastal area. The block of flats was constructed in 2012 and is representative of its
typology for the chronological period 2007-2014. The MFH was built after the launching of the
Directive 568/2007 [23], thus having thermal insulation and double-glazed windows. Nonetheless,
stricter Directives [7] are now in force and it is expected that deep renovation of the apartments,
towards nZEB standards, will take place in the next 20 years. Therefore, identifying the most
energy and cost effective refurbishment measures towards this directions, is necessary. The building
under study is shown in Figure 1.

Figure 1: The Multi-Family House under study

The common spaces (staircases, elevators and corridors) are developed in such a way as to
separate the apartments in Northeast oriented and Southwest oriented ones. The usable heated living
area and volume per floor is presented in Table 1 and the layout of the 3 floors in Figure 2.
Table 1. Existing Condition - Envelope Elements U-values
Floor
1st
2nd
3rd

Volume

Wall Area total

Fenestration

Wall area

Exposed Floor

Exterior Roof

m3
481
438
439

m2
481
438
439

m2
57
58
58

m2
424
381
381

m2
568
-

m2
85
85
476
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Figure 2. Floor and apartments’ layout and orientation

3.2

The existing condition of the dwellings

For the simulations each apartment is considered independently. For calculation purposes, the
common wall between apartments is considered as adjacent to a non-heated space. Based on the
calculation method used in iSBEM-cy, the common spaces are considered heated.
The load-bearing structure of the building (beams and pillars) is made of reinforced concrete
and the walls are of conventional brickwork, with plaster coating on both sides, resulting to a total
thickness of 24cm. Double walls of total thickness of 30cm separate the houses. The windows are
double-glazed with aluminum frame. The glazing area corresponds to a 5.0% of the total envelope
area of the 1st floor, 11.0% of the 2nd and 6.4% of the 3rd floor. The roof is made of reinforced
concrete and is horizontal. The concrete floor slabs of both floors are cladded with ceramic tiles of 2
cm thickness. External insulation (expanded polystyrene) of 3cm is placed on the external walls,
columns, beams, roof and pilots, reaching the U-values as required by the Directive 568/2007 [23]
and as shown on Table 2.
Table 2. Existing Condition - Envelope Elements U-values
Construction Element
Horizontal roof
External Walls
Beams and columns
Pilotis
Double glazed windows

U-value W/(m2k)
0.654
0.581
0.758
0.625
3.60

For the study it was considered that all the apartments are using split-units for heating and
cooling, installed in all the rooms, including the bathroom and the corridor. The SEER and SCOP of
the units are 5.1 and 3.4 respectively, corresponding to A class system. All fifteen (15) houses use
solar thermal panels for Domestic Hot Water, backed up by an electric element.
After simulating each of the dwellings’ energy performance using the iSBEM-cy tool and
afterwards grouping the apartments per floor, the mean calculated Total Primary Energy
Consumption is 139 kWh/ (m2a) for the first floor, 124 kWh/ (m2a) for the second and 146 kWh/
(m2a) for the third. The Primary Energy Consumption is higher for the dwelling of the floors, which
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have large surface area exposed to the environment, compared with the apartment of the second
floor. The 5 kWh/ (m2a) of the Total Primary Energy Consumption for each dwelling are produced
from Renewable Energy Sources (RES), attributed to the solar thermal panels on the roof for DHW
consumption for all the dwellings. Therefore, the renewable energy contribution in the total primary
energy consumption ranges from 3.01% (303) to 4.90% (202).
Table 3. Energy Consumption and CO2 emissions – Existing state

Housing
Unit Code
101
102
103
104
105
106
201
202
203
204
205
301
302
303
304
Average

Cooling

Heating

Final
Energy
consumption

kWh/m2

kWh/m2

kWh/m2

12.61
5.62
5.48
13.93
38.19
25.11
4.61
8.17
0.78
18.68
14.34
16.94
15.09
34.29
31.01
16.32

14.00
11.05
15.60
13.59
6.53
11.28
18.15
8.46
20.72
13.17
11.40
8.96
9.97
7.70
6.80
11.83

47.18
37.98
41.66
48.10
66.14
56.97
43.34
37.94
42.08
51.64
45.52
45.50
44.66
61.59
57.42
48.51

Mean
Primary
Consumption
per floor

RES
Primary
Energy

kWh/m2

kWh/m2

139

124

146

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5.00

CO2
emissions
KgCO2/
m2
37.46
30.16
33.08
38.19
52.51
45.24
34.41
30.13
33.41
41.00
36.14
36.13
35.46
48.90
45.59
38.52

Energy Class

B+
B+
B+
B+
B+
B+
B+
B+
B+
B
B+
B+
B+
B
B+

The corresponding energy consumption for heating ranges from 6.53kWh/(m2a) to 20.72
kWh/(m2a), with the highest consumption observed in Northwest to Northeast oriented apartment
201 and Northeast to Southeast oriented apartment 203 of the 2nd floor. Both their orientation and
their exposed wall surface area lead to this elevated heating consumption. The highest cooling
consumption is observed in the apartments 105 of the first floor and 303 of the third floor, with
consumptions of 38.19 kWh/(m2a) and 34.29 kWh/(m2a) respectively. Both are mainly Southwest
oriented and have exposed roof. The Energy Performance Certificate (EPC) Categorization reaches
the class B+ for all the apartments with the exception of 204 and 303, which reach the B class.
3.3

The Standard nZEB Refurbishment Scenario

According to the Cyprus EPBD Directive 366/2014 [7] and in order to define a building as
nearly Zero Energy one, specific U-values of the elements of the building envelope must be
obtained and certain minimum energy performance requirements must be fulfilled, concerning the
classification of the building, the total primary energy consumption, the energy demand for heating
and the share of the contribution from the renewable energy sources in the total primary energy
consumption. These requirements are shown on Table 4.
Table 4. nZEB minimum energy requirements
NZEB REQUIREMENTS FOR HOUSES
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Technical specifications - Construction Element
Pitched roof with horizontal ceiling
External walls
Double glazed windows
Energy Performance specifications
Energy Performance Certificate
Total Primary Energy consumption
Energy Demand for heating
Renewable energy percentage of the total primary energy consumption

U-value W/(m2K)
0.40
0.40
2.25
Minimum requirements
A
100 kWh/(m2a)
15 kWh/(m2a)
25%

In order to meet the minimum set requirements for the building envelope for the nZEB
Directive, 30 mm of thermal insulation (expanded polystyrene) was added externally on the walls,
the pilotis and the roof, reaching a total thickness of 60mm and obtaining U-values 0.38 W/(m2K)
for these elements. The windows were replaced with new, thermally improved ones, of lower Uvalue, 2.20 W/(m2K). Furthermore, 2 photovoltaic panels of total area of 3.2m² were placed on the
roof of each dwelling with a south inclination of 30˚. The existing AC units were substituted with
ones of A+++ class. The apartments with southeast and southwest oriented windows needed the
addition of horizontal overhangs in order to reach the requirements.
3.3.1

The nZEB scenario energy performance

Using the above energy conservation measures the energy performance of all the apartments
was upgraded to A Category and met all the requirements of the nZEB definition for residential
buildings under deep renovation [24].
The calculated total primary energy consumption for the nZEB refurbishment scenario is
reduced to 90 kWh/(m2a) for the first floor, 88 kWh/(m2a) for the second and 89 kWh/(m2a) for the
third. The reductions in the total primary energy consumption per floor compared with their existing
state are 35%, 29% and 39%, for the 1st, the 2nd and the 3rd respectively. The contribution of
Renewable Energy Sources (RES), including solar thermal panels for DHW and PV panels on the
roof, was 27 kWh/(m2a) for all the apartments, with the exception of the 3 smaller apartments (102,
105 and 202), which due to their size present higher contribution of RES per square meter of floor
surface area. The RES cover 26% to 45% of the total primary energy consumption.
Table 4. Energy Consumption and CO2 emissions – Standard nZEB Refurbishment

Housing
Unit
Code
101
102
103
104
105
106
201
202
203
204
205
301

Cooling

Heating

Final
Energy

kWh/m2a

kWh/m2a

kWh/m2a

4.88
1.58
1.47
3.45
11.65
7.07
1.82
2.5
0.16
8.81
6.5
6.71

7.88
6.71
8.99
7.78
2.94
7.03
9.99
4.82
11.01
7.18
5.94
4.31

32.09
27.93
29.78
30.55
35.03
33.42
31.13
26.97
30.50
34.52
30.97
29.41

Mean
Consumption
per floor

RES Primary
Energy

kWh/m2a

kWh/m2a

90

88
89

27
35
27
27
35
27
27
35
27
27
27
27

CO2
emissions
KgCO2/m2
a
19.04
13.29
17.02
17.82
18.93
20.1
18.28
12.53
17.78
20.97
18.15
16.91

Energy
Class
A
A
A
A
A
A
A
A
A
A
A
A
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302
303
304
Average

3.3.2

6.06
9.95
9.34
5.46

5.18
4.62
3.96
6.56

29.64
32.96
31.70
31.11

27
27
27
28.60

17.09
19.73
18.73
17.76

A
A
A

The payback period

For the calculation of the payback time the current market values were used, obtained from
the suppliers of the materials and the systems used. The energy expenditure (in Euros) was also
calculated based on the prices provided by the Cyprus Electricity Authority. In addition, an annual
inflation of 3% on the electricity price was considered.
The payback period was estimated by floor, since agreement between all the owners of the
first and third floor is necessary in order to refurbish the pilotis and the roof, respectively. The
payback time for the first floor is calculated to be 50 years, for the second 25 and for the third 30
years. Therefore, the payback time makes the employed refurbishment measures as an unattractive
option for the owners, who aim at a maximum payback period of 10 to 15 years. Thus, the
refurbishment measures applied in this scenario were thoroughly investigated for three (3)
apartments with the same orientation but on different floors, in order to conclude to their energy
efficiency and their cost effectiveness.
3.4

Impact of the Energy Conservation Measures and their Cost-Effectiveness

The impact of each measure addressing the buildings’ envelope energy performance upgrade
was separately investigated for 3 apartments of the same orientation (Southeast to Southwest) in
order to detect the most cost optimal ones. The measures investigated were the placement of
insulation on the roof, the pilotis and the walls, the replacement of the windows, the installation of
horizontal overhangs above the south facing windows, the replacement of the split-units with more
efficient ones and the placement of photovoltaic systems. Each measure was studied separately and
its corresponding energy savings were calculated.
The highest energy savings for all 3 apartments are obtained through the AC upgrading, for A
to A+++ class (with energy savings exceeding 1000kWh/year), followed by the instalment of 2 PV
panels for the apartments of the first and second floor and by the placement of shading devices, of
1m horizontal overhang, for the third floor apartment. Overall, the least energy conservation
efficient measure is the double glazed windows replacement with ones of lower U-value and the
further insulation of the pilotis, with energy savings of 49 to 74kWh/year (Graph 1).
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Graph 1. Energy Savings per refurbishment measure

From the cost analysis it was concluded that the most cost - effective measure, for the three
apartments studied, is the placement of horizontal overhangs in the Southeast and Southwest
orientations, with 6 to 9 years for amortisation of the initial investment. The second most costeffective measure is the placement of PVs with a payback time of 10 years (Graph 2). The
remaining refurbishment measures studied (AC upgrading, Wall insulation, Windows replacement
and Roof insulation) result to payback periods of 25 to 102 years and are therefore considered to be
uneconomical as investments.

Graph 2. Cost effectiveness per refurbishment measure

3.5

Optimised nZEB refurbishment Scenario

From the evaluation of the energy and cost effectiveness results of the different energy
conservation measures of the building envelope, it was considered necessary to develop an
alternative nZEB Scenario for the Multi-Family House, which aims in maximizing the effectiveness
of the refurbishment both in terms of energy savings and payback period. The Scenario included
placement of horizontal overhangs on the south-facing windows and the instalment of PV panels
was increased from the initial standard nZEB Scenario from 2 to 12, amounting to 19,2 m2, which
corresponds to the maximum permissible potential of 3kW per dwelling [24]. The walls, roof and
pilotis will not be further insulated and the existing double glazed windows will not be changed,
retaining the U-values as presented on Table 2.
3.5.1

The optimised nZEB scenario energy performance

Using the above energy conservation measures all the apartments were raised to A EPC
category. The calculated total primary energy consumption for the optimized nZEB refurbishment
scenario is reduced to 132 kWh/(m2a) for the first floor, 118 kWh/(m2a) for the second and 135
kWh/(m2a) for the third. The percentage reductions in the total primary energy consumption,
compared with the existing state per floor are 5% for the first 2 floors and 8% for the third floor.
The corresponding percentage reduction for cooling are 18% for the first floor, 31% for the second
and 27% for the third. The contribution of Renewable Energy Sources (RES), including solar
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thermal panels for DHW and PV panels on the roof, was 137 kWh/(m2a) for all the apartments,
with the exception of the 3 smaller apartments (102, 105 and 202), where it reached 186
kWh/(m2a), since they have smaller floor area and thus higher contribution of RES per square
meter. Therefore, in this Scenario, the RES cover from 94% to 174% of the primary energy
consumption, resulting in production surplus of electricity and hence positive energy houses.
Table 5. Energy Consumption and CO2 emissions – Optimised nZEB Refurbishment

Housing
Unit Code
101
102
103
104
105
106
201
202
203
204
205
301
302
303
304
Average

3.5.2

Cooling
kWh/m2a
12.61
5.62
5.48
8.37
32.47
17.97
4.61
8.17
0.78
10.45
8.37
8.96
15.09
23.76
22.76
12.36

Heating
kWh/m2a
14.00
11.05
15.60
14.11
6.78
11.81
18.15
8.46
20.72
14.16
12.49
8.96
9.97
8.38
7.58
12.15

Final
Energy
kWh/m2a
47.18
37.98
41.66
43.06
60.67
50.36
43.34
37.94
42.08
44.39
40.65
45.50
44.66
51.74
49.94
45.41

Mean
Consumptio
n per floor
kWh/m2a

132

118

135

RES
Primary
Energy
kWh/m2a
135
186
137
137
186
137
137
186
137
137
137
137
137
137
137
146.67

CO2
emissions
KgCO2/m2a
-0.77
-23.16
-5.56
-4.45
-5.14
1.35
-4.23
-22.59
-5.23
-3.39
-6.37
-2.51
-3.18
2.44
1.01
-5.45

Energy
Category
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

The payback period

For the calculation of the payback period, by floor, two cases were studied. In the first case
the surplus electricity produced is sold through the public grid to other consumers, whereas in the
second case the excess energy production is not taken into consideration. The payback periods in
the first case ranges from 7 (first floor) to 8 years (second and third floor) and in the latter from 8
(first floor and third floor) to 9 years (second floor). It is observed that for the third floor there is no
difference in the payback years, since the surplus energy production is minimum and therefore the
economic benefit from selling the surplus electricity is negligible.
4

CONCLUSION

The study was carried out in order to determine the overall economic viability of the
refurbishment of Multi-Family Houses, built after 2006, towards nearly Zero Energy Buildings. To
this end the effectiveness of the energy conservation measures related to the upgrading of the
energy performance of the envelope and the energy production (PVs) and supply systems (splitunits) was evaluated, in terms of energy savings and cost effectiveness. Based on the results a more
suitable nZEB refurbishment scenario is proposed.
The results indicate that the refurbishment of a Multi-Family House (representative, existing
buildings of this typology in Cyprus) into nearly Zero Energy Building, as it is defined by the
Directive 366/2014, is not financially viable, with payback periods of more than 25 years, even
when the money for the investment is paid immediately.
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The payback period will be greater when the necessity for a loan is taken into consideration
as well as the lower initial energy expenses of the households [25], thus making the standard nZEB
refurbishment scenario, according the Directive 366/2014 an even less attractive option.
From the study it is concluded that the most cost - effective measures for the apartments are
the placement of horizontal overhangs, followed by the instalment of PVs on the roof, with payback
periods up to 10 years. On the contrary further insulating the envelope, replacing the windows and
the split-units with more energy efficient ones, are proven to be uneconomical solutions.
Based on the results obtained from the analysis of the energy and cost effectiveness of the
refurbishment measures separately, an alternative refurbishment scenario, which incorporates only
the most efficient measures which are placement of horizontal overhangs above the south facing
windows and Renewable Energy Sources with larger PV panel area was developed. This scenario
results to payback periods of 8 to 9 years and high-lightens the role of PVs in the Mediterranean
region. Also, taking into consideration the building as a whole, the mean reduction in the CO2
emissions was 114%, compared with the existing state, achieving though the optimized nZEB
Scenario an energy positive building.
The results indicate the drawbacks of the minimum requirements towards nearly Zero
Energy houses, as drafted by the Cyprus government, especially for the buildings constructed after
2006. The U-values which the envelope elements must comply with, as set by the Directive, are the
same for all typologies and chronological periods of houses and do not take into consideration the
high cost associated with their replacement. In the case of already insulated houses with double
glazed windows, the energy conservation achieved through further insulating the dwellings and
replacing the windows is not sufficient in order to amortize in less than 10 years the associated
investment. On the contrary, the placement of shading devices presents both an energy effective and
economically viable choice, although not included as an obligatory measure in the requirements of
the Directive 366/2014.
Therefore, the cost effectiveness of the different refurbishment measures on the building
envelope and the high amounts of energy produced from PV systems must be taken into
consideration for the definition of the nearly zero energy buildings in Cyprus and redirect it into a
more flexible and cost effective choice, in order to constitute a feasible choice of refurbishment for
existing houses, constructed after 2006.
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ABSTRACT
Greenhouses are used in great extent to cover modern society’s fresh food needs and the
variety, quantity and quality of products are crucial factors.
A modern greenhouse provides an optimal environment for plants growth regarding the
external weather conditions. For this purpose heating/cooling devices as well as humidity,
light and carbon dioxide controllers are used.
In this work the results of the implementation of analytical methods for calculating
thermal and cooling loads of a greenhouse in high temporal resolution are presented. Heating
as well cooling loads are examined for a representative greenhouse installation in Greece in
which the predominant plant in Greek greenhouse production, namely tomato, is growing.
Heating as well cooling loads are examined on an hourly base for one year, in relation
to solar radiation, ambient air temperature and humidity in order to have an as much as
possible close to reality knowledge of load fluctuations. In that way aggregated results are
avoiding, which in the case of daily or monthly/seasonal calculation base would hide the coexistence of heating and cooling needs in the same day.
Load calculations in high temporal resolution facilitates the optimization of the
conditions in the greenhouse installations, resulting optimal vegetable or other plants
productions, as well as the optimal heating/cooling units selection especially solar and/or
other RES systems.
1.

INTRODUCTION

Greenhouses since long time have been used in various forms as a means of protecting
plants from extremes of weather conditions, enabling, e.g. exotic tropical species to be grown
in higher latitudes. This is achieved by creating better growing conditions, traditionally by
maintaining a higher internal air temperature, compared to external air temperature [1]. In
addition, greenhouses allow producers to grow plants such as tomatoes during seasons when it
would not be possible to grow because of the weather. The sole purpose of a greenhouse is to
maintain an environment that promotes optimum production [2]. Greenhouse plant production
is one of the most intensive parts of the agricultural production. It is intensive in the sense of
yield (productivity) and total year production, but also in the sense of the energy
consumption, investments and costs [3].
The increase of world population and energy consumption has directed researchers and
scientists to provide a sufficient amount of food and energy by using alternative sources. In
addition, climate changes and poor water resources reveal that protected cultivation in
greenhouses has become the favored way to develop the agricultural sector. Greenhouse

production is carried out taking advantage of favorable climate (air temperature, relative
humidity and lighting) while keeping the operational cost at a minimum [4].
Worldwide the greenhouses coverage is calculated for 2002 in 280.000 ha (without
taking into account China where the area covered is calculated in 1.250.000 ha). In Europe the
total area of greenhouses in 2005 is estimated to 126.000 ha [5]. Spain is at the first place with
38% of the total E.U. area of greenhouse installations, followed by Italy with 22%, while
Greece is in the 6th place with only 4%. In figure 1 the distribution of greenhouse area in E.U.
countries is shown.

Figure 1: Greenhouse distribution in European Union
Concerning Greece, greenhouse production represents one of the most significant
sectors of agriculture. Tomato is almost 18% of the total production and tomato greenhouses
extend on 11% of the total land used for tomato production and 0.3% of the total agricultural
land in 2012 [6].
2.

GREENHOUSE DESCRIPTION

There is a variety of greenhouses concerning shape, dimensions and materials used for
frame and coverage. Most common materials for the greenhouse frame are wood, aluminum
and steel, while for coverage are polyethylene and glass. The type of greenhouses used
depends on the climatic conditions prevailing in each region/country, its technological
development, the characteristics of its economy and the nature of the products produced.
Thus, in the north-European countries such as Holland greenhouses are mostly glass-covered,
while in Mediterranean countries the majority of greenhouses use plastic coverage [5].
The adjustment of each of the variables influencing the indoor environment of a
greenhouse is a dynamic procedure. The dynamic behavior of greenhouse climate is a
combination of physical processes involving energy and mass transfer (water vapor fluxes and
CO2 concentration) taking place in the greenhouse as well as between the greenhouse and the
outside environment. These processes depend on the outside climate conditions, the
greenhouse structure, type and growing phase of the plant. Typically, ventilation and heating
can be used to modify inside temperature, humidity and CO2 concentrations, while shading
and/or artificial light to improve radiation conditions for the plants [7].

The structure of a greenhouse usually is not sufficient to keep the inside air temperature
at an appropriate level for the optimum growth especially in cold climate. In addition, the
shortage of heating systems has adverse effects on the yield, cultivation time, quality and
quantity of the greenhouse products; therefor, auxiliary heating systems are required [4].
Heating systems are either local or central. Local heating systems consist of heaters using
biomass, diesel or paraffin oil, or even electricity. On the other hand central heating systems,
used alone or in combination, depending on the specific greenhouse installation, can be [8]:
 Heat exchanger buried in the plant soil.
 Heat exchanger laid on the ground.
 Hot water pipe network near the ground.
 Fan-coil units.
 Roof pipe heating system.

Figure 2: Hot water pipe network near the ground and roof pipe heating system.
A variety of greenhouses are in operation during the whole year for growing plants,
such as tomatoes, cucumber, lettuce, peppers or even flowers. In such cases, during summer
the ambient air temperatures might be very high, reaching or even exceeding 40 °C. Therefore
cooling systems are used in order to lower the inside temperature significantly below the
ambient air in appropriate levels for the plants. The most common system is ventilation,
natural or forced. Natural (passive) ventilation needs very low external energy. It is based on
the pressure differences between the greenhouse and the outside environment, generated by
the outside wind or by the greenhouse high temperature. Normally, they are equipped with
ventilation openings, near the ground and the roof, and the internal hot air is replaced by
external cooler air with natural ventilation. In order to increase the number of the greenhouse
air changes as well as the air change rate, whenever needed, simple and robust systems like
exhaust fan blower, can be used [9].
The entry of direct solar radiation through the covers into the greenhouse enclosure is
the primary source of maximum heat gain. Shadings and reflectors are the most common way
to control the entry of solar radiation. Shading can be achieved by painting, external cloths or
slatted blinds, by the use of nets of various colors, partially reflective shade screens and water
film over the roof and liquid foams between the greenhouse walls [9].

An effective way to control the temperature and humidity inside a greenhouse is by
evaporative cooling. Evaporative systems are based on the conversion of sensible heat into
latent heat of evaporated water, with the water supplied mechanically. Currently the
evaporative cooling methods used are fan-pad, fog system and roof evaporative cooling [9].
In recent years, research in using RES in greenhouse applications is extended. Solar
systems with seasonal thermal energy storage have been proved of better performance as
compared to common heat pump heating systems [10,11]. Ground-source heat pumps systems
are used for heating, cooling and dehumidification of greenhouses [7,12]. Composite systems
are examined in order to be used for greenhouse heating during winter and cooling during
summer [13,14]. Research is done also for solar air heaters, for photovoltaic-geothermal heat
pumps (PV-GHP), solar air heater with a latent heat storage, etc. [15,16,17].
3.

METHODOLOGY

A variety of models for greenhouse load calculations have been developed, which are
classified as static, dynamic and intermediate. Static models calculate energy consumption
through the total thermal losses. They are simple and their precision is limited (±25% error).
Dynamic models on the other hand show good precision (±10% error) but they are complex
and not easy to use in simulation over long periods [7].
In our study we use three different models for the calculation of the heating as well
cooling loads of a reference greenhouse in Central Greece.
 Canada Plan Service (CPS), a Canadian Federal/provincial organization, published a
method, called Plan M-6701 “Greenhouse Heating Requirements”. This method is a
static method calculating heat losses under extreme weather conditions, and it is not
taking into account solar heat gain [18]. To overcome this lack an additional module has
been used in our calculations which takes into account the greenhouse area, solar
radiation, and part of it that pass through the transparent coverage.
CPS suggestion for temperature control (cooling) of the greenhouse is fan and natural
ventilation, evaporative cooling and shading [19].
 The second method used refers to buildings, and is based on the ASHRAE method. The
method is chosen since it is a dynamic method which is taking into account solar heat
gains, losses through coverage and ground, ventilation, sensible and latent heat load,
energy consumed by the plants and the losses due to long wave radiation. Therefore
using the appropriate parameters describing the technical characteristics of the
greenhouse and the materials used, the method is able to calculate loses of a greenhouse
as well [20].
 The third method used is a mixed one of two methods referring to load calculations for
buildings, which are very detailed and therefore very accurate. For heat loses the EN
12831/2003 method [21] and for cooling the ASHRAE CLΤD [22] method have been
used.
ASHRAE CLTD method is taking into account the external heat gains as well as the
internal gains (human activity, lightning, devices, etc) and loses/gains from air
ventilation.
The assumptions used for the third method are: 1. lighting load is neglected, 2. cooling
load from human activity is considered very low, 3. load coming from equipment is
considered very low, too.

Calculations were performed using meteorological data (solar radiation, ambient air
temperature, humidity, and wind velocity), as well as technical/thermal characteristics of the
coverage material.
A common assumption for all methods is that ventilation loses are calculate for 20 air
changes per day, according to the appropriate tomato growing conditions.
The necessary for the calculations of heating and cooling loads meteorological data
(solar radiation, humidity and wind speed) are available for a three years period in a semihourly base from the meteorological station of “Solar Village III” located in north Athens
[23]. For that reason the greenhouse examined is located in the region of Attica, Central
Greece. It is used for tomato the most common plant in the country’s greenhouses. The
greenhouse’s dimensions are (18 m) x (12 m) with a total high of 3m (figure 3). Total area
covered is 200 m2 with a 500 m3 volume. The coverage material is polyethylene plastic (PE).
The internal climate conditions refer to the optimum growing conditions for the plants which
ranges from 20-25 oC for the day and 18oC for the night. Therefore in our calculations the
reference internal temperature is 22.5 oC for the daytime and 18 oC for the night. In addition
humidity ranges from 60-75% [8].

N

Figure 3: View of the examined greenhouse
4.

RESULTS

4.1. Yearly loads
In figure 4 cumulative yearly heating and cooling loads of the examined greenhouse are
presented. For the weather conditions of Central Greece cooling loads are higher than heating
loads. Moreover, ASHRAE has the higher heating loads, while modified Plan M-6701 shows
the higher cooling loads. ΕΝ-12831/2003- ASHRAE CLΤD method has the lower cooling and
close to lower heating loads.
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Figure 4: Cumulative Heating and Cooling Loads

4.2. Monthly loads
In figure 5 monthly heating and cooling loads of the examined greenhouse are
presented. As expected during the summer months the heating loads are equal to zero, while
the cooling loads are not eliminated during the winter.
Plan M-6701 estimates higher cooling loads for the majority of the months, while
ASHRAE method estimates higher heating loads since latent air humidity loads are taking into
account, too.

Figure 5: Monthly Heating and Cooling loads

4.3. Daily loads
In figures 6, 7, 8 and 9 heating and cooling load for January, April July and October are
presented on an hourly base. All methods have similar results fluctuations of H/C loads and it
is evident that, depending on the weather conditions, heating and cooling loads could be
found during the same day
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Figure 6: Hourly heating and cooling loads in January
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Figure 7: Hourly heating and cooling loads in April
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Figure 8: Hourly heating and cooling loads in July
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Figure 9: Hourly heating and Cooling Loads in October
4.4. Hourly loads
In figures 10 and 11 the hourly variation of H/C load (according to ASHRAE method)
together with ambient air and desired indoor air temperature as well as with solar radiation are
presented for a selected winter day. The highest thermal load appears around sunrise, while
lower (higher cooling) appears around noon. It is evident that the driving force for H/C/ loads
calculations are solar radiation during day and ambient air temperature during night.
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Figure 10: Hourly H/C load according to air (ambient and indoor) temperature fluctuations
during a day in January
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Figure 11: Hourly H/C Load according to solar radiation fluctuations during a day in January
5.

CONCLUSIONS

This study on energy loads of greenhouses is focused on a 500 m² greenhouse used for
tomatoes growing, the predominant plant in greenhouse cultivation in Greece, located in
Attica, Central Greece, where meteorological data (air temperature, solar radiation, humidity,
wind speed) in high temporal resolution (semi-hourly) are available.
Three different methodologies with the appropriate adaptations were applied, one
developed for greenhouse calculations and two based on methodologies for calculation of
building heating and cooling loads.

The results of all three methods, total yearly thermal and cooling loads, monthly and
hourly load fluctuations, are similar with deviations lower than 15%.
The analysis shows that H/C loads are depended mainly on solar radiation and less on
ambient air temperature and that not only thermal but also cooling loads exist. Moreover,
cooling loads exists even in the winter days during the sunny hours and, for the proper
operation of a modern greenhouse, it is necessary to be covered.
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ABSTRACT
Creating conditions that are suitable for occupants’ thermal comfort is essential for providing an
appropriate and healthy indoor environment in dwellings. It has been long established that the
indoor air temperature could present significant thermal environmental risks in residential buildings,
since indoor air quality is an important predictor of thermal comfort, especially in low-income
populations. The main aim of this research is to assess the implications and the impact of the indoor
air temperature of low-income dwellings’ in Cyprus, on their indoor thermal comfort, during winter.
An extensive continuous monitoring study in terms of indoor air temperatures has been carried out
for two months during the winter season, in 37 low-income households in Limassol and Paphos,
two of the main districts of the island of Cyprus after the capital of Nicosia. The relationship
between indoor temperatures of the dwellings and outdoor ambient weather conditions is also
examined. Furthermore, a questionnaire survey was contacted amongst the occupants of the houses,
in order to develop an understanding of their financial circumstances, the energy consumption of
the dwellings and their perception of comfort conditions.
The temperature monitoring has been carried out using data loggers and the measurements analysis
was performed for the period between January and February of 2014. The questionnaire survey was
based on the LARES study of WHO. It is evident from the results of the study that the average
indoor air temperatures of the low-income households of Cyprus are lower than the thermal criteria
and the accepted limits of the comfort zone for the island (18-21°C in winter). Furthermore,, there
are small numbers of low-income households reported that feel thermal discomfort.
1

INTRODUCTION

For fulfilling the thermal comfort conditions, to protect human health and to improve quality
of life, appropriate indoor temperature of buildings is an essential requirement. Indoor thermal
environment is a function of occupant’s thermal preference and expectations [1-3]. Hence the
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occupants are always active towards thermal environment and take adaptive actions to restore
comfort. Thermal comfort is the essence of any building design and the occupant’s behavior and
activity determines the energy consumption of the building. The nature of building and occupant’s
preference and expectations about comfort are governed by occupant’s socio-economic status and
socio-cultural expectations [1-4]. The existing thermal comfort standards is based on heat balance
model of human body and derives from extensive laboratory experiments in different climatic
chambers. However, the conditions in a building are much more dynamic in terms of both thermal
environment and occupants’ activities [5]. Research on ‘adaptive’ theory of thermal comfort first
began in mid-1970s in response to the first oil shock with a prime concern to find out the human
impact on the global climate environment. Adaptive theory primarily uses outdoor environmental
variables to predict the indoor thermal environment [5]. This automatically takes into account the
climatic conditions, the social conditioning and other contextual factors.
Year after year, the population in Cyprus is increasing (891,000 people in 2014) during the
same period the average annual income of the Cypriot citizen is being reduced. The monetary
poverty risk threshold in Cyprus is the annual amount of €9.524 per person and €20.001 for
households with two adults and two dependent children under 14 years [6]. Official statistics in
Europe show that the percentage of population living in low-income homes, in different European
countries, is ranging from 10 to 25% [7]. Very low internal temperatures during the winter have
serious impact on the quality of the indoor environment and significant impact on households’
prosperity, leading to a seasonal increase in mortality [7]. The average internal temperature of 18-21
°C in winter is proposed to be within the limits of the comfort zone in Cyprus [8-11]. Moreover, a
large portion of the low-income population cannot finance their energy needs for housing and they
live in thermal conditions, which are outside the comfort limits. This forces them to spend a much
higher proportion of their income to obtain thermal comfort conditions in their houses [11,12]. D.
Kolokotsa and M. Santamouris (2015), performed a state of the art review analysis of the indoor
comfort and environmental problems related to the low income households in Europe, and found
that indoor temperatures in low income houses were much lower than the appropriate threshold set
for comfort and health [11].
It is therefore imperative to investigate indoor wintertime temperatures in low-income Cypriot
homes, and the effect of thermal comfort and occupant behaviour on these temperatures. This paper
presents a comparative study based on two months monitoring of the selected houses. Indoor
temperature profile is important to understand the thermal behavior of building. This is also one of
the prime factors, which influence the comfort status inside the buildings [13,14]. The results of the
study are subsequently compared with outdoor ambient temperatures and the energy consumption.
2

MATERIALS AND METHODS

The present study is an experimental research, which concerns the winter assessment of the
indoor thermal comfort of low and very low-income households of the Republic of Cyprus.
Thirty-seven low and very low-income households of Cyprus were selected for daily
monitoring. Specifically, twenty-five households that selected for the present study were from
Limassol and the other twelve were from Paphos. Figures 1 and 2 show the satellite view of the two
cities with the selected dwellings' distribution.
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Fig. 1 Satellite view of Limassol showing the distribution of dwellings participating in the study.

Fig. 2 Satellite view of Paphos showing the distribution of dwellings participating in the study.
The criteria taken into account for their selection were, (i) the willingness of the families to
allow the indoor monitoring campaign in their dwellings, to supply us with the fuel and electricity
bills, and to answer the questionnaires, (ii) the household’s annual income of the previous year's
survey (2013), which falls into the monetary poverty hazard limit of Cyprus.
A dry-bulb air temperature sensor (Key Tag KTL-108) was installed in each dwelling, which
was adjusted to measure the internal temperature at intervals of one hour. All sensors were placed in
a well-ventilated and protected from any temperature alternations area in the house, which is used
by all members of the household, mainly the living room. Also, all sensors were properly calibrated,
with their accuracy being better than 0,5 K. Intermediate visits for data downloading were
performed. Also, intermediate surveys for reporting on the current problems and conditions of
families and dwellings were carried out. The experimental monitoring campaign was carried out
continuously for one year since December 2013, with intermediate visits to each family required to
download data and update all the collected information. The data collected during the period
characterized by the more severe winter weather, i.e. January and February 2014, were analyzed
after an accurate data cleaning.
All information about the social, economic, problems and thermal conditions of the
households, the energy consumptions and heating systems characteristics, were collected using a
questionnaire similar to that used in the LARES study of WHO (2003), [15] and its update (2007)
[16]. The questionnaires are answered after personal meetings with the tenants. The households
participating in the study were asked to complete the survey and provide fuel and electricity bills.
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3

HOUSEHOLDS SURVEY

The dwellings, which were studied, are characterized by significant social, economic and
environmental difficulties. The main characteristics of the households surveyed in accordance with
the questionnaires are given in Table 1. As shown, the average number of persons per household
was 2,34 people, as for all over Cyprus is 2.76 [17]. Furthermore, the average age of people
surveyed was 41,5 years old. The average age of the residents in Cyprus is about 30-34 years old
[17]. As expected, the percentage of employed people in this research was very low (13%),
compared to 64.8% of the average in Cyprus, while 40% were unemployed and non-active people
(average in Cyprus 59.5% until 2012) [19]. Until June 2015, the number of unemployed and nonactive people in Cyprus was 43352 [18]. Also, 20% of the sample of the study were retired versus
25.8%, which is the national average [18]. The average annual income of the examined households
was €9948 while per capita gross domestic product (GDP) for 2013 was about €16.400 in constant
prices of 2005 [19]. A large percentage of 61,18% of the respondents have higher education against
26,7% of the national average (until 2011) [20], while 16.47% of respondents have primary
education.
Thermal and construction characteristics of the dwellings participating in the study are given
in Table 2. The average area of the dwellings was 98 m2, while the corresponding average in the
country is 193,9 m2 (until 2013) [21]. The average age construction of the dwellings is 34 years
(1982), while the official statistics of the country give that 17.9% of homes were built before 1971
and 4,0% on 2007 and later [22]. The average growth rate of new dwellings per year in Cyprus is
11.000 (From 1995 until 2011) [22]. A percentage of 27% of the dwellings are apartments and
70,3% detached houses or cottages. In average, 21,7% of the population in Cyprus lives in
apartments, 20,1% in duplex dwellings, 6,7% in terrace houses and 1,5% in other (eg utility
houses), (Until 2012) [22]. As far as ownership is concerned, 27% of the dwellings are rented and
64,9% are privately owned, compared with 22% and 78%, respectively, which is the national
average. An 8% of the total number of the houses under study is refugee houses. Regarding the
thermal quality of the envelope, 24,3% of the houses is insulated, while the national average is
7.5%. Also, 54% of the selected dwellings are double-glazed and there is a 4,3% with insulated
double glazed windows. A number of 43,2% of the dwellings in Cyprus have double-glazing.
Concerning the heating system used, one dwelling has central heating system, while 21,6% has an
air conditioning unit and 62% use auxiliary secondary heating equipment. Average values on the
island record that 29.2% of the dwellings have central heating system, 0.1% use Solar Central
Heating, none of them use heat pumps but 16.9% use split units for heating, 4.8% use heaters from
EAC (Electricity Authority of Cyprus), 7.3% use fire place, 39.3% use heater (movable), 0.6% use
stove (nonmovable metal), 0.2% other and 1.6% they do not use any heating system.
Table 1: Main characteristics of households participating in the study
No of Households

37

Average Persons per Household

2,34

Average Age [years]

41,5

Percentage of Employed People [%]

13

Percentage of Unemployed or non-active people [%]

40

Percentage of Retired people [%]

20

506

Percentage of Students [%]

20

Average Annual Income (2013) [Euros]

9948

Average Annual Income (2013) per Person [Euros]

4243,19

Average Education Score (0-3), 0=Compulsory Education, 1= Low

2,26

School, 2= Upper Secondary School, 3= Tertiary
Percentage of population with Tertiary Education [%]

61,18

Percentage of population with Upper Secondary Education

15,3%

Percentage of population with Compulsory Education

16,47%

Table 2: Characteristics of the dwellings participating in the study
Average Surface of the Dwellings (m2)
Average Year of Construction
Percentage of Detached or Semi-detached Houses [%]
Percentage of Apartments [%]
Percentage of rented dwellings [%]
Percentage of Insulated Dwellings [%]
Percentage of Dwellings with Double Glazed Windows [%]
Percentage of Insulated Dwellings with double glazing [%]
Percentage of dwellings with a Central Heating System [%]
Percentage of dwellings with an Installed A/C [%]
Percentage of dwellings with an Other Auxiliary Heating
Systems (mobile) [%]

4

RESULTS AND DISCUSSION

4.1

Levels of Indoor Temperatures and Indoor Comfort

98
1982
70,3
27
27
24,3
54
24,3
2,7
21,6
62

For the period of the study, the climatic conditions of the external environment were given by
the Cyprus Meteorological Service for two national microclimatic stations, located in Limassol
(New Port AWS Server) and Paphos (Airport). The minimum temperature value for January 2014
was 8,45°C and the absolute maximum temperature was 20°C. The minimum temperature value for
February 2014 was 7,25°C and the maximum was 21,85°C. The following analysis focuses on the
data collected during the winter months January and February.
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The mean minimum indoor temperatures for all the 37 dwellings were 15,1°C and 14,4°C for
January and February, respectively, while the mean average indoor temperature was 17,4°C for
both months. In addition, the mean maximum indoor temperatures were 20,2°C and 21,1°C for
January and February, respectively. The variation of the indoor temperatures for each of the houses
during the whole January and February 2014 are presented in Figure 3 and 4, respectively. As
shown, for most of the dwellings, indoor temperatures where low or very low and certainly far
beyond the comfort zone. The average indoor temperature of the dwellings varies between 16°C to
19°C. It is apparent that several patterns of indoor temperature conditions can be recognized among
the studied dwellings. The thermal behavior of the selected dwellings presents almost identical
characteristics.

Fig. 3: Indoor temperature variation in the surveyed dwellings during January 2014.

Fig. 4: Indoor temperature variation in the surveyed dwellings during February 2014.

The level of the indoor temperature defines at large the thermal comfort conditions in
residences. Several international and national thermal comfort standards like the ISO 7730 the
ASHRAE Standard 55, the EN 15251 European Standard, the CIBSE Guide etc. are available
proposing the targets for indoor temperature levels to achieve comfort. Adequate indoor winter
temperatures proposed by the various national and international standards range between, 18 to
21°C varying as a function of the rest of the parameters that define thermal comfort. As shown by
Figures 3 and 4, the winter thermal comfort conditions (18°C – 21°C) for this research are achieved
by very few dwellings. When the results are disaggregated by the households’ income it appears
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that the poorest, as it might be expected, are less likely to achieve an indoor temperature of 18°C in
winter period. Households with dependent children exhibit the highest incidences of cold
temperatures. More concerning is the fact that all such households contain indoor temperatures at
less than 20°C, which is the minimum temperature, recommended for young children and infants
[23].
For the survey the studied households asked to rate the level of comfort, in their houses. The
response variable was a five-point scale, which ranged from ‘very good’ to ‘very bad’ with the
neutral point denoting ‘comfortable’. The results demonstrate that a percentage of 37% of the lowincome households feels comfortable in the house and 35% of them feel good. A percentage of
10,8% responded that they feel bad in their house and only 4% of them feel very bad. The results
demonstrate that not all the households selfreport thermal discomfort in their home. This implies
that although the average indoor air temperatures of the low-income households of Cyprus are
lower than the thermal criteria and the accepted limits of the comfort zone for the island, the
residents report that they feel comfortable in their home. The analysis demonstrates that not all
those who are defined as low income households can be classified as enduring thermal discomfort.
This highlights the problems associated with using living-room temperature as a measure of thermal
comfort. It has been found that living-room temperature is often not a good indicator of the whole
house temperature [24].
4.2

Classifying the households

The thirty-seven low and very low-income households are classified with similar indoor air
temperatures in three clusters. Cluster A contains the households presenting lowest values of
average indoor air temperature and cluster C contains the households presenting the higher values.
Figure 5 illustrates the indoor air temperature variation in the three defined clusters of surveyed
dwellings with respect to outdoor air temperatures provided by the meteorological station of
Limassol New Port, for January to February 2014. The monitored external temperature was used as
an indicator of whether the temperatures were low enough to require space heating over the
surveyed period. The monitored external conditions indicate that the indoor temperatures, especially
for the households under of Clusters A and B, were low enough to require indoor heating.
Cluster A contains twelve of thirty-seven households characterized by low indoor air
temperature which are most of the time outside from the winter comfort zone. In particular, the
minimum, the average, and the maximum indoor air temperature are 12.3°C, 16.4°C, and 25.2°C,
respectively. Cluster B contains fifteen households with the minimum, the average, and the
maximum indoor air temperature are 13.1°C, 17.4°C, and 23.5°C, respectively. Cluster C contains
eleven households with the minimum, the average, and the maximum indoor air temperature are
12.7°C, 18.5°C, and 26.6°C, respectively.
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Fig. 5: Box plot of the indoor air temperature variation in the three defined clusters of
surveyed dwellings with respect to outdoor air temperatures provided by the meteorological station
of Limassol New Port (January – February, 2014).
The results of the indoor temperatures of the three above clusters are associated with the
thermal conditions of the residences. Most of the residences under Cluster A, report that feel “bad”
and “very bad” in their house concerning the comfort conditions, while most of the residences under
Cluster C, report that feel “good” and “comfortable”.
4.3

Energy Consumption

Table 3 indicates the characteristics of heating system and energy consumption in the three
defined clusters. The table shows that Cluster A (households with lower indoor temperatures)
spends less money for heating than Cluster C (households with higher indoor temperatures), despite
the fact that households under Cluster A have the biggest percentage with a central heating system
and an installed A/C. It is observed that households under Cluster A do not use the central heating
system or the A/C. These households use fuel for heating more than the others (as shown on Table
3). This suggests that indoor temperatures are also significantly influenced by the financial capacity
of each household to use a heating system.
Table 3: Characteristics of heating system and energy consumption in the 3 defined clusters
Cluster A

Cluster B

Cluster C

Total cost of fuel and electricity for heating [€/m2]

0.58

0.59

0.68

Cost of energy for heating per person and m2 [€/(person m2)]

0.27

0.29

0.26

Percentage of dwellings with an installed A/C [%]

83.33

60.00

63.64

Percentage of dwellings with a central heating system [%]

33.33

20.00

27.27

Percentage of dwellings with other auxiliary heating systems (mobile) [%]

58.33

66.67

72.73

Percentage of dwellings using fuel for heating [%]

83.33

80.00

81.82

General characteristics of energy consumption
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Percentage of dwellings using electricity for heating [%]

16.67

37.5

18.18

Percentage of dwellings using both fuel and electricity for heating [%]

8.33

33.33

0.00

Percentage of dwellings not using any source of energy [%]

8.33

13.33

0.00

Average heating hours per day [hours]

2.67

3.33

2.55

Percentage of dwellings non using thermostatic control [%]

91.67

86.67

100.00

20

23

-

Set-point of thermostat [°C]

5

CONCLUSIONS

This study analysed the implications and the impact of the indoor air temperature of lowincome dwellings’ in Cyprus, on their indoor thermal comfort, during winter. An extensive
continuous monitoring study in terms of indoor air temperatures has been carried out for January
and February of 2014, in 37 low-income households in Limassol and Paphos, two of the main
districts of the island of Cyprus after the capital of Nicosia.
From the research it was derived that very few dwellings from the examined ones achieve
winter thermal comfort conditions (18°C – 21°C). Specifically, it was found that for most of the
dwellings indoor temperatures where low or very low and certainly far beyond the comfort zone.
The average temperature in the dwellings varies between 16°C to 19°C, while the corresponding
minimum temperature varies between 13°C to 16°C. The results of the study show that the
households with the lowest indoor temperatures feel thermally uncomfortable in their house and
they spend less money for heating, while the households with higher indoor temperatures feel
comfortable and spend more money for heating conditions.
The evidence shows that an upgrading of insulation and central heating should be addressed
in order to increase indoor temperature and improve thermal comfort. The distributions indicate
some very low indoor temperatures, but also wide variation in temperatures, which may reflect a
combination of factors: the efficiency of the heating system, the levels of insulation, the capacity
(maximum rate of energy consumption) of the heating system, thermal comfort and personal
behaviours. It is intended to study these parameters and other related ones in future further studies.
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ABSTRACT
This paper describes the nature and the first findings of a European research project, which is
funded under the HORIZON 2020 Program, within the Research and Innovation action on
adaptable envelopes integrated in building refurbishment projects (Grant Agreement No.: 637261).
The project focuses on the development of a new ventilated facade system, which will be applied on
existing buildings in order to enhance their energy performance.
Within this context, the function of the system, as well as the various stages of the research
and their outcomes are presented. Emphasis is given on the results that are associated with the
thermal performance of the E2VENT system, and more specifically the assessment of the thermal
bridging effect which occurs at the anchorage points.
Although it is primarily designed for residential buildings, the E2VENT system can be
adaptable to different types of buildings and climates, constituting it very versatile. Its main target is
to reduce the building energy needs by at least 40%, supporting the framework of the nZEB
concept. .
1

INTRODUCTION

Within the existing European stock, a large share (more than 40%) was built before 1960’s
when there were only few or no requirements for energy efficiency and only a small part of
buildings have undergone major energy retrofits [1], [2]. That means that the great majority is of
low insulation levels and is equipped with old and inefficient systems [2] [3]. For these reasons, the
oldest part of the building stock contributes greatly to the high energy consumption in the building
sector [3], [4].
It is now clear that the largest energy saving potential is associated with the older building
stock. Moreover, although heating needs in Southern countries such as Portugal and Italy are lower
due to milder winters, the energy use in these countries is relatively high, which can be an
indication of lack of sufficient thermal envelope insulation in their building stocks [2],[4]. For these
countries, where homes are, in many cases, equipped with air conditioning systems, cooling
becomes an important contributor to the overall consumption.
The most common action for the energy retrofit of the building envelope is the thermal
insulation and mainly the external insulation of the existing walls [2], [4], [5], [6]. However, the
technology used in each case differs with regard to the construction of the existing wall and to the
technologies that were applied in every country, according to climate, or special conditions [2], [7],
[8]. Recently, ventilated façade systems were developed to offer thermal insulation together with
the protection of buildings against the combined action of rain and wind, offering at the same time
high level aesthetic characteristics. They constitute of a bearing structure, anchored to the building
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wall with brackets and anchoring elements, the insulation material and the external cladding, which
are separated by the air cavity [9].
However, even if an advanced technological solution is used, such as the ventilated façade
one, the poor air quality problems of older buildings are not addressed. Furthermore, retrofitting
strategies usually focus on the reduction of air infiltration, in order to reduce energy demands for
heating & cooling. However, as building energy efficiency is improved with insulation and
weather-stripping, buildings are being made more airtight, and consequently less naturally
ventilated. Since all buildings require air renewal to guarantee acceptable indoor air conditions, the
corresponding losses of heat due to the ventilation air are increased. Heat recovery of ventilation air
is the best option to reduce energy losses due to the renovation of air inside the building. Different
technologies are available for heat recovery of air ventilation, and this can be coupled with existing
mechanical ventilation systems.
The research project E2VENT, funded within the H2020 program (GA 637261), attempts to
address these problems met in existing residential buildings. It is merely a cost effective, high
energy efficient, low CO2 emission, replicable, low intrusive, systemic approach for retrofitting of
residential buildings, through the integration of an advanced ventilated façade system, comprising
of various components, described in the following sections.
The research project is run by 13 organizations across Europe (Nobatek, European
Aluminium Association, ELVAL, FENIX, FASADA, Pich architects, Tecnalia, Acciona, Cartif,
University of Hull, Aristotle University of Thessaloniki, University of Burgos, D’ Appolonia) and
coordinated by Nobatek. The project started on January, 2015 and it will last 42 months. Apart from
the development of the solution and the necessary preparations for its introduction into the market,
the project involves pilot studies, which will demonstrate the capabilities of the system.
In the following sections, a more detailed presentation of the project and the system’s
components is made.
2

E2VENT: THE OBJECTIVES

The project seeks to address environmental, architectural, technical and economical issues.
More specifically, the environmental objectives focus on:
• Combining energy efficiency and innovative technologies.
• Having a LCA approach for the lowest possible environmental impact.
• Improving air quality and user’s comfort.
• Taking into account global evaluation parameters (i.e. total CO2 emitted, total energy
consumption, etc.).
As regards technical issues, the objective is to develop and integrate:
• A Smart Modular Heat Recovery Unit to recover heat from ventilation.
• A Latent Heat Thermal Energy Storage Unit to store energy based on PCMs in order to
reduce heating and cooling energy needs.
• Global piloting of E2VENT modules by a BMS using various sensors.
The architectural objectives are to produce a system that:
• Is easy to install.
• Provides easy and affordable access for maintenance works.
• Has a high adaptability degree.
• Improves the aesthetics and the durability of the building.
The economical objectives mainly refer to:
• The production of a modular system that is capable of industrialization and cost
effectiveness.
• The creation of added value to the property.
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3

E2VENT: THE COMPONENTS

The E2VENT system is an external refurbishment solution with external cladding and air
cavity that embeds different breakthrough technologies to ensure its high efficiency:
• A Smart Modular Heat Recovery Unit.
• A Latent Heat Thermal Energy Storage Unit.
• A smart management system.
• A ventilated façade system.
3.1

The smart modular ventilation heat recovery unit

The heat exchanger is specifically designed for the E2VENT system. It will be aluminiummade, in order to be lighter and with good thermal conductivity. The unit (Fig. 1) is designed to
preheat inlet ventilation air in winter and precool it in summer. Apart from the normal winter and
summer modes, it allows heat storage and free cooling modes. The unit is modular, allowing
operation in series or parallel, depending on heating/cooling requirements.

Figure 1. The Smart Modular Heat Recovery Unit of the E2VENT system.
3.2

The latent heat thermal energy storage unit

The Latent Heat Thermal Energy Storage Unit (Fig. 2) is based on phase change materials,
aiming at providing a heat storage system for the reduction of peak of electricity consumption
and/or for cooling in summer.
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Figure 2. The Latent Heat Thermal Energy Storage of the E2VENT system.
3.3

The management system

Nowadays, Building Energy Management systems (BEMs) are critical elements in the energy
retrofitting strategies in buildings, in combination with active and passive solutions. In fact, the
BEMs could achieve up to 40% of energy savings by controlling HVAC, lighting and other
systems.
In E2VENT, a smart management system will control the components on a real time basis
targeting optimal performances. A series of sensors will ensure that the E2VENT system will,
recognize the predicted weather and communicate with existing systems.
3.4

The ventilated façade system

The ventilated façade system is composed of (Fig. 3):
• the bearing structure, which is made of aluminium and is designed especially for this
application, both from a mechanical and a thermal point of view,
• the thermal protection, offered by thermal insulation positioned on the outer surface of the
building and
• the external cladding, made of composite aluminium panels.
Special attention is given to the production of an efficient anchoring system that limits
thermal bridges and allows for an easy and durable installation [10].
Load bearing elements made of aluminium, support the ventilated façade. Vertical T-shaped
beams bear the outer cladding; each one is supported by an L-shaped bracket, which is anchored on
the wall. All bearing elements have been selected in order to comply with the structural
requirements and have the necessary bearing capacity for the selected loadings and combination of
loadings. Thermal insulation is positioned between the anchors, covering all exterior opaque
elements.
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Figure 3. The ventilated façade system of the E2VENT system.
The structural system selection of building’s construction parts involves the choice of the
lightest parts of the most economical material, allowing for the most efficient configuration that is
appropriate to the anticipated loads [11], [12]. The choice of aluminium as the material of the main
supporting system, the anchors and the brackets of the system, is a relatively new but efficient
design solution. For the present study a 10-storey building (see Fig. 4) with quadrilateral 30x20 m
plan covering by the E2VENT system attached to one or to all of its façades has been considered.
Wind, seismic, thermal action and any other possible design load imposed on the building according
to the limit design states are defined in accordance to Eurocodes.
A significant number of analyses of structural models with various cross-section dimensions
of the principal structural and connection members has been performed (Fig. 5). By this procedure
an optimal design by strengthening at specific cases for the system has been attempted.

Figure 4. Typical building case studies for a representative wind pressure distribution.
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Figure 5. Typical computer simulation model of the Vertical (Main) Profile‘s distribution of stresses
due to the wind action.
4

EXPECTED PERFORMANCE

It is expected that the E2VENT system will lead to significant energy savings and CO2
emissions reduction. This is achieved not only by the thermal protection of the opaque elements,
which enhances the thermal behaviour of the building skin, but also by the use of the heat
exchanger and the heat storage systems, which contribute to the minimization of heating and
cooling loads. Of course, if E2VENT is employed in a major renovation of an existing building,
addressing in parallel the glazed components and the HVAC equipment, the building energy
performance would be optimized, reaching the nZEB concepts.
The energy behaviour of the system will be analytically studied and assessed. Detailed
simulations will show the capabilities of each component and the system as a whole. The
performance will also be validated by monitoring the indoor conditions and energy parameters in
pilot study buildings.
Within this context, a prototype will firstly be tested on the future façade test bench of
Nobatek (Fig. 6a). Two pilot buildings renovated with E2VENT systems in Poland (Fig. 6b) and
Spain (Fig. 6c) have already been selected in order to integrate and test the E2VENT system in two
different climates. During the monitoring the potential users, financers, and partners will be
consulted to develop a solution matching market needs.

a.
b.
c.
Figure 6. The demonstration buildings employed for the validation of E2VENT’s
performance: a.: the test bench at Nobatek premises in France, b. the demo building in Gdansk,
Poland c. the demo building in Burgos, Spain.
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5

POSSIBLE BARRIERS

The E2VENT system is designed and developed as a new retrofit solution. In order to ensure
its wide acceptance in the European market it is essential to identify the potential barriers that may
come up. These barriers may stem from regulatory and morphological issues, as well as from the
façade and the HVAC characteristics of the buildings targeted.
Since the implementation of the E2VENT will require additional area coverage, it is essential
that the building under a refurbishment study has a leftover of ground surface coverage . E2VENT
may meet such problems in densely built areas such as urban centers. A possible solution could be
the construction of the system from the first storey and above, which may also be important in cases
where shops or other facilities do not allow such interventions. Additionally, buildings under
protection of cultural heritage rules, may face significant barriers in implementing the E2VENT
system. In some cases restrictions permit refurbishment under specific conditions. Finally, a crucial
factor is the ownership status of the building. Since a partial implementation of the E2VENT system
is not effective or realistic, a single building manager could assist in applying such large-scale
actions. On the contrary, the existence of many owners renders the decision of approving the
E2VENT system construction very difficult not only on the basis of such a major refurbishment
construction, but also to other, minor but still significant decisions like the external color and
surface treatment. Although such problems are also present in the case of ETICS, the presence of
heat recovery units and thermal storage, adds more complexity to such decisions.
As regards the morphological parameters, the shape of the building is a factor that affects the
complexity of the design, the costs and also aesthetics of the building. Box-shaped buildings with
flat facades without balconies are preferable. The existence of rooms with overhangs may present
some problems, especially in the case where these overhangs do not lay beyond the external panels
of the E2VENT. The most significant factor that can hinder the selection of E2VENT may be the
presence of balconies. Problems related with balconies are of two types:
• Those related to the interruption of the system’s continuity on the vertical axis. In this case,
the air gap is not continuous; as a result, fastening of the system to existing elements needs
some special treatment.
• Problems related to the useful width of the balcony after the intervention. In narrow
balconies, the presence of the system may cover a relatively large part of the width, leaving
a small area that is possibly useless to users since they cannot walk with safety on this. Very
narrow balconies may be completely covered by the ventilated façade, altering significantly
the architectural view of the building.
Furthermore, the structural system and the materials of the existing façade play an important
role in the way the E2VENT system could be applied on a building. Depending on various
parameters, not all existing buildings can support such a refurbishment with safety. Buildings with
reinforced concrete elements are more likely to support the extra loads. In most cases, anchoring
will be mainly fastened on the concrete elements, while secondary or intermediate anchoring could
assist load bearing capabilities of a building. In the absence of concrete elements, a higher density
of anchors is required complicating the loads study, construction and thermal performance of the
ventilated façade.
Façade areas with different colors, shapes and materials will be covered by the panels of the
ventilated façade. In such cases, the existing façade pattern could be recreated by the use of panels
with different colors. The size, number and shape of doors and windows on the façade affect the
construction of E2VENT. Wide glass areas interrupt the façade in a way similar to balconies, but
with the additional disadvantage that they decrease further the area available for the ventilation
systems installation. In addition, a large number of windows can complicate the construction
process, while this is also true in the case of non-orthogonal window layouts. Outgoing elements,
small (like window sills and frames) or large (like shading devises), constitute also a factor that
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needs to be taken into account since the preservation of smaller architectural elements is impossible,
while larger ones may lose their functionality and may need reconstruction.
Among the parameters that should also be taken into account is the existence of air ventilation
inlets and exhausts like those usually found at kitchens and bathrooms. During the design process,
decisions on how to combine the operation of the E2VENT with existing ventilation strategies
should be made. In cases where heating or cooling is provided through individual external units
(split-units, external gas boilers, etc.), the design of the façade should take into account the proper
integration of these units in order to avoid aesthetic, construction and safety problems.
Apart from the above mentioned technical issues, social barriers may appear, involving
mainly the potential users and the technical world (architects, engineers and builders). Both derive
from the lack of knowledge or experience in selecting an advanced ventilated façade system as an
energy measure for building retrofitting.
In order to investigate further the social acceptance of the E2VENT system, a survey was
addressed to building professionals and potential users. Given the different background of these two
groups, some of the questions are differentiated between the two surveys so as to avoid frustrating
and confusing possible end users with specialized technical questions. More than 1000 people
answered the two survey forms, providing the E2VENT team with valuable information.
The majority of potential users are owners of an apartment in multifamily buildings in urban
centres. According to the obtained results, the improvement of the energy performance of their
residence is very significant; however the decision making for implementing an innovative energy
efficient technology requires initially their increased awareness on the system’s operation.
Moreover, thermal insulation efficiency, energy efficiency issues and the risk of water and moisture
penetration are the prevailing parameters that influence the users’ decision for the refurbishment of
the façade of their residence. On the other hand, installation and construction costs along with
maintenance frequency, easiness and cost are the most significant restraints that prohibit users from
applying such a system. Given that E2VENT solution involves mechanical ventilation, a great
number of the respondents seem unwilling to substitute opening of windows and natural ventilation
with mechanical means, a fact that can be explained by the increased survey participation of
Mediterranean countries. To overpass this obstacle and increase the social acceptance of the system,
market managers and other corresponding actors should make efforts to inform the public regarding
the advantages of mechanical ventilation such as increased indoor air quality, energy gains etc.
Positive end-user opinions appreciated the high thermal insulation efficiency and the energy
efficiency of the system as the most important parameters in order to apply it in a retrofit project,
but increased cost of acquisition, installation and maintenance were presented as an important
obstacle.
In terms of the technical world, the majority of engineers have already experience in retrofit
projects but only a few have been implicated in ventilated facades projects. A great number is
willing to apply a ventilated façade in a future project but the lack of holistic knowledge may be an
important obstacle to face.
6

CONCLUSION

This paper presents the main element of a new system developed for building retrofits within
the framework of a European Research Project. It comprises advanced technological features,
integrated in one modular system, which addresses mainly heat flows through the building skin and
heat flows due to ventilation. The system is still under development and its performance has not
been validated yet, but it is expected that its impact on the energy and the environmental
performance of buildings will be extremely significant.
The improved efficiency of existing buildings represents a high-volume, low-cost approach to
reducing energy use and greenhouse gas emissions. Additionally, it not only generates energy
savings with attractive levels of return on investment, but it also improves a nation’s energy
security, creates jobs and makes buildings more liveable.
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ABSTRACT
The burning of conventional petroleum and fossil fuels leads towards the high Carbon dioxide
(CO2) emissions in atmosphere, thus global warming of the planet. In order to alleviate the above
issue, one must use alternative sources of energy, which can be new technologies, more efficient
and friendly to the environment. Such available alternative sources can be water, solar energy, wind
and biomass. The last two decades, solar energy is considered as one of the most important and
readily available form of renewable energy. It has the advantages of low repair cost, non-existence
of moving or rotating parts and no global-warming impact. The photovoltaic is one of the key
choices among all of renewable sources, especially in countries with high solar irradiation. Thin
film technology is becoming increasingly promising in the photovoltaic industry. Therefore, in this
paper, commercial software COMSOL Multiphysics will be utilized to simulate the light
propagation in a photovoltaic device by solving the Helmholtz’s equation. This will allow the
calculation of the Poynting vector from solar irradiation of specific wavelengths in visible spectrum
for basic semiconductor materials such as Silicon (Si), Germanium (Ge) and Gallium Arsenide
(GaAs). The Poynting vector value can be considered as a base to understand the relationship
between the nature of electromagnetic radiation and power captured by the photovoltaic device.
1

INTRODUCTION

The need for clean energy and reduction in C02 emissions requires the development of
alternative sources of energy. One of these alternatives resources, photovoltaic has come out as a
promising solution due to its numerous advantages. In the last four decades, research on
photovoltaic has given rise to three generations of solar cells, (a) crystalline and amorphous silicon,
(b) typical heterogeneous structures implementing the technologies of CdTe and CIGS and (c) the
usage of organic compounds as an integral part of active element of solar cells.
Photovoltaic researchers are working to optimize the efficiency of photovoltaic power
systems. This improvement is being achieved in both system designs and individual cell level.
Maximum Power Point (MPP) enhancement is centre of overall photovoltaic research because it
can increase the maximum output current and maximum output voltage. There are various
techniques to improve the maximum power point of photovoltaic solar cell are reported in [1].
Techniques like Maximum Power Point Tracking (MPPT) are employed in photovoltaic
systems to improve their efficiencies. The maximum efficiencies recorded are around 25% [2]. The
efficiency of thin-film technology CIGS was improved by a novel method [3]. Similarly, various
prospects were discussed and analyzed to improve the efficiencies in CdTe based solar cells [4].
These figures for efficiency are not appropriate to make them reliable source of renewable energy
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and still requires improvement. This is why several attempts [5] and [6] are made to increase the
efficiency of solar cells by utilizing the power electronics and semiconductor studies.
This paper addresses an important part of numerical modeling of solar cells which is related
with the impact of light on the solar cell’s performance. In this study, electromagnetic waves are
interacted with the material of the solar cell at a specific wavelength. Electromagnetic waves are
considered as a source of photons which produce number of electrons-holes pairs inside the solar
cell’s active layers. This electron-hole pair generation is reported in many research studies like [7]
and [8] and it is dependent upon the material properties like absorption coefficient, refractive index
and energy band gap of the material. These carriers are important from the designing point of view
of solar cells; such views are described in [9] for CIGS based active element solar cells.
Various types of solar cells are commercially available in the market. These solar cell
variations are based on simple amorphous, crystalline Silicon structures and heterojunction thin film
structures. This paper assumes simple architecture of p-i-n solar cell in which there important layers
are used which include p-type, n-type and intrinsic layers. Different semiconductor materials such
as Silicon (Si), Germanium (Ge) and Gallium Arsenide (GaAs) are analyzed in commercially
available software COMSOL multiphysics.
COMSOL Multiphysics is multi-disciplinary software. It is used to solve well-known partial
differential equation (PDE) problems. Helmholtz’s equation took its name from the famous
electromagnetic expert Helmholtz. Helmholtz’s equation describes the electromagnetic propagation
of light in a medium. The Finite Element Method (FEM) is utilized in the simulations for the
solution of the Helmholtz’s equation in COMSOL Multiphysics.
The paper is divided into three sections including (a) the mathematical equations along with
their mutual interaction, (b) the simulation analysis which is the part deals with the simulated
graphical relationships and their explanations and (c) the conclusions regarding the overall
performance of the various solar cell technologies.
2

DISCUSSION

The light propagation mechanism from air into the material of solar cell can be explained
using the Helmholtz’s equation below (1).
0

(1)

In the above equation (1), E represents the electric field intensity of electromagnetic wave or
solar radiation, ko indicates the wave vector which describes the orientation of electromagnetic
represents the dielectric constant of the material
wave in terms of field transverse nature and
which is used in the active part of solar cell. The dielectric is considered as a complex function of
the refractive index of the material and the refractive index itself is function of wavelength. Thus,
the solution of Helmholtz’s equation can be acquired at a specific wavelength. This wavelength
must correspond to the frequency of solar radiation having energy greater than the bandgap of the
material. This fact is according to the well-known principle of excitation of electrons from highest
occupied molecular orbital (HOMO) of valence band to the lowest unoccupied molecular orbital
(LUMO) of conduction band. It is well-known fact that the material of the active part of the solar
cell becomes optimum in charge generation if there is direct displacement from HOMO to LUMO;
such materials are called direct bandgap material. For the simplicity of analysis, this study considers
only direct bandgap materials.
As described in the introduction part, there are various possible configurations of solar cells
which include various layers of active element which are individually responsible for the
conversion of solar light into electrical energy. Such configurations may have p-i-n-p+, p-i-p-n type
structure. This study assumes simple p-i-n structure of a solar cell to make the analysis of
electromagnetic study simple, providing the basic prototype of advanced heterogeneous structure of
solar cells.
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COMSOL Multiphysics software was used to model the above mentioned model of a p-i-n
solar cell. The model of the p-i-n solar cell is shown in Figure 1 below.

Figure 1: Designed model of a p-i-n solar cell in COMSOL Multiphysics
In the above model, the top layer indicates the air layer which is used to mimic the behavior
of air. Layers from second to fourth are indicating the p-type, intrinsic and n-type layers from top to
bottom, respectively. In each layer, respective materials are assigned related parameters which were
required for the solution of the model. Those parameters include mobility of charge carriers,
refractive index values and typical temperature values. Model dimensions are shown in Table 1 for
each of the layers.
Table 1 Geometry dimensions
Length (nm)
height

p-type
10

width
depth

intrinsic

n-type

200

27

air
λ/2

100
10

After the definition of material properties and along with their proper dimensions, another
important step was to define the boundary conditions. Specifically, side walls were treated with
periodic boundary conditions for the electric field. The appropriate potentials were assigned to
respective electrodes as Dirichlet boundary conditions. The top surface of the upper layer was
treated as an excitation port to produce the sunlight generation. These excitation radiations were
solved using Helmholtz’s equation as described in equation (1).
The solution of equation (1) was later on processed using the electromagnetic solver
integrated in COMSOL Multiphysics. This solver used this electric field to calculate the power
carried by the electromagnetic waves. The power estimation was based on the well-known Poynting
vector theorem as described in equation (2).
∗

(2)

In equation (2), ‘Popt’ represents the Poynting vector also known as optical power and ‘H’
represents the magnetic field. In solar cell analysis, the generation rate of electron-hole pairs is a

525

critical factor without which light analysis for solar cell cannot be completed. Generation rate can
be calculated using equation (3).
(3)
In equation (3) ‘G’ indicates the generation rate, ‘Popt’ indicates the optical power estimated
from the Poynting vector , ‘A’ indicates the area of the device, ‘h’ the Plank’s constant and ‘ν’ the
frequency of incident light. The generation rate is also function of depth ‘z’ of the layer, of the
absorption constant ‘α’, and of the parameter ‘R’ which is the reflection coefficient.
3

SIMULATION AND ANALYSIS

In this section, simulated results for the light propagation in a p-i-n solar cell are presented.
The electric field of light was computed using COMSOL Multiphysics software at several
wavelengths based on Helmholtz’s equation. A comparison is made amongst the behavior of three
different semiconductors at several wavelengths as shown in Figure 3, where the horizontal line
represents the vertical length of the model. The length of the p-i-n solar cell spans from 0-237 nm
is, whereas from 237 nm onwards is the length of the air layer.

Figure 2: Electric intensity comparison
Figure 2 reveals a well-known fact that light (electromagnetic wave) reduces its wavelength
when it enters from a less (air) to a denser medium (semiconductor) and this reduction in medium is
dependent on the refractive index of both media, with the frequency remaining constant and hence
the light velocity reduced. Figure 2 also shows that the electric field is decaying at lower
wavelengths and the electric field is decaying at a faster rate in Ge compared to Si and GaAs.
In the case of Ge, the electric field attenuates greatly deep inside the material and dies out
half-way across the semiconductor’s depth. In the case of Si, it is also decaying, however this
decaying is very low and light reaches the whole Si more or less un-attenuated. One can see that
with the increase in wavelength, the decaying rate of the electric field intensity is decreased; hence
the penetration depth inside the solar cell is improved. This enhancement is observed only for GaAs
and Si, while there is no effect on Ge based solar cell. Another important observation is that the
magnitude of the electric field intensity is dominant in simulations of GaAs based p-i-n solar cells.
The two-dimensional plot for the electric field intensity in a p-i-n solar cell based on Si
material is presented in Figure 3 at a wavelength of 500 nm. It is observed that the electric field
intensity in Si decays exponentially but does not die out rapidly and remains significant throughout
the solar cell.

526

Figure 3: Electric field intensity in Si at a wavelength of 500 nm
This electric field intensity is transformed into optical power using the concept of average
power using Poynting vector from equation (5). Figure 4 presents the optical power penetration
inside a p-i-n solar cell and reveals that optical power penetrates more deeply in GaAs, as compared
to Si and Ge based solar cells. It is also shown that in Ge, there is significant optical power
penetration only for 33% of the overall length of the p-i-n solar cell, while for the Si and GaAs case,
it is almost100%, with the power level observed in GaAs being much higher as compared to Si. For
the case of GaAs, the increase in wavelength results in higher optical power penetration, whereas no
increase is observed in the case of Ge.

Figure 4: Optical power comparison
4

CONCLUSIONS

In this paper, the interaction of sunlight in a p-i-n solar cell of Si, Ge and GaAs is studied and
various parameters such as electric field intensity and optical power penetration are compared in the
visible region. It is found that the electric field intensity is much significant throughout the length of
the GaAs based p-i-n structure than in Si and Ge. However, the attenuation of the electric field
intensity in GaAs is observed to be improved with the increase in wavelength, whereas in the case
of Si improvement was very low and in the case of Ge, there was no significant improvement.
Regarding the optical power penetration depth inside the length of the p-i-n solar, in the case of
GaAs and Si, it is observed to be 100%, whereas in the case of Ge, it was only 33% of the length of
the solar cell.
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ABSTRACT
Dynamic temperature simulation, taking into account natural ventilative cooling of buildings,
was until now a privilege of highly skilled building physicists. Combined dynamic simulation of
both temperature and airflow was even more rare in simple simulation tools. The majority of
European norms and regulations are not considering ventilative cooling in the calculation of energy
consumption. Annex 62 research program of International Energy Agency is working in subtask A
to propose a simulation framework and produce recommendations to include ventilative cooling in
national regulations and prescriptive software.
In nearly zero energy buildings (nZEB), with transmission and ventilative heat losses divided
by 5 to 10, and with heat gains significantly increased, cooling concerns not only Mediterranean
countries. Cooling becomes a problem for all Europe, even for a Norwegian climate. The only
dissipative means of a highly insulated building in summer is ventilation, and the only ventilation,
which is free of conventional energy consumption, is natural ventilation. Simple and reliable
modelling is necessary in order to integrate natural ventilative cooling in national regulations and
design optimization software.
A new software approach guiding the user to construct rapidly, easily and intuitively step by
step a valid thermal model, makes passive cooling design affordable to any building designer, even
to non building physics experts. Dial+ software offers the possibility to simulate simultaneously
natural ventilation airflow, dynamic thermal behaviour, heat gains and natural lighting performance.
Behind its intuitive interface, Radiance simulates natural lighting, Cocroft algorithm simulates
natural ventilation and EN ISO 13791 indoor air dynamic temperature and heat flows, giving
answers to designers in order to optimize design and meet passive building specifications.
The article presents how the software was employed to evaluate ventilative cooling potential
of an office situated in Geneva (CH) and in Lefkosia (CY). The results show how essential is night
cooling in both Mediterranean and central Europe climates and quantify the contribution of passive
techniques to high energy-performance. The article presents also how the new Swiss regulations
integrate ventilative cooling in energy calculations and how DIAL+ prescriptive software can be
used to optimise a case study in Lefkosia.
1

INTRODUCTION

New energy regulations all over Europe and nZEB approach, require higher thermal
insulation, lower airflow rates and higher airtightness in buildings. A simple dynamic simulation
shows that fulfilling these requirements leads to a higher overheating risk, implying a higher
cooling demand, even in Central and Northern Europe climates [1]. Chapter 2 quantifies increased
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cooling demand in a Central European climate (Geneva – CH) and a Southern hot Mediterranean
climate (Lefkosia – CY). Climate change will also imply higher cooling demand [2] in the future. In
buildings complying with new energy standards, the only remaining dissipative physical
phenomenon is ventilation, and the only energy free heat dissipation is natural ventilation.
The results of table 1 show the importance of ventilative cooling. IEA has identified this
importance and created annex 62 for ventilative cooling. One of the objectives of IEA annex 62 is
to analyse existing methods modelling ventilative cooling and develop new ones, in order to
recommend to standardisation instances ways to take into account this passive technique in
calculations of building energy performance and labels.
Ventilative cooling is mostly a design principle rather than a product, but it is the main means
to reduce passively the overheating risks, that became a recurrent problem in highly insulated and
airtight low energy buildings all over Europe. Most national regulations do not address specifically
ventilative cooling in energy calculations or they deal with it superficially [3]. Most of the countries
are using monthly models to calculate cooling demand. However, monthly models cannot evaluate
correctly ventilative cooling energy saving potential. Indeed, physical phenomena are highly
dynamic and they depend on control parameters, making simplifications too risky to model with a
simple parameter in a function.
Some countries like France, Switzerland, Finland and the UK have already introduced hourly
dynamic models for cooling demand calculations. This new approach gives the advantage to
evaluate and optimise ventilative cooling, but the input parameters are more complex, especially
control strategies. IEA annex 62 has defined a reference test case and has compared on it different
compliance software. Comparison of results, with short-term measurements, shows that the
software capacity to predict the result is acceptable. The most difficult issue lies in defining
boundary conditions, which are more complex than the ones for monthly models, such as
integration of hourly annual schedules, room approach rather than envelope approach, conditional
control of windows and ventilation systems.
In chapter 3 we present the Swiss regulation framework taking into account ventilative
cooling. In this framework, designers should first guarantee summer thermal protection before
applying an air-conditioning system (air-conditioning is subject to state authorisation). Ventilative
cooling benefits are taken into account by dynamic simulation. In the Cyprus regulation framework,
there is no obligation for summer thermal protection, and night cooling is not really taken into
account by the monthly model calculating the building energy label.
In Chapter 4 we show simulation for design optimisation of a case study in Lefkosia. These
simulations highlight that ventilative cooling may reduce drastically cooling demand. We
demonstrate how compliance software may be used for design optimisation giving an added value
to engineers work.
2

HIGHER COOLING DEMAND AND VENTILATIVE COOLING POTENTIAL

In the framework of IEA annex 62 – ventilative cooling project, we have defined a test
reference building in order to test in reality the different models, energy and comfort indicators,
software programs, ventilative cooling techniques and national regulations.

Figure 1: Photograph, façade, section and DIAL+ model of the test reference building and office.
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In table 1 we can see the dynamic behaviour on a free running office on an EN 15251
adaptive comfort diagram. We can also see graphically the rise of cooling demand and the decrease
of heating demand in Geneva when the building gets more insulated and airtight. In Lefkosia the
cooling demand remains unchangeable, although heating demand is reduced to almost zero. The
simulations are produced with DIAL+ for the test reference case of IEA annex-62. The dimensions
of the office room are 5X7X2.8m, the window dimensions 4X2 m and the opening dimension
0.6X1.6m. The simulation considers occupation schedule according to the Swiss standard SIA 2024
(people 5W/m2, internal gains 7W/m2, lighting 16W/m2, standard ventilation airflow 2.6 m3/m2h
during occupation and 0.3 m3/m2h during non-occupation.). Solar shading g value is 0.1. The
window opens during use when Ti > 26°C in the free running mode. It is closed during the night
and during air-conditioning mode. The cooling demand is calculated in the test case office in an air
conditioning mode, with set point temperature to 26°C (and windows closed).
Table 1 Overheating risk, heating and cooling demand for the IEA annex 62 test case office
Geneva - Switzerland
No insulation, single glazing (U5.5)
Typical construction of 1930

5cm insulation, double glazing (U3.5)
Typical construction of 1970

20cm insulation, triple glazing (U0.9)
Typical construction after 2009

Overheating:
7 h,
Heating demand: 134 kWh/m2
Cooling demand: 2.2 kWh/m2

Overheating:
37 h
Heating demand: 58kWh/m2y
Cooling demand: 4.9 kWh/m2

Overheating:
118 h,
Heating demand: 13kWh/m2y
Cooling demand: 9.9 kWh/m2

Lefkosia - Cyprus
No insulation, single glazing (U5.5)
Typical office before energy low

5cm insulation, double glazing (U3.5)
Minimum requirements of energy law

10cm insulation, double glazing (U1.3)
NZE building requirements

Overheating:
896 h,
Heating demand: 29.6 kWh/m2
Cooling demand: 42.8 kWh/m2

Overheating:
1071 h
Heating demand: 9.5 kWh/m2y
Cooling demand: 38.3 kWh/m2

Overheating:
1172 h,
Heating demand: 1.9 kWh/m2y
Cooling demand: 37.0 kWh/m2
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These diagrams show the importance of ventilative cooling. The results concern a welldesigned office room, with highly efficient blinds (g = 0.1) and high thermal mass. For a badly
designed building, with poor shading and thermal mass, differences would be even higher.
These comparative simulations show that the problem of cooling demand is different in
central Europe and Mediterranean climates. In the first case, in highly insulated buildings, cooling
demand rises and becomes a new problem. Cooling demand represents more than 1/3 of energy
demand for thermal comfort. Central Europe regulations must face a new issue – cooling – which
was marginal in the past.
In Southern Europe climates, higher insulation levels solve the energy problem in winter, but
have a little change in summer. Cooling demand is about the same in traditional buildings and in
new insulated buildings. All the benefits from insulation, reducing heat gains from transmission, are
cancelled by reduction of building dissipation potential during the hours where outside temperature
is lower than inside. These hours are numerous if we consider the whole cooling season from April
to October. The benefits of higher insulation in the very hot summer period reducing heat gains are
cancelled by the loss of dissipation potential during mid season and cool nights.
2.1

Ventilative cooling potential - evacuation of heat.

Chiesa et Al, 2015 [4] and Artmann et Al [2] evaluate ventilative cooling potential for
different climatic conditions in Europe. Here we evaluate the ventilative cooling potential of night
ventilation. We have already taken into account a certain ventilative cooling potential; because in
the basic scenario, in the free running mode, the window is open, when inside temperature is higher
than outside temperature.
Table 2 Overheating risk, heating and cooling demand for the test case in Geneva.
Geneva – Switzerland, 20cm insulation, triple glazing (U0.9)
No window opening
Ventilative cooling during day Ti>Te

Ventilative cooling day and night

Overheating:
1177 h,
Heating demand: 13 kWh/m2y
Cooling demand: 9.9 kWh/m2

Overheating:
0 h,
Heating demand: 13 kWh/m2y
Cooling demand: 0.5 kWh/m2

Overheating:
52 h,
Heating demand: 13 kWh/m2y
Cooling demand: 2.9 kWh/m2

As we can see from the table, ventilative cooling during the day, applied when inside
temperature is higher than outside temperature (second column), improves the situation and brings
the inside temperature almost within the EN 15251 adaptive comfort region. When night cooling is
applied in addition to day ventilation, the office temperature is within the EN 15251 adaptive
comfort region, without any extra energy consumption. Both natural ventilation strategies reduce
drastically the cooling energy consumption for an air-conditioned office (set point 26°C) when they
are applied during the cool hours in parallel with air-conditioning.
These comparative simulations show that closed windows generate significant rise of
overheating risks and cooling energy consumption. The idea to seal the windows prohibiting natural
ventilation in order to save energy is proven wrong in Central Europe climate. We tried the worse
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ventilation strategy: the users open the windows when Tout>26°C during office hours and the
cooling energy consumption was found less than the case with the windows closed (8.1 kWh/m2
instead of 9.9 kWh/m2 with windows closed). However, in reality, combination of natural
ventilation and air-conditioning is a delicate issue. Occupant behaviour is sometimes divergent from
the energy optimal strategy applied in table 2. But in this case, even the worse natural ventilation
strategy gives better results than closing the windows.
The results show that even when interior climate specifications are strict and do not accept the
adaptive comfort (pharmacies for example must guarantee 26°C maximum temperature), optimum
ventilative cooling strategy reduces energy consumption in such a low level that opens possibilities
for alternative cooling systems without cooling machine (distributing geothermal water for example
in the floor heating system).
Table 3 Overheating risk, heating and cooling demand for the test case in Lefkosia.
Lefkosia – Cyprus 10cm insulation, double glazing (U1.3)
Only day mechanical ventilation
Ventilative cooling during day Ti>Te

Ventilative cooling day and night

Overheating:
1685 h,
Heating demand: 1.9 kWh/m2y
Cooling demand: 37 kWh/m2y

Overheating:
540 h,
Heating demand: 2.2 kWh/m2y
Cooling demand: 25.9 kWh/m2

Overheating:
1187 h
Heating demand: 2.0 kWh/m2y
Cooling demand: 33.6 kWh/m2

As we can see in table 3, ventilative cooling reduces overheating hours and maximum
temperature (from 42°C to 36°C in case of night cooling). It reduces also cooling demand by 9%
with office hours optimal ventilative cooling and by 30% with night and day ventilative cooling.
In hot climates the difficulty to combine natural ventilative cooling with air-conditioning is
higher than in colder climates. As we see from figure 2, airflow may rise up to 550 m3/h when
outside temperature rises to 39°C and heat gains from ventilation up to 2500 W. But the total
energy loss for the whole season is still limited. Sensible cooling demand rises to 40 kWh/m2, 8%
increase, compared to window closed. If we account for air latent heat, increase should be situated
to around 16%. This is the maximum risk (that may happen to a shop with the door always open for
example) but common sense pushes occupants to close the windows when outside is too hot.
Figure 2 Risk of high airflow and thermal losses by leaving the window always open.
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2.2

Ventilative cooling potential – moving the air to refresh

As it was shown in the previous paragraphs, night cooling is a significant strategy even in
very hot climates, reducing up to 30% cooling demand. But compared to Central European
climates, where it completely solves cooling problems offering acceptable comfort according to EN
15251, in Mediterranean hot climates cooling demand still stays high. The sum of heating and
cooling demand of a very high performance energy building is higher in the Mediterranean climate.
But ventilative cooling offers an additional benefit: moving the air, comfort temperature may rise
up to 3°C within the acceptable air velocities. Raising the air velocity may be obtained by two
strategies: cross ventilation and ceiling fans. Cross ventilation is a risky strategy for air-conditioned
buildings. Ventilation heat gains during hot hours may cause additional energy consumption from
what it was simulated in the previous paragraph. Installation of ceiling fans is a safe strategy,
limiting also the risk that occupants open the window during very hot hours to get air movement.
This strategy is compatible with air-conditioning and its efficiency is better with dehumidified air.
In order to evaluate the efficiency of ceiling fans in the test case office, we may accept the
approximation that the comfort zone is extended to EN 15251 zone 3, and the set point temperature
of an air-conditioned space equipped with ceiling fans is 28°C instead of 26°C. With these
simulation assumptions, the hours outside of class-3 comfort zone are reduced to 372 instead of 540
from classe-2 zone. The most spectacular benefit is the reduction of cooling demand to condition a
space at 28°C instead of 26°C. Cooling demand is reduced to 16.8 kWh/m2 instead of 25.9 kWh/m2
at 26°C with night cooling and 37W/m2 without ventilative cooling. With these simulation
assumptions, overall ventilative cooling reduction is higher than 50%, confirming on the reference
test case study results observed previous real case studies [5].
Table 4 Reduction of cooling demand from ventilative cooling - ceiling fans in Lefkosia
No ventilative cooling

Heating demand: 1.9 kWh/m2y
Cooling demand: 37 kWh/m2y

Day and night ventilative cooling

Heating demand: 2.2 kWh/m2y
Cooling demand: 25.9 kWh/m2y
Reduction:
30%

Day and night ventilative cooling and
ceiling fans

Heating demand: 2.2 kWh/m2y
Cooling demand: 16.8 kWh/m2y
Reduction:
55%

In practice, installation of ceiling fans in an air-conditioned space reduces the cooling period
by one month in spring and one month in autumn and the cooling power by 17% (~7W/m2)

Figure 3 sensible cooling power at 26°C set point (green) and 28°C (red)
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3

NEW APPROACH IN REGULATIONS TAKING INTO ACCOUNT VENTILATIVE
COOLING.

Kapsalaki et Al 2015, [3], present the different European approaches regarding ventilative
cooling. Most of national regulations do not consider it, using only monthly models to calculate
building energy performance. Ventilative cooling as highly dynamic phenomenon, according to the
current knowledge cannot be sufficiently approximated to take it into account in simple monthly
models. The Cyprus regulations are also based on monthly models to calculate building energy
performance and label.
Some countries like France, Finland, the UK and Switzerland have already introduced
dynamic models to calculate cooling demand, giving the possibility to correctly take into account
ventilative cooling. We briefly present here the Swiss case.
According to Swiss norm SN 580 180, before thinking about heating or cooling systems,
every building should guarantee a minimum thermal protection for winter and summer. For
summer, in addition to the minimum thermal insulation and glazing U values, buildings should
provide sufficient solar protection, sufficient thermal mass and sufficient ventilative cooling to
avoid overheating. A building should be designed to provide minimum thermal comfort without a
cooling system under standard occupation density.

Figure 4 Minimum total transmission factor of the façade according to the façade glazed part [8].
In practice, for South orientations between SE and SW, the minimum facade g value
(transmission factor) is 0.15 for glazed part < 45% and for higher glazed part of the facade g value
should be as low as 0.09. This may be obtained only with high-performance exterior blinds.
Simple but strict rules with minimum solar protection, thermal mass and natural ventilation
may prove compliance for summer thermal protection. An hourly dynamic simulation according to
ISO 13791 (detailed model) or ISO 13792 (simplified model) showing that inside temperature is
within the adaptive comfort zone 2 of EN 15251 norm proves also this compliance offering more
flexibility to the designer.
The public authorities allow the installation of a cooling machine if and only if the applicant
proves the need of mechanical cooling. This need may be justified when the windows cannot be
open because of valid reasons, internal gains are high or because of a particular use requiring a
particular set point temperature. If the cooling need is proven, another condition limits the installed
electrical power for cooling to <7W/m2. Higher the cooling demand is, higher is the effort to find an
efficient cooling machine to comply with this strict limiting condition. The cooling power is not
calculated as the sum of the heat gains (as it was the case until recently and is still the case in most
countries) but according to EN 15255 norm, simulated dynamically during a hot day and taking into
account thermal mass.
Next condition is the overall energy performance of the building: 35 kWh/m2y for heating,
cooling, hot water and cooling of weighted energy (weighting factor 2 for electricity, 1 for fossil
fuels, 0.7 for biomass and 0 for solar energy). Ventilative cooling is also taken into account in this
step, reducing drastically energy consumption for cooling. Some additional conditions require blind
1671

535

automation and high wind resistance. For large cooling machines heat rejects must be recovered for
other uses.
Ventilative cooling is taken into account in the proof of the minimum summer thermal control
and in the calculation of the cooling demand and energy consumption. If ventilative cooling is
mechanical, auxiliary electricity for ventilation is taken into account.
If we analyse the results of table 1, although the test reference case office has perfect solar
protection g<0.1 and heavy thermal mass, if the windows cannot be opened, it does not comply with
summer thermal protection regulations.
Table 5. Steps of cantonal regulations for Geneva
A

Proof of the minimum conditions for summer thermal protection (SN 520 180)

B

Proof of the need for mechanical cooling (SN 580 180 or 546 382/1)

C

Guarantee electrical power Pél<7W/m2, calculate cooling demand – hourly simulation (ISO 13 790)

D

Energy consumption <35 kWh*/m2y (weighted energy)

E

Heat recovery of cooling machine thermal waist, additional conditions for solar blind automation

F

Continual monitoring and communication of energy consumption to state authority

These regulations imply the use of dynamic simulation tools to calculate the inside
temperature of free running building (ISO 13791), cooling load (EN 15265), and cooling demand.
Extensive use of dynamic models for compliance simulations is new in the Swiss regulation
framework and this is a new reality for engineers and control authorities. Input data need hourly
schedules for the whole year, calculation assumptions are numerous and may change the results.
However, simple tools appeared very quickly offering the possibility to simulate rapidly summer
comfort and cooling, including ventilative cooling, see Paule et Al 2012 [6].
4

OPTIMISATION OF A CASE STUDY IN CYPRUS WITH DIAL+.

In the previous paragraph we have seen the use of compliance software to prove summer
thermal protection and calculate cooling demand. These simulations take some time to engineers.
They may use this work and exploit the results to optimise design choices. In this paragraph we
demonstrate how the Swiss compliance software DIAL+ have oriented some design choices for
Lefkosia new town hall.
Glazed part and solar protection
We have simulated different glazing dimensions and transmission characteristics.

100
80
KWh/m2

4.1

60
40
20
0
No solar shading
g glazing 65%

solar shading
g glazing 39%

Solar shading
g glazing 39%
+ internal blinds

Figure 5 DIAL+ simulations oriented the south façade towards lower glazed ratio, lower
transmission coefficient (0.39) and correct dimensioning of permanent solar protection.
1671

536

4.2

Thermal mass

We compared the office behaviour with heavy and light thermal mass. These simulations
guided the architectural choices of the interior materials.

Figure 6 DIAL+ simulations show interior temperature during the weekend rising up to 37°C with
light thermal mass. The selected concrete ceiling and anhydride gypsum floor store heat during the
day and cool during night, limiting maximum interior temperature to 30°C instead of 37°C.
4.3

Night ventilation design

Design of window opening mode was a key architectural issue. The objective was to
guarantee maximum freedom to the users to use openings according to their needs and according to
ventilative cooling needs. We simulated with DIAL+ the natural airflow rates according to all
window-opening configurations. This conditioned the façade nature and aesthetics.

Figure 7 The pictures show the variety of opening configurations and the table shows the
corresponding simulated airflow rates with natural ventilation at ΔΤ 5°C.
4.4

Why ceiling fans in an air-conditioned space?

Ceiling fans return from the 60s to contemporary ecological architecture because ventilative cooling
is much more effective with higher interior temperatures and because cooling machine at 28°C
consume 30% less energy. Comfort with higher interior temperatures cause also less stress to
human body offering more healthy conditions. Today ceiling fans may be almost silent <30db at
low speed consuming 5 – 30 W of electrical power according to the speed.
1671
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100

KWh/m2

80
60
40
20
0

23-24°C

21-26°C

21-28°C

Figure 8 The use of ceiling fans offers the possibility to the users to get summer comfort at 28°C
instead of 24-26°C without air movement, reducing cooling load up to 25-30% in this case.
5

CONCLUSIONS

High-energy performance and near zero-energy buildings present overheating risks and make
mechanical cooling necessary even for cold climates. Ventilative cooling, especially night cooling
is the only passive technique making air-conditioning unnecessary in Central European climates,
and reducing drastically cooling demand in Mediterranean climates.
It is necessary to introduce dynamic simulation in national regulations in order to take into
account this passive technique and promote it. In Central European countries, this effort is done
with success. In Mediterranean climates, dynamic simulations are more necessary, because cooling
is a bigger issue. Thermal protection conditions (solar shading, thermal mass, ventilative cooling)
may also guarantee better comfort conditions and lower energy risks. Introduction of dynamic
models in compliance regulations may promote rational design optimisation.
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Abstract
Interdisciplinary is considered the key for the maximization of the impact of the international
efforts for the greening of the built environment. The integration of a number of
methodologies and tools has demonstrated the way for the development of novel and more
efficient approaches towards the improvement of the environmental performance of
buildings. Building Information Modeling (BIM) is already perceived as a standard tool within
the construction industry, due to its ability in enhancing the effectiveness of construction
projects not only at their early design stages, but throughout their life cycle. The aim of this
work is to investigate the further amplification of the impact of BIM employment through its
integration with Life Cycle Assessment (LCA), a well- established approach for the
evaluation of the environmental impact of any product. A detailed literature review
concerning the application of BIM for LCA is performed. In terms of this report a case study
relating to the sustainability analysis of a water supply system, is also implemented. The
findings of this paper are anticipated to not only contribute to the increase of the overall
environmental performance of both new and existing buildings, but also promote the
interdisciplinary of approaches for the boosting of their added value.

Keywords: Building Information Modelling (BIM), Life Cycle Assessment (LCA), Building
services, Environmental performance, Water Supply System, Environmental tool, Built
environment
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1. Introduction
Although the building sector is the largest energy consumer in Europe, it has been also
identified as the sector which has the greatest potential and opportunity for energy savings.
The continuous effort for constructing buildings of low environmental impact and high
sustainability involves the employment of advanced tools and methodologies. One tool that
has recently gained popularity and proved its effectiveness to the construction industry is
Building Information Modeling (BIM). BIM is the process of creating and managing digital
information about a construction; a shared knowledge resource for information about the
construction, forming a reliable basis for decisions during its life-cycle from earliest
conception to demolition (National Institute of Building Sciences, 2015). BIM utilises models
through combined working processes with the aim of improving the quality of models’
information provided at the early stages of building construction to save costs by eliminating
waste. The UK Government has already incorporating BIM in its legislation, targeting BIM
maturity level 2 on all public sector asset procurement by 2016. Among other requirements,
this obligates the industry professionals to employ information models which reference,
combine or exchange information with other models.
This work targets the demonstration of the potential of BIM when integrated with another life
cycle approach, Life Cycle Assessment (LCA) in particular. The aim is to further improve the
overall quality of buildings, not only through cost savings but also through energy savings by
minimizing environmental damage. In terms of this study, the sustainability level of a water
supply system made up of modern Vernetztes Polyethylen (VPE) is compared against
traditional materials by integrating both approaches. A literature review on the two wellestablished methodologies is presented, and also the methodology followed in this work is
described in detail. The Life Cycle Inventory (LCIs) based on the building information model
for the implementation of the sustainability analysis is also clearly presented. The results of
this analysis lead to significant conclusions regarding the benefits of BIM and LCA combined
employment for the definition of the environmental performance of buildings.
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2. Literature Review
BIM represents the most common denomination for approaching the design, construction
and maintenance of buildings, reported to effectively overcome the weaknesses of traditional
building technology (Bryde et al., 2013; Yuan and Yuan, 2011). On the other hand, LCA is a
standardised methodology for the systematic analysis of the environmental performance of
any process or product throughout its lifecycle, established by the EN ISO 14040: 2006. LCA
takes into consideration the different stages of the process or product under investigation,
including the raw material extraction, the manufacturing stage, the operational stage, and the
end- of- life disposal or management to define quantitative their impact on the environment.
Several studies have integrated BIM with the LCA methodology to investigate the
environmental performance of a building or a building element at an early design stage. The
most relevant study is the LCA report of the European Plastic Pipes and Fittings Association
(Teppfa) for different pipe systems. The report released by Georg Fischer piping system
concerned four of their products, which included two plastic pipe systems for utility
applications and two for building technology application, which were compared against
ductile iron and copper pipe systems, respectively. The report concluded that the plastic
pipes for utility applications perform 80% better in terms of environmental impact, while the
ones for building technology at least 60% better than the traditional materials in the global
warming and ozone depletion impact categories. Another interesting finding of this study is
that the raw material and system components phase of all systems had the largest
contribution in the GWP category. In the work of Wang et al. (2011), BIM was employed to
conduct whole building LCA based on a 50- year life- time.

Within this context, an

alternative design study was conducted, which included changes in insulation, orientation,
indoor temperature settings and wall replacements, for the investigation of their impact on
the building performance. The results of the study indicated that the operational phase of the
building accounted for the 92% of the total life- cycle energy consumption, while the most
effective design in terms of energy savings was replacing the curtain walls in the original
design with brick walls for the top three floors. Iddon et al. (2013) investigated the
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environmental performance of a typical detached house, where it was concluded that the
timber design house, among others, had the lowest total CO2 equiv. emissions (213t CO2)
over the 60 year lifespan. Ajayi et al. (2015) also carried out a BIM-enhanced LCA for a
whole two- floor building. In this study, a variability analysis was implemented, which
targeted the evaluation of the impact of a range of design and material specifications on the
building’s environmental performance. Their findings validated the work of Iddon et al. (2013)
that timber houses have the lowest environmental impact, including human health issues.

3. Methodology
The building information model design of the water supply system under investigation is
presented in Figure 1, and Table 1 presents the design characteristics, employed for the
implementation of the LCA, for each of the designs; VPE water supply system (D1), steel
water supply system (D2), copper water supply system (D3). The BIM tool, DDS-CAD was
employed for the development of the designs, while the information from the models was
used for the development of the relevant Life Cycle Inventories (LCIs).

Figure 1 Building Information Modelling (BIM) of water supply system under
investigation
Table 1. Design characteristics of water supply systems
Designs
D1, D2,
D3

Product
number
TH353/2504
ZP150/915

Product description
Hot water tank water heater 250 litre
Pipe insulation 9x15 mm gray insulation
thickness 9 mm

Quantity Unit
1

pcs

72,12

m
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ZP150/918
ZP150/922
ZP150/928
TA340/04
TA340/05
ZPuM25
BA-20120605076
BIN649
BSN40/50
SW20120605-032
SW20120605-049
WC059
WC330

Pipe insulation 9x18 mm gray insulation
thickness 9 mm
Pipe insulation 9x22 mm gray insulation
thickness 9 mm
Pipe insulation 9x28 mm gray insulation
thickness 9 mm
Shut off valve DN 15 without discharge valve
Shut off valve DN 20 without discharge valve
Circulating pump DN 25 sleeve
Shower tub round 800x120 mm

13,029

m

31,713

m

2,565

m

1
2
1
5

pcs
pcs
pcs
pcs

Standing position bidet
Hand basin 500x375 mm
Shower with single lever mixer

1
2
5

pcs
pcs
pcs

Bidet mixer single lever

1

pcs

Wall WC wash down with on top cistern
Urinal flush backwards

2
1

pcs
pcs

Table 1. Design characteristics of water supply systems (cont’d)
Designs
D1

Product
number
SS2001/707
SS2001/710
SS2001/712
SS2001/714

D2

SS091209020
SS091209021
SS091209022

D3

SS091209003
SS091209004
SS091209005
SS091209006

Product description
VPE system pipe length 6 m DVGW 15x1 mm
VPE system pipe length 6 m DVGW 18x1 mm
VPE system pipe length 6 m DVGW 22x1,2
mm
VPE system pipe length 6 m DVGW 28x1,2
mm
Steel pipe welded DN 15 (1/2")DIN EN 10220
raw (black)
Steel pipe welded DN 20 (3/4")DIN EN 10220
raw (black)
Steel pipe welded DN 25 (1")DIN EN 10220
raw (black)
Copper pipes length 5 m 15x1 mm
Copper pipes length 5 m 18x1 mm
Copper pipes length 5 m 22x1 mm
Copper pipes length 5 m 28x1,5 mm

Quantity Unit
72,12
13,029
31,713

m
m
m

2,565

m

73,203

m

45,971

m

0,61

m

61,541
24,827
31,991
2,636

m
m
m
m

For the definition of the environmental performance of the water supply systems, ‘cradle-togate’ LCAs based on the principles described in the ISO 14040 standard were implemented
using GaBi software (Version 6). The system boundaries of the LCAs were limited to the raw
materials extraction and products manufacturing lifecycle stages, such as the installation,
operational, and end- of- life phases of the water supply systems under examination are
excluded from this work. In view of that, any potential environmental impacts during these
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life- cycle phases are not included in the study (Figure 2). The LCAs were conducted using
the International Reference Life Cycle Data System (ILCD) recommendations methodology,
whose results are generated in terms of 13 environmental impact categories. The impact
categories chosen for the comparison of the different water supply systems in this paper
include Global Warming Potential (GWP 100 years), Acidification Potential (AP), Ozone
layer Depletion Potential (ODP, steady state), Photochemical Ozone Creation Potential
(POCP), and Resource Depletion, Mineral, Fossil, and Renewable Potential (ADP elements
& fossil).

Figure 2 System boundaries of the Life Cycle Assessments (LCAs) of the water supply
systems
The LCIs, which were developed using information from the building information models,
involve with the data recording of the ‘cradle-to-gate’ input resources and energy
requirements, as well as the output impacts, in terms of environmental degradation,
associated with the raw materials and the water supply system production. The LCI of the
water supply systems under investigation are provided in Table 4.
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Table 2 Life Cycle Inventory (LCI) of water supply systems under investigation (Gabi database)
Process
Production

Unit
kg

MJ
Production

kg

D1: VPE water supply
system
Inputs
Materials
Municipal waste

Energy
Thermal energy (recovered)
Industrial waste (incineration)
Outputs
Materials
Wooden pallet (EURO)
Wood
Waste paper
Waste
Toxic chemicals
Tailings
Slag
Production residues
Polyethylene tube (PE)
Plastic
Packaging waste (plastic)
Packaging waste (metal)
Overburden (deposited)
Organic waste
Municipal waste
Mineral waste
Inert chemical waste
Industrial waste for municipal
disposal

D2: Steel water supply system
Amount
0.118

Inputs
Materials
Steel scrap (St)

Amount
6.28

D3: Copper water supply
system
Inputs
Materials
Reverts 21-40 % Cu
Copper slag concentrate
Steel scrap (St)
Scrap (71-95 % Cu)
Scrap (20-40 % Cu)
Cu scrap (purchased)
Copper scrap (>95% Cu
content)

Amount
0.0559
0.0796
0.0849
0.256
0.328
16.3
30.9

-10
0.627
1.25E-9
0.00633
0.00662
0.0103
0.018
0.000507
0.144
0.0321
7.12
0.0347
3.7E-11
0.000857
0.224
3.56E-6
-0.111
0.00943
0.00516
-0.0164

Outputs
Materials
Wooden pallet (EURO)
Wood
Waste paper
Waste for recovery
Waste
Steel welded pipe

7.47E-13
3.18E-6
1.07E-11
5.11
0.00943
50.5

Sludge (from processing)

0.000631

Sludge
Slag (Mn 6,5%)
Slag (Iron plate production)
Slag (containing precious metals)
Slag (Waste for recovery)
Slag (Hazardous waste)
Sinter/ Pellet Dust
Rolling tinder
Rolling gravel
Red mud (dry)

0.00432
0.456
0.0216
5.02E-5
0.00728
0.00172
3.58E-6
1.47E-18
0.0405
0.208

Outputs
Materials
Waste rock
Used emulsion
Tailings (deposited)
Slag
Radioactive tailings
Overburden (deposited)
Medium radioactive
wastes
Low radioactive wastes
High radioactive wastes
Gypsum)
Furnace dust
Furnace ashes
Filter dust
Dross
Copper tube
Converter slag
Converter dust

Production residues

1.03E-10

Black acid

580
0.357
9.04
1.9
0.0738
727
0.000725
0.00148
0.0000103
0.21
1.88
22.7
0.00423
0.0561
68.6
4.56
0.3
0.0247
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Incineration good
Demolition waste (deposited)
Chemicals

0.00632
8.6E-8
0.0236

Plastic
Pickled hot rolled coil sludge
Overburden (deposited)
Non Hazardous non organic waste
for disposal
Neutralized residues
Natrium oxide
Mineral waste (Hazardous waste for
disposal)
Mineral waste (Consumer waste)
Hot Rolling Sludge
Hazardous waste
Hazardous organic waste for
disposal
Hazardous non organic waste for
disposal
Gypsum (FGD)
Gypsum
Dross (Fines)
Cryolite
Cooling water
Cold rolling emulsion treatment
sludge
Chemicals
BOF Slag
BOF gas dust
Aluminium scrap

2.81E-5
0.000488
239

Anode sludge
Anode scrap
Acid slime

0.0767
0.512
0.0584

1.72
0.00105
0.0024
0.603
0.00993
1.17
0.00566
0.000113
0.199
0.00555
0.0114
0.000511
0.000472
-0.00747
4.91E-5
0.0000102
0.127
0.0494
5.25E-5
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Results and Discussion
The results of the LCIA, given in Figure 5, indicate the VPE water supply system production
is superior in terms of sustainability compared to the traditional materials pipes. This can be
mainly attributed to the fact that the pipes used to produce the VPE system utilize recovered
materials and energy (Table 2). The results indicate that the VPE water supply system
performs 86% better than the steel system, and 88% than the copper water supply system.
The VPE water supply system is indicated to have no contribution to the ozone depletion,
while copper has negligible impact compared to the steel water supply system. Regarding
the impact categories associated with tropospheric processes and pollution, namely
photochemical ozone formation and acidification, the plastic system’s performance
compared to the steel system is 79.0% better for the POCP and 75.0% for the AP
categories. Furthermore, in comparison to the copper water supply system, it performs
approximately 89.0% in both tropospheric pollution- related impact categories. The VPE
system is also evidently superior to the competing systems in the ADP category. More
specifically, the impact of the plastic system in this impact category is minimal- at 0.005 kg of
Sb- equivalent, performing at least 98% better than the steel and copper systems, , which
utilize both primary and waste materials for their production. Furthermore, the nonrenewable energy consumption of the plastic system is 600 MJ, whereas for the steel and
copper the specific value rises to 1360 MJ and 1890 MJ, respectively. The results of the
analysis also indicated that the production of the VPE system emits 14.1 kg of CO2,
approximately the one tenth in comparison to the production of a water supply system
utilizing a traditional material. The findings of this work are comparable with findings of the
report released by Georg Fischer piping system.
It is also noteworthy that the European Union Public Procurement Directive (EUPPD), 2013
recommends the employment of BIM for construction and projection contracts. Accordingly,
an increasing number of construction companies are implementing BIM to increase the
quality, as well as the productivity of their work. The significance of supplementing BIM with
LCA is found in the attainment of the objective of achieving the most sustainable building
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projects in practice. For that reason, scientific findings and recommendations are valuable in
this field.

Global Warming Potential (GWP)
[kg CO2-equiv.]

Ozone Depletion Potential (ODP)
[kg R11-equiv.]

Photochemical Ozone Creation Potential
(POCP)
[kg NMVOC equiv.]

Acidification Potential (AP)
[mole of H+ equiv.]

Resource Depletion, Mineral, Fossil, and
Renewable (ADP elements & fossils)
[kg Sb-equiv.]
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Conclusions
This

work

demonstrated

the

effectiveness

of

integrating

two

well-

established

methodologies, BIM and LCA for the definition of the environmental performance of
buildings. The LCA of a modern VPE system against the traditional steel and copper water
supply systems was conducted according to the design of the specific systems using
sophisticated BIM tool. The results of the LCA revealed the environmental superiority of the
production of the modern VPE water supply system compared to the investigated traditional
materials. The VPE water supply system performed 86% better than the steel system, and
88% than the copper water supply system in the GWP impact category, and also indicated
that its production does not contribute ozone depletion. Additionally, it achieves significant
reductions in the tropospheric pollution- related potential, photochemical ozone formation
and acidification potentials in particular. The impact of a VPE system’s production is also
negligible on the natural element and fossil resources, in contrary to the production of a
copper system, which was observed to be the less sustainable one across the majority of the
investigated impact categories. The advantages from integrating of BIM and LCA have been
demonstrated through the implementation of this case study. Evidently, this synergy
contributes towards the definition of the most sustainable building designs and also provides
the opportunity to several different expertise and stakeholders to collaborate for the
maximization of the desirable impacts.
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ABSTRACT
Green roofs are an attractive alternative to bare roofs that provide significant benefits. Most of
these benefits are related to the energy efficiency of the roof element, to the overall environmental
impact of the building, to rainwater control and to many other properties. In most studies, the
contribution to the building’s energy efficiency is usually attributed to various effects that provide
properties similar to those of enhanced thermal insulation. Although this function has been verified
by various experiments and theoretical studies throughout the world, in most cases, buildings under
investigation had significantly higher heating than cooling loads due to local climatic conditions.
In this study, the results of a multiyear experiment of the thermal performance of a green are
presented. Within the frame of the experiment, the temperature profile of two roofs (a bare roof and
a green roof) on two twin buildings were continuously monitored in order to identify the different
thermal behaviour of the roofs under various climatic conditions. The buildings were located in
Thessaloniki, Greece which climate is considered of typical Mediterranean type. The results for the
winter and for the summer period shows that thermal behaviour of the green roof is highly affected
by the climate conditions. Under the prevailing climate conditions, the contribution of the green
roof to the energy performance of the building during the cols season is very limited. On the
contrary, the effects of the green roof thermal behaviour during the warm period of the year have a
significant contribution to the energy efficiency and to the thermal comfort of the space below the
green roof.
1

INTRODUCTION

Green or planted roofs are building elements that have gained significant popularity and
scientific interest over the last decades. Although their most obvious characteristic is their ‘green’
and ecological nature that makes them attractive to public opinion and building owners, a large
number of advantages over conventional roofs make green roofs an important toll in the effort to
upgrade the environmental conditions in the urban context and the energy efficiency of buildings.
Among the most known benefits are their contribution to rain-water run off mitigation [1], the
restoration of natural surfaces lost during the urban expansion [2], as well as their impact on
building energy performance [3]. With the exception of the impact on the building’s energy
performance, all green roof effects are similar and have been extensively verified in many
installations, almost in all climate types throughout the word. On the contrary, the actual effect a
green roof has on the energy performance of the building may differ significantly in different
experimental or theoretical studies. In most cases, different results arise from four main factors; the
effect of climate, of vegetation type, of watering strategy and the effect of drainage layer structure
[4]. Unfortunately, in many published studies these parameters are not always reported, not
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allowing for a deep and comprehensive understanding of the actual contribution of such
constructions to the building’s thermal and energy budget. In general, on regions characterised by
long and cold winters, green roofs can have the role of additional thermal insulation layer,
decreasing heat losses through the roof [5]. The same attitude is presented in humid regions where
the thermal insulation effect is present but with decreases magnitude. On the contrary, in warmer
regions this insulation effect is not obvious, while on the contrary, natural cooling effects have been
found in many cases. This effect is usually expressed by the lower temperatures found at the bottom
of the gardening layers compared to the temperatures found at the lower part of the roof structure,
presenting an upward heat flow during warm periods that cools the areas under the green roof.
The aim of the present paper is to quantify this thermal behaviour through the presentation of
experimental data collected during a multi-year green roof study, in the Mediterranean region. In
addition the results of this study contributes to other computational or analytics studies of green
roofs in the same region that are not always well aligned with results in other regions of the world
[6–8]

2

METHODOLOGY

For the comparative investigation of a green and a bare roof’s thermal performance, two
almost identical buildings were chosen for constructing the roofs under examination. The upper
storeys of both buildings have similar geometry, use, solar and internal gains. This permits a direct
comparison of their thermal and environmental behaviour. The buildings are located in the city of
Thessaloniki, Greece, (N 40°52‘, E22°97‘`), which climate is typical coastal Mediterranean. The
roof of the first building (A) is a typical bare flat roof with insufficient thermal insulation (U=0.66
W/m²·K) according to present Greek thermal insulation requirements. With the exception of the
additional gardening layers, the conventional part of the roof in the second building (B) is identical
to the bare roof. A cross-section of both roofs with their constructional layers is shown in fig. 1.
Both buildings are heated via the same central heating installation. During the years where the
measurements were taken, the heating period lasted from mid-November to mid-April, from 7a.m.
to 9p.m. with thermostats set to 20°C. Despite the quite warm summers of the region, there are no
cooling installations on the last storeys under the roofs, mainly due to their limited usage. During
the experiment, in both buildings the last storey remained unoccupied during summer, while the rest
of the year, only the last storey in building B- under the green roof- was rarely occupied by one
person.

Figure 1: Cross-section of the examined roofs (A:bare roof, B:green roof) showing positions of
temperature sensors.
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The green roof construction on building Β is of semi-intensive type. The soil layer is 12cm
thick in most of the roof’s area with the exception of the roof perimeter that is formed as a 0.5m
wide flower-bed with a soil thickness of 0.30cm on average for plants with a more demanding
rooting system (fig. 1). A variety of densely planted vegetation covered the soil surface, most of
which require regular watering during the summer. The foliage density varied through the year,
having a Leaf Area Index (LAI) of 5 during the warm season and close to 2 during the cold one.
An important design feature that has a significant effect on the thermal performance of the
green roof is the decision to construct the drainage layer the traditional way by using a 6cm thick
layer of pumice, which is separated with the soil layer by a fibre filter. In contrast to modern readymade drainage layers, this design enhances thermal continuity between the upper part of the
gardening layers and the lower layers during the summer period. The layer has a dual role
depending on the season of the year: during winter, when the plants have limited watering
requirements, it remains empty and ensures proper drainage of the rainwater in order to support a
healthy root system and to prevent ice creation during extreme cold periods. At the warm season,
during which the selected plant species require permanent moisture content within the soil, this
layer acts as a water reservoir by retaining the water from irrigation or from rain in order to provide
the proper moisture conditions for the plant growth.
Regarding vegetation watering, daily irrigation and water storing within the drainage layer is
applied from April to early November, during 7 -8 a.m. The system is turned off during winter since
vegetation requirements are minimised.
Temperature sensors are installed on various positions in both roofs in order to record the
thermal state on an hourly basis for every season of the year. In addition, climatic conditions are
simultaneously recorded right above the green roof at a height of 2m. The actual position of each
sensor and its corresponding symbol is shown in fig. 1. The external surface temperature sensors
(TaeA in bare roof and TaeB in green roof) are shaded in both roofs so as to overcome the influence
of solar radiation. In the case of the green roof, shading is provided by the foliage of the plants.
Additional sensors are placed in the same positions of both roof constructions and record the
temperatures below the bitumen layer (TfA,TfB), at the internal surface of the element (TieA, TieB)
and of the indoor air (TiA, TiB). A multi-port data acquisition system (LSI BABUC-ABC), is used
for connecting all sensors. Temperature sensors are of PT100 type, with special corrosion protection
in order to ensure accurate measurements throughout the multi- year experiment. All measured
quantities are recorded with a 1-hour time step. On a weekly basis, throughout the experiment
duration, physical observations and various measurements are taken in order to ensure proper
operation of the measuring installation as well as to report all information related to the thermal
behaviour of both roofs like foliage density, proper operation of thermostats, occupant present, etc.
3

RESULTS

In order to assess the thermal performance of both roof types, the diurnal temperature
variation on the exposed and on internal representative positions is examined both for the cold and
the warm period of the year. From all the measuring periods, the February and July were the most
representative cold and warm months respectively. The ‘typical day’ profile which is presented in
the following diagrams eliminates minor misleading effects attributed to non-representing climate
conditions like short –time heat waves in summer and rain in winter. This profile represents the
monthly “average” thermal state of each roof construction in every season. The temperature profile
consists of the mean monthly temperature for a specific hour of the day in every measured position
throughout the examined month. A set of results for each roof is shown for the cold and the warm
season, in order to highlight the different thermal behaviour states, as well as the influence of water
retention in the performance of the green roof on an annual basis. It is important to underline that
the different thermal behaviour observed between the two roofing systems is better displayed at the
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positions under the bitumen layers, since they are indicative for the effects of the layers above
thermal insulation and the gardening layers in particular.
3.1
Thermal behaviour during the cold season
Diagrams on figure 2 present the diurnal temperature variation in both roof constructions.
Among the most obvious differences one can realise the limited fluctuation of the external layers in
green roof and the almost constant temperature of the bitumen layer of the green roof. Which is kept
very close to 12 °C throughout the day. The same layer in the case of the bare roof has a
temperature range from 8°C to 18°C during the same period. Additionally, the temperature time-lag
in this position in the green roof is almost 12hours compared to 1hour in the case of the flat roof.
These two effects are justified by the significantly higher thermal inertia of the additional gardening
layers above the bitumen layer and are also reported in similar experiments in other climate
conditions and green roof types [9]. Such a narrow temperature fluctuation is the main reason for
the significant life expansion of bitumen layers in green roofs which, ensuring proper installation
and material quality, can many decades [10].
Mean temperature profile for green roof in February
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Figure 2: Typical day temperatures for the conventional (left) roof and the green (right) roof during
the cold season
Examining absolute temperature values on a 24-hour basis, temperatures at the exposed
external area of the bare roof are higher during most of the day not only due to thermal losses from
the interior, but mainly due to solar irradiation during sunshine hours. In the case of the examined
green roof the cooler conditions of the bitumen layer can be attributed to latent heat losses, which
counterbalance solar gains of the above layers. Consequently, although solar radiation results in
similar temperature rise in the morning, the absolute external temperature values are lower than the
bare roof, but also lower than ambient temperature in most part of the day.
Although the differences in the temperature profiles of the examined roof constructions are
significant, recorded temperature values in common positions in both constructions, states that on a
daily basis mean monthly temperature values do not have major differences (figure 3). Even in the
case where the internal air temperature was identical in both rooms under the roofs, one could
expect that temperature under the bitumen layer would not differ noticeably due to the presence of
the insulation layer which decreases thermal connection with the interior. The relatively similar
mean monthly temperature in common positions clearly shows that the effect of the additional
gardening layers in winter is not significant and it is narrowed to decreasing the temperature
variation rather than strongly affecting the temperatures below.
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Figure 3: Typical mean temperatures at various positions within both roof constructions during the
cold season. Small dots represent simulated values, while larger dots measured ones.
The fact that the existence of the gardening layers does not provide any significant thermal
insulation aligns well with many literature results, which report similar results in cases of insulated
green roofs [11][12] during the cold season. Other studies report that due to the local conditions in
winter, the presence of the additional layers may even enhance thermal losses, while on the other
hand, a number of other studies come to the opposite conclusion, that the additional gardening
layers provide a considerable enhancement in thermal insulation of the roof [11,13]. These results
may seem contradictory, at a first glance, but does not necessarily conflict, since such a complex
system is very sensitive to climate factors, plant selection and gardening layers construction,
parameters that are not always fully described in literature. In addition, a significant factor is the
type of the drainage layer which is rarely reported: special drainage layers in a form of a corrugated
plastic drain create an air gap under the mat that can have a significant contribution to thermal
insulation of the construction and can decrease heat flows on an annual basis, despite their direction
(thermal losses or thermal gains) [5]. In such green roof constructions, the additional thermal
insulation effects may be attributed to this air-layer rather than to the gardening ones. On the
contrary, a drainage layer with continuous structure and moisture content, as is the case of this
study, can obviously enhance the thermal connection between its upper (soil) and lower part
(bitumen). Reasonably, one can assume that in this case, when the soil is colder than the ambient
air, it is quite possible to meet enhanced thermal losses.

3.2

Thermal behaviour during the warm season

Comparison between the examined roof construction during the winter period shows that
despite the differences in the temperature variation in similar layers, on a daily basis, results are
rather similar, or at least does not present significant differences. This similarity in thermal
performance is not present during the warmer part of the year. Bare roof suffers intense solar
radiation during the summer due to both radiation magnitude and steeper incidence. The external
surface temperature (TaeA) reaches an average maximum of 55°C after noon (absolute recorded
external surface temperature often exceeded 60°C during July), while during night-time the surface
temperature drops but remains warmer than the ambient air by approximately 2°C. During the day
hours, heat enters lightweight concrete layer where it is stored. On the upper surface of this layer,
the minimum daily temperature (TfA) reaches the maximum value of ambient air temperature
(Tamb). Between these positions, the thermal mass creates a time lag of almost 3 hours and
decreases temperature fluctuation beneath the bitumen layer. Even then, during a 24-hour period the
recorded temperature difference is close to 20°C.
555

24

On an average daily basis, temperatures at the externally exposed part of the conventional
roof (TaeA) are much higher than that of both ambient environment and indoor air, even in the nonair-conditioned spaces of the examined buildings. The significant heat flow through the roof to the
interior due to excessive solar thermal gains is indicated by the higher temperatures observed on the
interior surface of the building element compared to the internal surface temperature during most
part of the day, although the interior is already overheated by solar gains and heat flows from all
other opaque and transparent building elements. Heat stored within the massive layers of the roof
during daytime is large enough to maintain inward direction even during night time.
Mean temperature profile for green roof in February
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Figure 4: Typical day temperatures for the conventional (left) roof and the green (right) roof during
the warm season
The ability of the green roof to act as a passive cooling technique is clearly depicted in fig. 5
in which the mean daily temperatures at various points within the two examined constructions are
shown. From the diagram it becomes obvious that throughout the warm season, the green roof
construction is significantly cooler than the bare roof in all layers. The comparison of the
temperatures under the bitumen layer is indicative of the different thermal behaviour between the
two roofs, since temperature at this position is mostly affected by ambient conditions in the bare
roof or by the conditions of the above gardening layers in the case of the green roof – since the
thermal insulation layer below minimises the effect of indoor temperatures. The temperature profile
within each roof element clearly shows that the green roof does not provide lower thermal gains to
the interior space as one might expect, but it results to thermal losses, or otherwise, to passive
cooling during the whole warm period. It is worth mentioning that temperature between the soil
surface (TaeB) and the drainage layer (TfB) is very close to acceptable building air conditioning
temperatures.
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Figure 5: Typical mean temperatures at various positions within both roof constructions during the
warm season. Small dots represent simulated values, while larger dots measured ones.
4

CONCLUSION

As a literature review may conclude, energy phenomena on a green roof create a complicated
energy budget that depends greatly on a variety of factors such as climate, plant selection and
moisture content. Despite the significance of various experiments throughout the world, or of some
very advanced green roof simulation models, results regarding the thermal behaviour of green roofs
are difficult to apply to every green roof on every climatic region. In the present study, the thermal
behaviour of a green roof with regular irrigation and a traditional drainage layer is examined in
typical Mediterranean climatic conditions. Results show that, compared to a bare roof, the green
roof shows significantly different thermal behaviour during the warm period of the year, while this
difference is very small during the cold season. In winter, with the exception of minimising the
temperature variation range due to higher thermal inertia, the green roof shows similar behaviour to
a bare one. This result cannot support the ability of the green roof to provide considerable additional
thermal insulation in order to minimize heat loss within the roof during the cold season of the year.
During the warm season where the biological processes of vegetation are enhanced in order to
protect foliage from overheating, thermal behaviour of the green roof is found to be significantly
different between the green roof and the conventional one, both in absolute and average temperature
values. The moistened and shadowed soil surface was found to be constantly cooler than ambient
air during the representative warm day, as well as for most part of the day. Under the bitumen layer,
the temperature was found to be almost constant on a daily-basis, cooler by almost 25°C compared
to the same position of the conventional roof and noticeable cooler than daily-average ambient
temperature. In comparison with the conventional roof, the presence of the foliage-gardening layers
system created an inverted temperature profile, which shows the ability of the green roof to act as a
passive cooling system under the prevailing climatic conditions, in cases where water availability
can ensure permanent moisture content
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ABSTRACT
Uncontrolled waste disposal and unsustainable waste management not only damage the
environment but also affect human health. In most urban areas municipal solid waste production is
constantly increasing following the everlasting increase of energy consumption. Technologies
aiming to exploit wastes in order to recover energy, decrease the depletion rate of fossil fuels, and
reduce waste disposal. In this paper, the annual amount of municipal solid waste disposed in the
Greater Metropolitan Area of Thessaloniki is taken into consideration, in order to size and model a
Combined Heat and Power facility for energy recovery. From the various Waste-to-Energy
technologies available, a Fluidized Bed Combustion Boiler Combined Heat and Power Plant was
selected and modelled through the use of the COCO simulation software in order to estimate the
amount of electrical and thermal energy that could be generated for different boiler pressures.
Although average efficiency was similar in all cases, providing almost 15% of Thessaloniki’s
energy needs, a great variation in the electricity to thermal energy ratio was observed.
1

INTRODUCTION

Municipal Solid Wastes (MSW) along with Liquid Wastes consist a serious environmental
problem worldwide, as they are a source of pollution and can contaminate the soil as well as
underground aquatic systems. During the last century the intensive increase of urbanization coupled
with the increase of consumer demands and the technological evolution of modern societies are
considered to be the main reasons for the extensive production of municipal wastes [1]. Waste
production varies among countries according to their national income, gross domestic product and
stage of development, culture and climatic conditions, as countries with low income generate
smaller amounts of MSW, between 0.3 and 0.9 kg/capita/day, while in richer countries this amount
ranges between 1.4 and 2.0 kg/capita/day. Another factor that varies among the developed and
developing countries is the composition of MSW with the amount of organic matter, in the former,
not exceeding the average of 30% of the total produced waste, while the respective amount in the
latter reaches 58% of the total generated MSW.
Thus, a modern sustainable waste management system must be:
• environmentally effective, so to reduce as much as possible the emissions to land, air and
water such as CO2, CH4, SOx, NOx, and heavy metals
• socially accepted by the majority of people in the community and
• economically viable
Technologies aiming to exploit wastes in order to recover energy, decrease depletion of fossil
fuels, decrease pollution and reduce waste disposal were developed over the years. The process of
Waste-to-Energy (WtE) for energy regeneration through direct combustion of waste or production
of combustible fuels such as methane, hydrocarbons and other synthetic fuels via incineration and
gasification technologies, is used efficiently in a worldwide scale [2]. In 2003, 130 million tons of
MSW were combusted every year in 600 WtE facilities all around the world [3], while the number
has more than tripled since with more than 1600 WtE facilities [4].
[1]
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Although, public opinion is still skeptical regarding WtE facilities, as of 2008 the EU
Parliament considers WtE as an energy recovery operation, with Sweden, Netherlands, Denmark,
Germany, France and Belgium being the first countries that applied this method and confirmed it as
an effective and environmental friendly solution for waste management issue [5]. The Afval
Energie Bedrijf CHP plant in Amsterdam is a great example of WTE incineration technology. It
started operating in 2007 and it is the largest of its kind around the world, with an installed capacity
of 114.2 MW [6].
In Greece, on the other hand WtE has not been implemented yet and the only method of
MSW management is the disposal in waste landfills, without any pretreatment [7]. To that end,
scope of this work is to evaluate the use of WtE facilities as a means of waste management by
modelling an energy production system from alternative fuels through the COCO (CAPE-OPEN to
CAPE-OPEN) Simulator software for the design and operation of chemical processes. This research
concentrates mostly on the energy recovery from the MSW for the Greater Metropolitan Area of
Thessaloniki, which is situated in Northern Greece and the electricity and thermal energy coverage
that the system could cover for different case studies.
2

METHODOLOGY

2.1

Feedstock Estimation

Land disposal of MSW still remains a crucial issue in Greece. Although 18% of MSW is
recycled at source, the remaining 82% is disposed without any prior treatment, from which 52%
ends up in landfills, whilst 40% is disposed illegally in non-approved sites. Currently, Greece
produces approximately 5.58 million tons of MSW annually in which the contribution of the greater
area of Athens is 39%, while this of the greater area of Thessaloniki reaches 9% of total production
[1].
Thessaloniki is the second largest city of Greece located in the northern part of the country in
the region of Central Macedonia. The Greater Metropolitan area of Thessaloniki consists of 14
Municipalities, most of which have high population density, with the amount of inhabitants in the
greater area reaching 1,110,312 people, whilst approximately 352,000 people live in the actual city
[7], [8]. For the last 30 years, the whole area of Thessaloniki, regarding MSW management, is
served by only one sanitary landfill located 35 km southeast of the city with a total area of 100 ha,
the greater part of which has already been covered.
Table 1. Generation of MSW in the Greater Area of Thessaloniki.
Year
Population
MSW production
(kg/person/year)
Total MSW production
(kg/year)

1987
750,000

1998
1,000,000

2006
1,100,000

2012
1,110,000

280

460

560

402

210,000,000

460,000,000

616,000,000

447,000,000

In Table 1 the annual generation of MSW in the Greater Area of Thessaloniki, in correlation
with the population through the years is presented. There is a noticeable decrease in the rate of
waste production from 2006 to 2012 [8]. The city of Thessaloniki alone corresponds to 123,400,000
kg of MSW for 2012, or roughly 25%.
There are significant fluctuations and differences in the composition of Thessaloniki’s MSW
from 1987 to 2012, as presented in Table 2. A significant decrease in paper and plastic with an
increase of the organics fraction is attributed to the recycling efforts and population increase that
occurred during the specific period.
[2]
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Table 2. Composition of Thessaloniki’s MSW from 1987 to 2012.
Waste Fraction
(%)
Organics
Paper
Plastic
Glass
Metals
Other

1987

1998

1999

2004

2006

2012

61.1
17.7
7.2

35.75
29.21
17.9

47
23
13

38.34
26.66
17.9

36.13
25.86
19.71

47.6
21.9
12.1

4.1
5.9
4

4.61
3.4
9.13

3
4
10

3.61
4.03
9.46

3.66
3.39
11.25

3.5
3.9
11

The average composition of Thessaloniki’s MSW, which is presented in Figure 1, appears to
be similar to that of other European cities with similar population size [7], [9], [10].

Figure 1. Composition (% by weight) of Thessaloniki’s MSW in 2012.
In general, MSW are divided in two categories according to their combustion ability: in
combustible wastes such as fermentable materials, plastic, paper, wood, rubber, leather, fabrics, etc.
and in incombustible wastes like glass, metals, aggregates etc. [11], [12]. Moisture and ash content
of MSW as well as combustible material content depend on their composition.

Figure 2. Total amount of waste to landfilling per month in 2012 in Thessaloniki.
Considering that the percentage of the biodegradable fraction of MSW in Thessaloniki is
92.6%, the total solid biodegradable fraction of MSW, for the specific year period, is 104,000 tons.

[3]
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In Figure 2, the seasonal distribution of MSW that is finally disposed to the landfill facility is
illustrated.
Table 3. Chemical Composition of MSW in Thessaloniki.
Parameter

Average mean values (wet weight)

Moisture (%)

27.7 %

Ash (%)

29 %

C (%)

43.6 %

O (%)

19.7 %

H (%)

5.9 %

N (%)

1.8 %

C/N

27

Higher Heating Value (Ho) (kJ/kg)

21,580 kJ/kg

Lower Heating Value (Hu) (kJ/kg)

8,420 kJ/kg

The chemical composition of MSW for Thessaloniki is presented in Table 3 and indicates that
they are suitable for energy recovery. The high concentration of paper, plastic and other
combustible materials indicate incineration as a feasible treatment solution [8], [13].
2.2

Technology Evaluation

There are three main incineration technologies that are widely used:
(a) fixed bed,
(b) fluidized bed and
(c) dust combustion,
There are differences between these incinerators concerning the operation and effectiveness in
biomass combustion.
In fixed bed combustors the combustible gases produced via the gasification process are
burned in the combustion zone after the secondary air injection. The high endurance of this type of
combustors, in moisture and ash slagging allows high temperatures between 900°C to 1200°C. As
the air supply is of great importance in order to have combustion as complete as possible, a
progressive combustion is required, which is divided in two separate phases. In the primary
combustion, the primary air supply must be secured at about 25%, for low NOx operation [14].
However this combustion is not optimal because of the low mixing quality of air and flue gases.
Thus the secondary combustion occurs in order to guarantee a better possible mixture in order to
provide high efficiencies [15]. In most cases, excess air for biomass fuels is set at 25% [16].
The fluidized bed combustion process provides an efficient mixture of fuels and air for
combustion. In these systems, waste is burned in a self-mixing process of gas and bed materials
with air entering from below [15]. The air and fuel supply into the bed is controlled in order for a
continuous combustion to be realized. The typical excess air in fluidized beds is 20% or higher.
Fluidized bed combustion (FBC) process is optimal for fuels with high ash sulfur, and nitrogen
concentration while meeting stringent emission limitations in the same time [16].
Fluidized beds are well known for their high flexibility concerning moisture content and their
inherent fuel flexibility which is incomparable to any other combustion technology. FBC can burn
fuels with a wide range of calorific values, ash and moisture content. The fluidized bed’s operation
temperature is between 800°C and 950°C, about 100°C to 200°C less than in fixed bed systems
[14]. These lower temperatures prohibit the formation of nitrogen oxides (NOx) from the air
combustion and allow fuels with lower ash melting temperatures to be combusted. Additionally,
this process also permits the removal of sulphur dioxide from the combustion of high-sulphur fuels
[17]. Furthermore, the fluidized bed technology reaches high capacity ranges between 20MW and
[4]
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100MW, while fixed and pulverized bed combustors’ capacities range from 100kW to 50MW and
from 500kW to 100MW(co-firing), respectively. As this technology allows handling of high-ash
fuels, it is therefore capable of treating a large variety of agricultural biomass residue and mixed
MSW with high moisture content and extremely low heating values and can be adopted due to its
low cost and use of low quality waste [18].
Pulverized bed combustor is more suitable for wood and agricultural residues for large plant
facilities. This type of incinerators for wood powder is available in the range of 1 MW to 30 MW.
However, the pulverized bed combustion process is difficult to control and may suffer from too
high combustion temperatures, above 1200°C which may result in high emissions of nitrogen
oxides (NOx).
Significant factors that affect the efficiency of waste combustion are the moisture content of
the fuel, the excess air injected into the boiler as well as the percentage of non-combusted or
partially combusted fuels. The Council of Industrial Boiler Owners (CIBO) defines that the typical
efficiency of fixed and fluidized bed combustors ranges between 65% and 85%. However, fixed bed
combustors usually cannot succeed high efficiencies, with boiler efficiencies of 65%-75%. On the
other hand, fluidized bed boilers as more technologically advanced can reach high efficiencies
between 80% and 82%.
In the present paper the FBC technology is used as it the dominant combustion process for
MSW treatment with the lowest emissions, worldwide. Most WtE facilities in the world are based
in this type of technology like the Robbins Resource Recovery Facility (Robbins, IL), the Toshima
Incineration Plant (Tokyo, Japan), the TIR Madrid Plant (Madrid, Spain), the Valene Plant (Mantes
la Jolie, France), the DERL Energy-from-Waste Facility (Dundee, Scotland), and the Lidköping
Waste-to-Energy Plant (Lidköping, Sweden), among others [14].
2.3

Simulation

In order to evaluate the WtE facility, simulation software is used, so as to design the whole
operational process. The purpose is build, step by step, the entire MSW conversion process
including the environmental conditions, the intermediate and final products of each phase along
with their quantities and conversion efficiencies. The software used for this purpose, is called
COCO (CAPE-OPEN to CAPE-OPEN) simulator. CAPE-OPEN is a product of collaboration of
various operating companies, such as Air Liquide, BP, DOW Chemical Company, Shell Global
Solutions and others, software suppliers and Universities with the support of the EU [19]. It is an
accurate simulation software with well-established unit operations and high variety of
implementations [20], [21].
The COCO (CAPE-OPEN to CAPE-OPEN) simulator software consists of an accumulation
of software components aiming to enable modelling of steady state chemical engineering flowsheets
[22]. It includes four main constituents as presented in Figure 3. In COCO simulator a graphical
representation, called Process Flow Diagram is used in order to define the simulated process. It also
provides the ability to edit the unit operation parameters defined via the CAPE-OPEN standard,
which is a compliant steady-state simulation environment consisting of these sub-models [23]. In
essence, it is a flowsheet modelling environment enabling user to add new unit operations or
thermodynamics packages The CAPE-OPEN sub-models that are usually used are thermodynamic
models, unit operation models and a class of models enabling the specification of reactions, such as
stoichiometry, reaction rates, heats of reaction, etc. It is a steady state flowsheet simulator including
several unit operations linked together by material and energy streams in combination with
thermodynamic and physical property models, in order to model complete chemical processes. It is
used for designing and operating chemical processes [24], [25].

[5]
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Figure 3. The sub-model components of COCO Simulator.
For this case study a model was built in COCO regarding a Combustion CHP system in
Thessaloniki, using as feedstock the amount of the city’s MSW that are yearly disposed in a landfill.
In order to investigate the possibility of different electricity and thermal energy production
ratios, three CHP plant models have been evaluated. Three different pressure types of fluidized
steam generators are evaluated. More specifically subcritical boilers of 2MPa, 5MPa and 10 MPa
are going to be examined. Considering a typical utilization of the plant at 90% annually, the
biomass fuel feed is about 316 tons/day incinerated at 540oC in a 30MW boiler of 80% efficiency
[4]. A graphical representation of the CHP plant is illustrated in Figure 4.

Figure 4. CHP graphical representation in COCO
Regarding the steam turbines for the specific simulation, taking into account the relative
literature, it was decided to use two sequential steam turbines. The first one is a High Pressure (HP)
and back-pressure steam turbine which receives the high pressure steam produced from the boiler,
[6]
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while the second one is a Low Pressure (LP) condensing turbine which exhausts the low pressure
mixture of saturated vapor and liquid water directly to the condenser [16]. The characteristics of
these turbines are presented in Table 4. After the condensing turbine the mixture of saturated vapor
and liquid water passes through an array of tubes, cooled in a cooling tower, and it is condensed
into liquid water. The vacuum conditions in the condenser are caused by the near ambient cooling
water causing condensation of the steam turbine exhaust steam in the condenser. For this case it is
elected a typical temperature for condenser at 48°C at constant pressure typical of a Rankine cycle.
The same process is used in order to build the two other case studies and at the end the solver
produces the heat duty of boiler and condenser, the energy generation from turbines and the energy
demand of the pump.
2.4

Results

Table 4, summarises the system characteristics and the results from COCO. The combustion
of 316.6 tons/day of MSW in a 2MPa, 5MPa and 10MPa boiler, produce 32.3 ton/hr 32.63 ton/hr
and 33.23 ton/hr of steam, respectively.
Table 4. System Characteristic and COCO Simulation Results.
Boiler Steam Conditions
2MPa Boiler
5MPa Boiler
Boiler output pressure (MPa)
2
5
Boiler output temperature (°C)
540
540
Nominal steam flow (tons/hr)
32.3
32.6
CHP Back-Pressure High Pressure Turbine
Electric output (MW)
1.93
4.02
Process steam conditions (MPa)
1
1
Process steam flow (tons/hr)
32.3
32.6
HP-Turbine output Temperature (°C)
436.4
315.2
HP-Turbine Efficiency (%)
90
90
CHP Low Pressure Turbine
Electric output (MW)
4.69
3.88
Process steam conditions (MPa)
0.1
0.1
Process steam flow (tons/hr)
32.3
32.6
LP-Turbine output Temperature (°C)
171.7
99.6
LP-Turbine Efficiency (%)
90
90
Condenser-Heat Exchanger
Thermal energy output (MW)
20.5
19.3
Liquid Water output Temperature (°C)
48
48
Feed Pump
Work input (MW)
0.021
0.056
Liquid Water output Temperature (°C)
48.2
48.5
Liquid Water output Pressure (MPa)
2
5
Feed Pump Efficiency (%)
80
80

10MPa Boiler
10
540
33.2
5.26
1
33.2
233.8
90
3.48
0.1
33.2
99.6
90
18.6
48
0.115
49
10
80

From the results, it is obvious that the higher the steam pressure from the boiler the higher the
energy production from the high pressure turbine as well. On the other hand when steam pressure is
low the low pressure turbine converts more energy. This is the reason why in the 2MPa boiler
system energy generation is almost 1.93MW while in the 10MPa boiler, 5.26MW are produced
from the HP turbine. Additionally a slight but not significant difference is observed in heat
production between the different systems. It is understandable that the higher the temperature
difference between the steam and the water in the heat exchanger is, the higher the amount of heat
exchange is. The coolant passes through the heat exchanger at a temperature of 15°C and a pressure
of 0.1MPa. Thus, as in the 2MPa boiler system the steam temperature is almost 172 °C, and 23.5
MW of heat exchange occur, while in the 10MPa boiler system the smallest temperature difference
produces 21.47 MW of heat, while exiting from the heat exchanger at 48°C.
[7]
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The total electrical energy capacity and heat production from the three systems is 6.62MW
and 23.5MJ/s, 7.9MW and 22.23MJ/s and 8.74MW and 21.47MJ/s for the 2MPa, 5MPa and 10MPa
FBB boiler, respectively.
In order to have a more clear aspect about the efficiency and the validity of the systems’
simulation, these results are compared with similar, already existing CHP plants in the world.
Regarding, though, existing biomass CHP plants, we consider the Vejen CHP plant, in Denmark,
which is a special combined fuel system, as the steam producing boiler can be fired with either
waste, straw, wood chips, or pulverized coal. The plant’s annual biomass input is estimated at about
3.2tons/day, whilst the output of the system is 3.1MW and 9MJ/s heat at a steam production of
15.7tons/hr at 5MPa and 425oC [14].
Moreover, the Masnedø CHP plant is a biomass-fired backpressure system for electricity and
district heating supply to Vordingbord, in Eastern Denmark. It consumes biomass of about 117.7
ton/day, which is fired at a fluidized circulated bed boiler of 33.2MW heat duty, producing steam of
522°C and 9.2MPa. The system produces electrical power of 9.5MW and 20.8MJ/s of heat output
[40].
Additionally, the biomass CHP plant “Reuthe” in Austria, consumes about 27.3 tons/day of
solid biomass, producing 6.3MW of heat ad 1.3MW of electricity. Biomass is combusted in a
10MW boiler producing steam of 445°C and 3.2MPa [26].
The slight differences between the already existing CHP plants and the three cases simulated
are attributed to the amount and the type of fuel used, as the combination of waste, wood and straw
has higher heating values, high energy production can be achieved with lower feedstock flow rate.
In general, the results from the simulation cases are acceptable and sufficient, compared to existing
facilities.
The total CHP plant efficiencies calculated for each one of the three cases are 89.65%, 89.8%
and 90.2% for the 2MPa, 5MPa and 10MPa FBB CHP system, respectively. Although, the 10MPa
FBB CHP plant seems to have higher efficiency, there are no significant differences concerning
total CHP efficiencies. However, important differences are noticed in thermal and electrical energy
output. In essence, electrical (ηe) and thermal (ηth) efficiency for the first case is 21.3% and 68.3%,
respectively. For the second case, ηe is 25.5% and ηth is 64.3%, while for the third case ηe is 28.2%
and ηth is 62%.
Taking into account the average energy consumption per household of Thessaloniki, as well
as the energy production of each case and the 90% operating availability of the CHP facility we
conclude that for 7,884 annual operation hours:
 The 2MPa boiler CHP plant produces 52,192,000kWh/year of electricity and
179,170,000kWh/year of thermal energy, covering thermal and electrical energy needs of
17,490 and 13.000 households, respectively and 30,490 households totally.
 The 5MPa boiler CHP plant produces 62,283,000kWh/year of electricity and
168,682,000kWh/year of thermal energy, covering thermal and electrical energy needs of
16,470 and 16,600 households, respectively and 33,070 households totally.
 The 10MPa boiler CHP plant produces 68,906,000kWh/year of electricity and
162,564,000kWh/year of thermal energy, covering thermal and electrical energy needs of
15,870 and 18,380 households, respectively and 34,250 households totally.
3

CONCLUSION

From the investigation it is apparent that from a technical point of view the use of a WtE
facility in Thessaloniki is technically feasible as it would cover a significant portion of the energy
needed in the neighbouring areas as well as solve the major environmental problem of municipal
waste disposal.

[8]
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The investigation regarding the optimum type of Fluidized Bed Boiler for a CHP facility in
Thessaloniki through COCO indicates that there are no major differences between the overall
results of each case.
However, the final choice lays not only on the type of energy demanded in the city but also on
the economic feasibility study of each process. In essence, in case of electricity needs coverage the
10MPa FBB CHP plant would be more suitable. On the other hand, for thermal needs coverage the
2MPa FBB CHP plant should be preferred. Although, the thermal needs of the city are higher, the
fact that there is no available infrastructure to transfer it to the end users, favors the 10MPa case.
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Abstract
Cyprus has become a strategic player in East Mediterranean (EM) region and many International Oil and Gas
companies are looking forward to benefit from the great geopolitical location of the island. The present study
will address the challenges that International Oil Companies (IOCs) and other stakeholders will face during
exploitation of gas resources in Cyprus and the ways they will respond to the host country's local
requirements. It will identify the potential market for the Cypriot natural gas along with local content policies
that shape the business practices of these companies. Through a critical literature review and mainly analysis
of relevant to the case documents the study will explore the possible threats in the exploitation stage for the
IOCs and for any stakeholder be involved. The findings assist development of policies in managing Cyprus
oil and gas resources from ROC and IOCs respectively.
Keywords: International Oil Companies (IOCs), Cyprus, East Mediterranean, management, business, oil &
gas, stakeholders.
1. Introduction
Offshore gas deposits in the Eastern Mediterranean (EM) are already impacting the geopolitics in the
surrounding areas the last few years. Large gas discoveries in Israel, as well as potentially equally significant
finds off of Cyprus, Lebanon, and Israel have already drawn the attention of many international energy
companies in the EM region. New synergies in the area for the exploration and exploitation of the oil and gas
reserves will require new management practices and new concepts of change. Furthermore, the prospect of
finding additional considerable gas fields and even oil deposits, will escalate decision-making challenges as
well as resource impact effect for Republic of Cyprus (ROC). The unitization agreements from ROC and
major oil companies are already being challenged from neighbouring Turkey. Development of hydrocarbon
resources in the EM should be a catalyst to encourage countries in the region to resolve their differences and
share the benefits – and thus achieve win-win solutions. In the last few years, specifically in 2014, two of the
world’s largest oilfield services (Halliburton & Schlumberger) have chosen Cyprusas their base of operation
for the EM region. Their base in Cyprus is projected to cover the entire EM and is expected to become their
hub of exploration activity in the time to come1. Over the course of their operations in Cyprus, the IOCs
could hire and train hundreds of locals and set up management teams to perform the needed activities, but
may face many notable challenges. In addition, current developers of Cyprus natural gas discoveries include
Noble Energy and its Israeli partners Delek and Avner that are operating in the first Cyprus offshore block
12, while French Total and the Italian-Korean joint venture Eni-Kogas are exploring the rest of the blocks.
The study will address the challenges and threats that International Oil Companies (IOCs) and other
stakeholders will have to face and the ways they will respond to the host country's local requirements.
1.1
Exploration in the Eastern Mediterranean Basin
Since early ages the geographical location, along with its topography has made Cyprus and Eastern
Mediterranean (EM) an interesting location for geologists along with oil and gas explorers. Considering that
the depth of the current area2 is in “ultra-deep waters” (2 kilometres in some depths) exploration was very
risky, expensive and difficult until the last decade or so. After new methods of exploration and development
were introduced in the oil and gas sector, combined with high oil prices/demand, new discoveries were now
more reassuring for major oil companies in order to prompt new searches. Subsequently, the first significant
Whichever way these resources are developed, significant financial benefits for Cyprus will not emerge earlier than
3-5 years from now
2
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ultra-Deepwater discovery in 2003 by Shell3 offshore Egypt in the Nile Delta region’s North Eastern
Mediterranean, Major Oil Companies were encouraged to start some serious explorations within the EM
basin. Today NEMED (Northeast Mediterranean Sea Deep Water) discovery within the Nile Delta Basin is
estimated to carry 1.536 trillion cubic feet (tcf)4 of recoverable natural gas. After a number of seismic
surveys were conducted in 2010 the United States Geological Survey (USGS) estimated that the waters of
the Levant Basin, south-east of Cyprus and north-east of the NEMED block, contain a mean of 122 tcf5 of
recoverable natural gas and 1.7 billion barrels of recoverable crude oil. In October of 2010 the biggest field
in the area was found in the offshore Economical Exclusive Zone (EEZ) of Israel, the Leviathan block. Prior
to last year, Leviathan was estimated to add another 17 tcf in Israel’s recoverable reserves 6. Cyprus offshore
explorations can be consider as a part of a continuous exploration and production of hydrocarbons in the EM
as aforementioned. In 2010, the USGS (2010) estimated that the Levant Basin; the basin of which the
“Aphrodite Field”7 is a part, has 122 tcf of potentially recoverable natural gas, while the Nile Delta Basin’s
potential stood even higher at 223 tcf (Table 1).
Table 1: Table produced by author on Eastern Mediterranean Natural Gas Reserves 8

Country

Proven Reserves (tcf)

Additional Estimated Recoverable Reserves (Tcf)

Cyprus

0

7

Egypt

77.2

0

Israel

9.5

23

Lebanon

0

0

0
Palestinian Territories

1

Syria

8.5

0

Turkey

0.2

0

Relatively close to the Aphrodite Field on the Levant Basin, Noble Energy discovered the 9 tcf “Tamar
Field” in 2009 and the 17 tcf “Leviathan Field” in 2010. Exploration and production activity in the EM area
is shown on Figure 19.
Figure 1: Expolration and Production Activity in the EM

3

’Shell Egypt announces two ultra-deepwater discoveries’, 15 February 2004, Gulf Oil and Gas,
http://www.gulfoilandgas.com/webpro1/MAIN/Mainnews.asp?id=395 , Accessed 27/2/15.
4
’Shale lures ONGC to quit block’, R. Sury Amurthy, 20 February 2011,
http://www.telegraphindia.com/1110221/jsp/business/story_13611726.jsp , Accessed 24/2/15.
5
“Assessment of Undiscovered Oil and Gas Resources of the Levant Basin Province, Eastern Mediterranean”,
March 2010 http://pubs.usgs.gov/fs/2010/3014/pdf/FS10-3014.pdf
6
Noble Energy, Operations, Eastern Mediterranean,
http://www.nobleenergyinc.com/Operations/International/Eastern-Mediterranean-128.html
7
First Exploratory drilling from Noble Energy in 2012-Block 12 in Cyprus EEZ.
8
US EIA (2013) ‘Overview of Oil and natural gas in the Eastern Mediterranean region’
http://www.eia.gov/countries/regions-topics.cfm?fips=em Accessed 9/3/15
9
Dalbource, El-Katiri, Fattouh. Oxford Institute for Energy Studies (2012) ‘East Mediterranean Gas ‘What kind of a
game changer’ 12/12http://www.oxfordenergy.org/wpcms/wp-content/uploads/2012/12/NG-71.pdf Accessed
9/3/15.
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2. The Exclusive economic zones in EM and unitisation agreements with ROC
The Republic of Cyprus (ROC) established the UNCLOS in 1988, in which provisions on marine resources
and the EEZ are included. Between 2003 and 201010, the ROC has signed particular EEZ delineation
agreements with Egypt11, Lebanon12 and Israel13 in the prospect for hydrocarbons. The offshore exploration
of 51,000 sq. Km offshore area was divided into 13 blocks (Figure 2). After the first International tender for
oil and gas exploration licences, Noble Energy14 was granted the licence for block 1215. The production
sharing contract agreement was signed in 2008 after further seismic surveys. In December 2011, Noble
Energy announced the discovery of a major natural gas reserve offshore Cyprus in the exploratory block 12.
The block that has been named “Aphrodite Field” is located 1,700 meters below the sea level, with estimate
gross resource range of 3.6 to 6 tcf, with a gross mean of 4.54 tcf16. Noble Energy (70%), Delek Drilling17
(15%) and Avner Oil Exploration (15%) attained license agreements with the Government of the ROC for
exploration in the “Aphrodite Field” in 2011. In the beginning of March 2015, US-based Noble Energy
declared gas reserves discovered offshore Cyprus commercially viable thus moving ROC from exploration to
hydrocarbon development and exploitation phase18.According to the president of Noble Energy Keith that
this effort “is part of bringing the Aphrodite discovery to the next phase of exploitation, it is something that
we have been looking forward to for some time now and it is a tremendous opportunity that we hope will
bring prosperity to both the people of Cyprus and the government of Cyprus, as well as the other countries in
the region.”19 Furthermore, the Cypriot Government has licensed 4 more blocks for exploration (Figure 2)20.
After the discovery of Aphrodite field, major interest was shown from large oil and gas organizations. The
rewarding bidders were Total21 for Block 10 and 11, Eni22 -Kogas23 consortium for blocks 2, 3 and 9 (Figure
10

In 2007 Government of President Tassos Papadopoulos, in 2010 Government of Dimitris Christofias
United Nations-Agreement between the Republic of Cyprus and the Arab Republic of Egypt on the
Delimitation of the Exclusive Economic Zone(2003) Accessed 22/2/15
http://www.un.org/Depts/los/LEGISLATIONANDTREATIES/PDFFILES/TREATIES/EGY-CYP2003EZ.pdf
12
The delineation agreement has not been ratified yet by Lebanese Parliament.
13
United Nations-Agreement between the Government of the State of Israel and the Government of the Republic
of Cyprus on the Delimitation of the Exclusive Economic Zone(2010) Accessed 25/2/15
http://www.un.org/Depts/los/LEGISLATIONANDTREATIES/PDFFILES/TREATIES/cyp_isr_eez_2010.pdf
14
Houston-based Oil Company
15
Ministry of Energy Service, Hydrocarbon Exploration, First Licensing Round(2007)
http://www.mcit.gov.cy/mcit/mcit.nsf/All/FE3EB5707ADA0E6EC225771B0035B0D2?OpenDocument,
Accessed 23/2/15.
16
Karen Ayat, “Estimate for Aphrodite Increase”, Natural Gas Europe, 21/2/15
http://www.naturalgaseurope.com/estimates-aphrodite-increased-cyprus Accessed 27/2/15
17
Israeli energy company
18
Michele Kambas , Reuters ‘Noble set to declare Cyprus Natural Gas find viable’ 17/3/15
http://www.reuters.com/article/2015/03/17/cyprus-natgas-noble-idUSL6N0WJ1DV20150317
Accessed 17/3/15
19
Cyprus-Mail editing team ’Gas reserved to be put up for sale’ 17/3/15
http://cyprus-mail.com/2015/03/17/gas-reserves-to-be-put-up-for-sale/ Accessed 17/3/15
20
Supra note 8.
21
Major integrated oil and Gas Corporation, based in France.
11

22
23

Major integrated energy company, based in Italy.
Major natural gas Company based in Korea. Largest LNG importer company globally.
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2). Evidently, after the successful biddings from International Oil Companies (IOC’s) from powerful military
background countries, ROC Government shows its desire to build a strong energy security within the island’s
boundaries and towards the EM consequently. The abovementioned group of companies has a wide spread of
financial capacities, business strategies, and technical skill that could definitely assist in the future
development of upstream and monetisation/export potential of Cyprus. In this case, some boast strong
experience in deep-water operations; subsea pipelines; liquefaction development; and Liquefied Natural Gas
trading and gas market access, while other IOCs may have fewer competitive advantages to offer. Still, the
participation of all these companies, suggests that there will probably be sufficient skills and financial
strength in aggregate the prospective of the Cyprus gas and the surrounding EM area.
Figure 2-Cyprus EEZ offshore Exploration Blocks24

3. Cyprus, the Eastern Mediterranean and Global Oil & Gas markets
As previously discussed, Cyprus location in the Eastern Mediterranean with great coastal access give the
island a natural advantage for gas exports25.The development of its hydrocarbon reserves would enable
Cyprus to reduce its dependence on imports of oil products, which in 2012 constituted more than 97 percent
of its total primary energy supplies26. The increase in world population, and the improved quality of life in
addition to the economic boost in China and India, is predicted to lead to an incremental increase in world
demand for energy in 2035 compared to 2012.The last 5 years, China influenced importantly the global gas
demand, where rapid economic growth and urbanization among its population of 1.3 billion combine to
create ever greater demand for energy. US Energy Information Administration’s World Energy Outlook
2012, supports that energy consumption in China surpassed that of the United States in 2009. Demand in
Asia, led by China and India, which now account for 10% of global demand, is projected to grow much
faster than in the West, rising by 2.9% per year in 2008-2035, compared with just 0.6% for OECD
countries27.It is predicted that the greater demand in real numbers will derive from natural gas sector in
relation to the other conventional fuels. Moreover, consumption of natural gas is expected to be the fastest
growing among fossil fuels. It is predicted to rise by 1.6% per year in the forecast period, to 169 tcf by
2035(Figure 3).The two leading ways of transporting natural gas is through pipelines and in Liquefied or
Compressed form. In the Liquefied Natural Gas (LNG) form, the volume reduction is close to 600 times thus
making it easy for Economies of Scale to apply. Furthermore, LNG project costs and lead times are falling
due to a combination of technological developments, the exploitation of economies of scale and newer
methods of project finance. On the other hand, pipelines attract very large economies of scale as well and
they tend to be natural monopolies. Usually-in the oil sector- it is very common that the outputs from several
24

MIT Energy Initiative Study on Natural Gas Monetization Pathways for Cyprus: Interim Report/August 2013
http://mitei.mit.edu/system/files/Cyprus_NG_Report.pdf (MIT Report), at p.9
25
Simon Henderson” Natural Gas Export Options for Israel and Cyprus-Mediterranean Paper Series 2013” The
German Marshall Fund of the United States http://www.gmfus.org/file/3127/download , Accessed 28/2/15
26
International Energy Agency “Cyprus Balances for 2012”
http://www.iea.org/statistics/statisticssearch/report/?year=2012&country=CYPRUS&product=Balances
Accessed 1/3/15
27
Gurel, Mullen, Tzimitras ‘The Cyprus Hydrocarbons Issue: Context Positions and Future Scenarios’ p.75 PCC
Report 1/2013
http://file.prio.no/publication_files/Cyprus/Report%202013-1%20Hydrocarbons.pdf Accessed 16/3/15.
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oil fields to be carried out by one large bulk pipeline. More than half of the energy consumption in the EU
originates from third party countries, in fact making Europe one of the largest energy imported in the globe.
Moreover, because of the emergent of new international regulations on environmental protection, natural gas
is expected to take over a great chunk of the EU market limiting the use of coal and nuclear energy. After the
Crimea crisis28 , EU27 is aggressively pursuing alternative routes for natural gas imports in the long-term.
Reducing overexposure to natural gas from Russia could benefit new exporters of natural gas thus giving
countries like Cyprus and IOCs investing there, a significant edge for the future.
Figure 3-Global Energy Consumption by fuel in different energy sources29

In the short-term, Europe can only rely on imports from the MENA region and Norway, but this alone cannot
replenish imports from Russia. Europe has a well-developed network of LNG terminals, yet global LNG
suppliers are already under intense strain to facilitate increasing demand, primarily from Asian markets.
Taking into consideration the prospect of European markets of natural gas30, it looks like EU demand on
natural gas will continue to increase while local supply will deteriorate (Figure 4). In the long term, there will
be a distinct difference between supply and demand and after 2015 additional supplies are needed.

Figure 4- EU 27 Supply/Demand Outlook 31

It is also relevant to add that in 2010 one fourth of natural gas imports in EU were in LNG form thus making
the LNG a promising dynamic market with a great role for EU countries. Out of eighty six LNG terminal
points over the globe, twenty operate in EU with nine being located in Mediterranean Sea making the long
term strategic goal of ROC of building an LNG terminal for exports the ideal option at this moment. Because
of its flexibility, LNG is probably the most attractive export option, both for the government and for
international investors, provided sufficient quantities of gas are available32. Cyprus initial LNG potential
could amount to 5 to 10 mtpa. (6.8-15.5 bcm), a relatively small volume but large enough to make one to two
LNG trains commercially viable33. But to make such a project viable, the government would need to make
sufficient quantities available for export to permit the conclusion of long-term contracts.

28

“Crimea Crisis: Pro-Russians seize Ukrainian naval bases” BBC Editing Team News 19/3/14
http://www.bbc.co.uk/news/world-europe-26643141 . Accessed 23/4/14
29
US Energy Information Administration, International Energy Outlook 2010 – Highlights
http://www.eia.doe.gov Accessed 22/1/15
30
NBP (UK), Title Transfer Facility (NE), Virtual Exchange Point (IT).
31Simon Blakey, “Natural gas Supply and Demand Outlook to 2030”, EUROGAS, 5th ECT Gas Forum, 14 September
2010 http://www.energy-community.org/pls/portal/docs/708190.PDF at page 12.
32
Laura El-Katiri, Bassam Fattouh, and Hakim Darbouche, East Mediterranean Gas: What Kind of Game Changer?
Oxford: Oxford Institute for Energy Studies, 2012, p. 5; “
Noble Energy lowers Block 12 gas estimate,” Globes (2013), http://www.globes.co.il/en/article-1000883055
33
This is comparable to Cyprus’ hypothetical LNG output by the mid- 2020s, if additional volumes of gas are
discovered.
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4.

International Oil Companies moving to Cyprus

4.1 Attractiveness and motives for foreign investment
Attractiveness describes the degree to which the country’s host market is described for business operations
by foreign firms. Multinational firms including IOC’s may be attracted because of the host country’s market
size. In addition market size it attractive to foreign firms because it offers greater potential for growth, profit
and stability of operations. To market size option, per capita income is good measure of a country’s
attractiveness for market seeking IOC’s/multinationals. Furthermore those same companies may be benefited
from an unsolicited proposal or a host country’s attractiveness by exporting to a foreign market. According to
John Dunning there are four motives for establishing an investment in a foreign location (Dunning 1993;
Narula and Dunning 2000):

Natural resource seeking. An IOC may seek to invest in a foreign country in order to obtain natural
resources
Market seeking. An IOC may seek to invest in a foreign country in order to service a large domestic

market and adjacent regional markets, to overcome existing barriers to exporting to a country or to locate
closer to customers

Efficiency seeking. An IOC may seek to invest in a foreign country in order to decrease costs through
cheaper labor or materials or to benefit from better integration of international activities

Strategic asset seeking. An IOC may seek to invest strategically in a foreign country in order to obtain
important knowledge resources ,accelerate innovation or learn from different consumer preferences
The first 3 motives primarily help a multinational firm to exploit assets in other countries by using the firm’s
existing capabilities. The last motive the strategic asset seeking serves to improve the firm’s capabilities
through learning in foreign locations. In the second quarter of 2014, Halliburton and Schlumberger, two of
the world’s largest oilfield services companies34, have chosen Cyprus as their base of operations for the
eastern Mediterranean supporting ROC’s stability of the region along with the prospect that Cyprus and
consequently the EM gas will have. In addition taking into consideration the literature review above, we can
definitely see a prime example John Dunning four motives for foreign investment happening in Cyprus and
EM concurrently. First with Noble Energy in 2012 and then with the Halliburton and Schlumberger
following the path of competition in a foreign location. When one firm internationalizes in this case Noble as
the pioneer, its competitors may fear being left behind if the internationalizing firm gains competitive
advantages in foreign locations (Knickerbocker 1973; Head et al. 2002; Gimeno et al. 2005). Therefore, the
internationalization of one firm may sometimes create the so called’ bandwagon effect’ among international
competitor, that means firms initiate the internationalizing firms strategic move to expand overseas such as
Halliburton, Schlumberger ENI, TOTAL.
4.2 The possible threats
4.2 .1 Resource Impact-The possibility of a resource curse35
In a global content, oil resources really matter at a national level oil whether a country is an importer or
exporters. In the case of oil importers, the resource is often a major drain on the balance of payments and has
a positive correlation with the inflation rate (Nordhaus, 2009). It also raises important concerns over import.
Dependence and supply security. For oil exporters, while it may seem large scale oil exports are a benefit,
they can cause problems. The country can be become dependent upon oil revenues and therefore vulnerable
34

Elias Hazou ‘Oilfield service leaders to set up regional base in Cyprus’ Cyprus mail 2/5/14,
http://cyprus-mail.com/2014/05/02/oilfield-services-leaders-to-set-up-regional-base-in-cyprus/ Accessed
25/3/15
35

Based on Paul Stevens( 2003) Literature Study pg. 11’ There is a case for dropping the automatic use of the term
‘resource curse’ and starting to use instead the term ‘resource impact’ and then to consider whether the outcome
was a ‘curse’ or a ‘blessing’
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to fluctuations in oil prices. Large-scale revenues can also damage an existing economy – crowding out the
manufacturing sector and agriculture. This can be the result of too much government involvement in the
economy as the government dispenses the oil revenues. It can also be the result of a bad attack of Dutch
Disease i.e an over-evaluation of the exchange rate because the hydrocarbon revenues create inflation and
also cause the exchange rate to appreciate as the currency is seen to be a petro-currency36. More generally
these negative effects on an economy have been labelled “Resource Curse”. The term was first used in the
formal economics literature in 1993 (Auty, 1993).However, while many countries did appear to suffer a
‘curse’ as a result of the inflation of large natural resource revenues, other counties reportedly did not . Thus
the ‘resource curse’ phenomenon‘… is not an iron law, rather it is a strong recurrent tendency’ (Auty, 1994a:
12). Yet another dimension of the so called ‘curse’ is that it tends to be associated with greater conflict in a
society (Collier and Hoeffler 2000; Ross 2001). According to Stevens (2003), many factors are involved.
Large-scale resource revenues create a revenue pot that is worth fighting for since whoever is in power is
better able to seize that pot. The projects themselves can often divide local populations, especially if there
already exist separatist tendencies. This can happen either through causing local environmental damage or
because there is a feeling that resources are being carried away from the region to the capital. Yet another
characteristic of ‘resource curse’ is that natural resource abundance ‘retards political change’ (Auty 2001b:
11) and entrenches regimes. Thus an abundance of resources ‘significantly weakened underdeveloped
democratic institutions, repressing political parties so that power is weakly contested, public finances are
opaque and corruption both by the elite and bureaucracy is excessive’.According to Melhum et al. (2006) this
difference in the growth performance of rich-resource countries is due to the rent distribution through
institutional arrangements, corruption included, which reflects directly to the inability of governments to
manage large resource revenues in a sustainable way. What this is and how to avoid it has become a key
issue in international oil and gas investments the last couple of decades. Oil and gas projects tend to be large
and therefore often have very important linkages mainly in local level. They can also carry important local
environmental dimensions. In November of 2014, an incident of local authorities ignoring environmental
regulations and permits, in Aradipou area where both Schlumberger and Halliburton have their operations,
has taken place. More specifically, the ROC labour inspection department has formulated no action plan for
handling radioactive waste products and at the same time rubberstamped the permits for letting the 2 IOCs
fully operating37 . This phenomena could be relevant for countries like the ROC that is thought to possess
natural resources, even though at a primary stage in the exploitation process. According to Coutinho, (2011)
“It is crucial that from the outset these countries follow the right policies to maximize the benefits that can
accrue to this, as well as to future generations, and avoid some of the mistakes that other resource-rich
countries have repeated in the past”. This is a critical stage of the resource exploitation and good
management perspective in the EM including Cyprus. These expectations are legitimate and genuine given
the fact that oil and gas revenues that have been properly managed in countries like Norway, Canada and
Brazil amongst others have acted as strong economic incentives for propelling economic and social
development thus creating a resource blessing effect. On the other hand, poorly managed oil and gas
resources such as in Nigeria, Chad and Trinidad and Tobago amongst others, have also led to oil crisis due to
the inadequate or the complete mismanagement of local expectations of oil and gas discovery and revenue
(Von Kemedi, 2003; Bategeka, Kiiza, and Ssewanyana, 2009; Addei, and Broni-Bediako, 2010; Gary, 2010).

4.3 The Role of Israel, Egypt and Turkey in the area
The international relations of the EM region have been shaped by political clashes over land boundaries
including the unresolved dispute between Cyprus and Turkey, the ongoing dispute over Israel and Lebanon,
as well as the established conflict between Israel, and Palestine. As previously mentioned Israel’s largest gas
36

Dutch Disease.-It was named from the experience of Holland after the discovery and development of the
Groningen Gas field in the 1970s. The reason is called like that is because the hydrocarbon revenues create
inflation and also cause the exchange rate to appreciate. The result of the overvaluation is that exports of non‐
hydrocarbon goods falls and imports of goods rise. Hence the main non‐hydrocarbon trading sector declines. In the
case of Holland and the UK this was manufacturing. For developing countries it is often agriculture.
37
Elias Hazou ‘Rules ignored for oilfield bahemoths’ 9/11/14
http://cyprus-mail.com/2014/11/09/rules-ignored-for-oilfield-behemoths Accessed 6/3/15
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field38 ‘Leviathan’ was discovered in June 2010.The size of the discovery, in addition to the previous
reserves that Israel holds make its presence in the region even more eminent. Moreover the political
revolutions, that have the focus of many Arab countries since 2011 have turned neighbouring Syria into a
field of different minorities in such a way that the new discoveries of natural gas could have a distinct
geopolitical influence. The stake of ROC in the area and the congenial relationship with Israel have added a
counter to Turkish pressure on Cyprus especially in future cooperation on gas and possible oil exploration.
The latest discovery of Cyprus Aphrodite field, and more notably the probable further research of the rest of
reserves39 as a result of the upcoming Total and ENI-Kogas consortium exploration programme for the
second quarter of 2015-201640, could begin positive motivation towards a settlement of the Cypriot dispute;
provided that ROC is able to somewhat balance off Turkey’s geostrategic dominance while at the same time
encouraging the Turkish-Cypriots to follow a more comprehensive settlement in the ongoing negotiation
processes41. Assuming that Turkey continues its geostrategic holdback over Cyprus, an interest to reach a
compromise based on United Nations Resolutions Purposes and Principles42 will not develop. The
aforementioned resolutions are based on the Purposes and Principles of the United Nations, which provides
the bodywork for a fair solution of the dispute and are mandatory upon UN Member-States. In this respect, it
should be mentioned that the 25th article of the U.N. Charter43 provides that the “Members of the United
Nations agree to accept and carry out the decisions of the Security Council in accordance with the existing
Charter”. The confrontation for the ROC and all parties involved44 is to evaluate the relevant mix of
motivations for Turkey and the Turkish-Cypriots that would generate the momentum for a just and viable
compromise without violating 4 basic parameters:
1.
Putting in danger its sovereignty
2.
Legally recognizing the so-called “TRNC”
3.
Freezing its hydrocarbon development in case a resolution of the Cypriot Dispute is not reached
4.
Violating the already established Cypriot EEZ and continental shelf
Within the island, the vast majority of Greek-Cypriot parties have originated a zero-sum game approach with
regards to Turkey and the Turkish-Cypriot minority community45. This zero-sum game approach would
accept to share part of the hydrocarbons generated revenue only after a comprehensive solution of the Cyprus
Dispute is reached. However, as long as Turkey attempts to deter ROC 46 with its practices, the dignity within
the international community and EU becomes even more detached. Turkey does not recognize the existence
of the ROC. As a result it has claimed the near entirety of Cyprus’ EEZ47 (Figure 7) either directly and has
attempted to use its military might coercively in order to deter Nicosia and Noble Energy 48 from carrying out
the exploratory drilling that discovered the Aphrodite reserve.

38

Noble Energy Recent discoveries-gross mean of 17-20 tcf of natural gas
http://www.nobleenergyinc.com/exploration/recent-discoveries-130.html Accessed 27/2/15
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Blocks 2,3 and 9 from Italian ENI Blocks 10-11 from French Total
40
Karen Ayat Natural Gas Europe’ ENI-Kogas Considered for Cyprus' Blocks 5 26/2/15
http://www.naturalgaseurope.com/eni-kogas-cyprus-gas-blocks-5-6 Accessed 27/2/15
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Cyprus Broadcasting Corporation,” EU and USA officials arrive in Cyprus for ongoing negotiations” 27/2/15
http://www.cybc.com.cy/en/index.php/cyprus-news/item/1064-1 Accessed 15/2/15
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Republic of Cyprus Office of the Law Commissioner- “Core document on Cyprus drawn up in accordance with
General Assembly resolution 45/85”
http://www.olc.gov.cy/olc/olc.nsf/all/97D28762FA1E293342257A9100317D3C/$file/CORE%20DOCUMENT%20%20FINAL.pdf?openelement Accessed 26/2/15
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Charter of the United Nations-Chapter V
http://www.un.org/en/documents/charter/chapter5.shtml Accessed 27/2/15
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Such as Greece and Turkey
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Turkish Cypriot minority of 18%.World Directory of Minorities and Indigenous People-Cyprus Overview
http://www.minorityrights.org/?lid=1873 Accessed 24/2/15
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See supra note 32.
47
Blocks 1, 4, 5, 6, & 7 or on behalf of the Turkish Cypriots Blocks 1, 2, 3, 8, 9, 12 & 13
48
“Cyprus Gas Drilling”. M.Hadjicostis Huffington Post 9/13/11
http://www.huffingtonpost.com/2011/09/13/cyprus-gas-drilling_n_960497.html Accessed 25/2/15
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Figure 7-“TRNC” claims on Cyprus EEZ49

For Turkey, the rising energy alliance50 between Israel, Greece and Cyprus serves as a new game in the EM
geopolitical scene. Indeed, this cooperation and the prospect it that offers can be seen as alliance in the
defence sector, thus creating a suspicion from Turkey. In addition, Turkey’s PM Erdogan suspended trade
and military cooperation with Israel after the Gaza flotilla raid51 in 201052. Since then Israel has pursued and
cooperated with Cyprus and Greece on military drillings53.The international support54 that ROC is enjoying
at the moment, could neutralize Turkish opposition and provide a supply diversification in the EU.
On November 8th 2014 after the last few year’s efforts from ROC government, the Cairo Declaration55 was
finally adopted. The particularly important document epitomised the initiatives undertaken by the three
countries56 in various fields. The declaration included the common interests and the recognition of the need
to address the regional challenges to achieve stability, security and peace in the volatile region of the eastern
Mediterranean.57 In addition the discovery of hydrocarbon deposits served as an incentive to strengthen
regional cooperation and a further enhancement of Cyprus’ role in the region and show a need for a regional
security to existing IOCs. The declaration adumbrates the general framework of the tripartite cooperation
between the three neighbouring countries. Cyprus constructive and stabilizing role in the Eastern
Mediterranean region as well as recent developments concerning the Cyprus dispute, can be in the agendas of
upcoming meeting with the countries in the region The continuous geopolitical unsteadiness of the region
could open new collaboration fields for ROC, along with building potential external synergies thus attracting
foreign investment.

6.

The Social Contract between the Oil and Gas Industry and its Stakeholders

6.1 The Concept of the Social Contract in the Culture of Society
The aforementioned concept was developed by early political philosophers, a social contract is a set of rules
and assumptions about behaviour patterns among the various elements of a society (Weiss, 2009).
49

International Crisis Group
Israel signed an MOU with Greece and Cyprus that is going link the three countries’ electricity grids via an
underwater cable. The Euro Asia Interconnector, the world's longest submarine electricity cable reaching 540
nautical miles at a depth of 2000 meters and delivering 2000 MW, is set to be built between Israel, Cyprus and
Greece . Ashar Zeiger (2013) “Israel, Greece, Cyprus sign energy and water deal”. The Times of Israel.
http://www.timesofisrael.com/israel-greece-cyprus-sign-energy-and-water-deal/ 8/8/2013
Accessed 27/2/15
51
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breach the naval blockade of the Palestinian territory “Israeli deadly raid on aid flotilla”. BBC news 22/3/13
http://www.bbc.co.uk/news/10203726 Accessed 24/2/15
52
Al Jazeera editing Team’ Turkey suspends Israel defence and trade ties’. Al Jazeera 6/9/11
http://www.aljazeera.com/news/middleeast/2011/09/2011969483323665.html Accessed 24/2/15
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Accessed 27/2/15
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Stakeholder theory suggests that there exists a social contract between “business and society that provides a
moral basis for the social control of business activity” (Weiss, 2009). This assumes that the actions of IOCs
can be constrained legally and morally and that corporations have moral obligations because they are
“creatures of society” (Donaldson & Preston, 1995). As a result, much of the social contract between
stakeholders is embedded in the culture of society. While not a physically written principle, a social contract
often involves a quid pro quo exchange similar to that of a legal contract (Bekefi, et al., 2006). According to
Kultgen (1986), Donaldson indicates that productive organisations require from society:
1.
2.
(a)
(b)

Recognition as a single agent, especially in a legal sense, and
To the company:
to own or use land and natural resources
to hire employees

Donaldson also argues that because productive organizations require and receive special status under the law
in most countries and use society's resources, they can be morally obligated to serve the public’s interest
(Weiss, 2009).Based on this concept, for stakeholder theory to be effective, the claim on the business must be
a moral obligation in order to legitimise the claims of the stakeholders, regardless of culture, customs or
country (Kultgen, 1986). This is done by claiming a preceding, implied social agreement exists to which all
members of society are parties. This concept also responds to the argument that the interests of internal
stakeholders are already accounted for because they are engaged in voluntary transactions (Savage, Nix,
Whitehead, & Blair, 1991). It also allows stakeholder management initiatives to identify and legitimise the
interests of external stakeholders, such as local communities, who may be indirectly affected due to the
activities of the business (Bekefi, et al., 2006). In a more narrowly focused context, ROC communities near
to the onshore oil and gas facilities, may suffer various adverse effects from its operation:
• Oil and gas activities may create environmental damage and interfere with local production.
• The labour hiring that is done by the operator forces up local wages and costs, thus adversely affecting
those not employed directly in the operation.
• The location of the facilities may be viewed by local communities as taking place on their traditional land,
while the taxation agreements with the government do not ensure adequate local compensation for their loss
of resource.
On the contrary, some NGOs and local communities may exert pressure on firms by engaging in
environmental or social activism58 due to the numerous individual and community/social costs associated
with hydrocarbon land activity. For example potential property damages 59 increased insurance premiums and
reductions in property value etc. (Lewin, Strutton, & Paswan, 2011). Local community groups60 commonly
can exercise pressure on firms by electing local public officials representing their interests, making citizen
lawsuits, organizing letter-writing campaigns and boycotts (Delmas & Toffel, 2010) (Chiu & Sharfman,
2011). Although these problems could be addressed by specific policies designed to take into account the
exact grievance, it may also be that governments see local content practices as a way of bringing jobs and
income to an area where there is considerable dissatisfaction for the presence of the oil and gas operations
(Tordo, et al., 2013).

7.

Local content policies as local context that shape IOCs business practices

Empirical evidence from the international business literature suggest that how multinational companies in the
natural resource industry respond to a host country's local requirements determines what difference they
make to economic development (Liu,2011; Henisz et al., 2013) The business practices of IOCs in the context
Environmental group protests, disruption of company operations, issuing sensitive environmental reports to the
media, or lobbying efforts (Henriques & Sharma, 2005).
59
Due to refineries, possible LNG infrastructure, harmful emission from operations
60
These groups may include local economic development organizations, local schools, landowners, local business
owners, hospitals, emergency services, and others (Lewin, Strutton, & Paswan, 2011).
58
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of local content include actions taking to increase sourcing of local supplies (Blalock and Simon, 2009)
dealing with local supplier opportunism and developing global human resources strategies (Bjorkman et al.,
2007; Egels-Zanden, 2014) that can be adapted and implemented to enhance local legitimacy (Reimann et al.,
2012) in specific host developing country. The success of such practices also depend on the formulation of
clear business policy choices relating to financing, organisational forms and implementation (Chow et al.,
2012).Murtha and Lenway (1994) suggest that the success of multinational corporations in a host country
depends on well design strategies and practices to ensure effective responses to major changes in the
country's institutional policies. Given the above reasoning, the business practices used by IOCs to respond to
local content practices/policies can be understood in terms of two inter-related areas, namely, technology
capacity development and human capacity development, both of which come into play to shape IOCs’ wider
contribution to economic development (Figure 10 in appendix). According to Tordo et al. (2013), local
content practices can refer to ‘jobs or value-added that is created anywhere in the local economy as a result
of the actions of an oil and gas company, or it can more narrowly refer to jobs that are created in the
neighbourhood of the oil production plant. Whereas, policies mainly refer to local content without specifying
its location within the economy, it is common that the communities closest to and possibly most affected by
oil or gas installations will also exert the most pressure for jobs. The interplay of technology and human
capacity development increases the productive capacity of the economy (jobs and revenue) and can
contribute to efforts aimed at deal with the resource curse problem by enhancing economic development
(Klueh et al.,2009; Warner, 2011; Kazzazi and Nouri, 2012).

8. Conclusion
The successful development of Cyprus hydrocarbon resources could bring substantial economic benefits to
an ailing economy and strengthen the country’s and EM region energy security. However, the road to Cyprus
becoming a gas producer and exporter is a long one yet greatly promising. Over the next few years, the ROC
government and IOCs operating there will be confronted with many complex and difficult decisions. The
above report, demonstrates that there are several steps to be taken to ensure the smooth exploitation of
hydrocarbons activities. There is no doubt that the energy finds in the Eastern Mediterranean introduces an
opportunity for regional cooperation to increase the benefits for and prosperity of everyone in the region. But
in the current climate of conflict and distrust, such energy potentials could also fuel further
contention. Clearly, energy will be a dominant factor in the future of the countries of this region. Another
aspect for success in hydrocarbons industry lies on the ability and skill that the ROC would present in
negotiating with the current and any forthcoming IOCs, along with neighbouring countries. Whether it will
be a force that promotes stability and prosperity or one that stirs up regional and international conflict is yet
to be seen. Resource exploitation in Cyprus could potentially prove favourable for the country if the adequate
regulation is provided to the industry by the state and proper negotiations are conducted with foreign
investors, IOCs and neighbouring countries, following consultation of the experience of other provinces
successful in the field. What is much more important for Cyprus and IOCs operating there, besides the
economical and geopolitical concerns of the gas discoveries, is the management and control of the overall
hydrocarbon activities. It is of essential importance that ROC maintains diversity in its economy, with efforts
to stimulate investments in other sectors apart from hydrocarbons thus having a positive resource impact
along with training and hiring local force for any support services. Cyprus will then be able to utilize its
hydrocarbons to the maximum, and perhaps solve the majority of any internal problems that could arise such
as the establishment of effective institutional and regulatory structures, and the efficient and transparent
management of gas revenues as well as development. In addition, ROC government is suggested to see local
content practices as a way of bringing jobs and enhance the local economy. The key issue for ROC is how to
manage skilfully this new role and how international companies adjust to the challenges and local content
practices and avoid any negative resource impact from the hydrocarbon exploitation.
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APPENDIX
Figure 10. Business practices used by IOCs to respond to local content policies

Source: Ngoasong 2014

Figure 11-Value chain of oil and gas industry (Goods)

Source: World Bank data (Tordo, et al., 2013)
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Figure 12-Value chain of oil and gas industry (Services)

Source: World Bank Data (Tordo, et al., 2013)
Figure 11, 12 notes: Local content, both actual and potential, will vary over the life cycle of the
hydrocarbon sector. An individual field will go through phases of exploration, construction, and
production; because the inputs used at these various stages can be quite different, the extent and nature of
local content can vary over time and across stages. Policies designed to increase local content must take
into account the sustainability of the sector (Tordo, et al 2013).
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ABSTRACT
Climate change will affect all human societies in all their activities, though with different
effects and to different degrees. In this frame, it is necessary to study in more detail some of the
overlapping and interconnecting ways in which gender, climate change, global warming and energy
issues are joint. According to the European Institute for Gender Equality, there is a lack of data in
order to support in depth research and analysis in this field.
Analysing gender in climate change and energy can reinforce the effectiveness of policies that
support the energy consumption as well as the promotion of renewable energy sources (RES).
Moreover, it is suggested that all interested groups should be involved in decision-making and the
efforts to diminish the economic damage, especially during the current deprived conditions, and
capitalize on the benefits of the use of RES and improved energy efficiency.
In the current paper, the lack of recognition of gender relations in climate and energy
decision-making and the efforts to establish this link are discussed. The particular gender issues
arising in emergency cases or long-term changes in energy needs will be explored, followed by a
discussion on the success and efficiency of mitigation measures under the gender perspective.
Finally, special attention will be placed on the ways the energy policies could be gendered
reflecting the potential limits to adaptation due to different men’s and women’s roles.
1

INTRODUCTION

The EU policy has strongly identified and supported the gender mainstreaming development
goals that are essential for a successful EU foreign policy. and women all over the world are
especially affected by the consequences of climate, environmental and energy policies gather
gender-specific data so as to conduct an impact assessment for women in the areas of climate,
environment and energy policy (EU Strategy for equality between women and men post 2015
(2014/2152(INI)).
In these terms, climate change and global warming are issues that are often been addressed,
however not in a totally inclusive and equitable manner for both genders. Technology transfer,
capacity building of climate agreements and response planning should be inclusive and equitable so
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that both women and men can have access to, and benefit from, the development and transfer of
new energy technologies.
Energy poverty, that is often becoming an issue for developed countries, is conceived and
experienced differently between genders. For example, in terms of carbon footprint implications
regarding the way women and men spend their time. In general, women spent more time in
household work than men do. Hence, the carbon generated during household work is higher for
women than it is for men, slightly equivalent to the higher carbon associated with men commuting
to work [1]. On the contrary, it is estimated that men spend more carbon (about 26%) in leisure and
recreation activities compared to women (accounting for 22%). This fact is attributed partly to more
time spent in leisure and recreation for men than women. Furthermore, men tend to undertake more
carbon intensive leisure activities than women do, and spend more time in out-of-home activities
compared to women.
In a similar way, in developing countries, the energy partition is also gendered with women
often engaged in household activities more intensively and being responsible for household and
community energy provision. Thus, with restricted access to basic energy services and modern
facilities, women spend the majority of their daytime performing subsistence tasks, including timeconsuming and physically draining tasks of collecting biomass fuels, which constrains them from
pursuing equal employment and educational opportunities and improved quality of life and
involvement in the social and political interaction outside the household [2].
The absence of significant political strategy, commitment and investment, energy poverty is
foreseen to worsen over the next years.
2

GENDER AND ENERGY POLICIES

Gender issues have been analysed and assessed mainly focusing in meeting the basic needs
related to health, violence and education. A step forward and as far as these essentials have been
met, the skills development, the economic empowerment and equal access to employment
opportunities and the support for female entrepreneurs became cross cutting issues that need to be
addressed. Significant gender inequalities remain at a global scale and is proved that they are
closely linked to poverty and instability [3]. One the other hand, access to modern energy facilities
and services enables women’s economic empowerment. Thus, one of the most critical challenges
the global community need to address today is the provision of access to energy as well as
improved energy facilities, in order to achieve the desired economic and social development and the
Millennium development goals established by United Nations (UN) or the European Commission
(EC).
Towards this direction, the promotion of the use of renewable energy sources and
technologies has the potential of increasing access to modern energy services in rural areas that
currently have no access to grid electricity and pay higher prices for energy service delivery
because of the transportation costs and inefficiency of traditional energy forms [4]. Moreover, the
application of renewable energy systems such as of wind and solar energy can foster the supply of
the society with affordable energy, improving dramatically the quality of life and the living
conditions, and at the same time, supporting the productivity and employment for both genders.
As described, due to the gendered character of the energy poverty, the access to modern,
sustainable energy facilities can also significantly enhance the empowerment of women by reducing
their time and equal employment opportunities, improving their health, and providing them with
capacity building and extensive and effective entrepreneurship [5].
In the same context in the post-2015 development agenda [6], the gender-aware energy
policies need to incorporate the gender aspect in all their dimensions: political, economic,
environmental and social (Table 1):
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The political dimension refers to the way the energy is produced, provided and
distributed. Gender differences can be integrated via the reconciliation and
convention of diverse interests, energy forms and uses and supply mix.
 The economic dimension is related to the potential financial resources and
instruments as well as pricing policies that need to be analysed so as to identify the
dispersed impacts between genders, while can reflect the income gap between men
and women.
 The environmental dimension of energy policy involves the dissimilar way in which
energy production and use can affect female and male health [7, 8].
 Finally, the social dimension relates to the equality between genders and various
social groups and the even accessibility to energy facilities and services (from house
smokeless technologies for heating and cooking to appropriate street lighting for
safety reasons).
Taking these under consideration, a growing attention is being drawn to issues of energy
within the international community, expressed at several initiatives at global, international and
national level. E.g.: (a) the UN designated the year 2012 as “International Year for Sustainable
Energy for All”, (b) the “Sustainable Energy for All Initiative” (SE4ALL) [9] was launched aiming
to double the global rate of improvement in energy efficiency, and double the share of renewable
energy in the global energy mix by 2030, (c) the High-Level Thematic Debate on Advancing
Gender Equality and Empowerment of Women and Girls for a Transformative Post-2015
Development Agenda was held on March 2015 [10].
In adopting a gender-aware approach, it is useful to begin with the identification and the
framing of the needs generated by the suitable authorities along with the consultation from key
stakeholders and partners. Capacity building and skills development are required to broaden the
participation of women at all levels of energy policy making, planning and project development and
encourage women into leadership roles [11]. On the path to female leadership, aspiration needs to
be raised through wider choices, experiences. The acquisition of new skills can reinforce the
capability to outline the community problems and design appropriate schemes and solutions. The
implementation activities can involve the technical skills, such as marketing, managing energy
services and facilities or cultivate competence and gain experience about novel technologies and
how to organize them in an optimum way [12]. Least but not last, regarding policy changes [13]
capacity building involve the promotion of women in decision-making processes, the promotion to
leadership roles, and scaling up actions to ensure the economic empowerment of women (Table 2).
Table 1 The gendered energy policy
Dimension
Access
Availability

Affordability

Safety

Political

Tools to
provide a
selection of
energy forms
for household
use
Tools to reflect
women’s
income in the
cost of fuels
Regulations
for saving

Economic

Environment

Society

Actions to
stimulate
suppliers to
enter the
market

Support of
RES and
clean
technologies

Equal access to
energy services
and senior
decision making

Pricing policies
to reflect
women’s
income
Pricing policies
to foster the

Tools to
promote the
turn to RES

Reduced energy
bills for
households

Promotion of
RES and

Support of
society
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equipments

turn to safer
fuels

clean energy
technologies

prosperity and
personal safety

Table 2 Capacity building needs in gender mainstreaming

Target Group
Policy makers

Energy experts

Communities

3

Capacity building needs

Tools

Willingness and
determination to
strengthen women’s
leading roles in
organizations
Awareness of gender
dimension in research and
innovation
More efficient urban
planning, with less spent
on energy and
maintenance costs
Support the participation
of women in open
processes for the social
benefit

Interaction with gender
experts and researchers

Interaction with gender
experts and sustainable
policy makers

Interaction with gender
experts

GENDER STATISTICS

One of critical gaps in the energy sector that hinders progress on gender equality and
women’s empowerment is the absence of available monitoring data. This information can be
analysed and evaluated so as to establish the proper frameworks for gender issues within
organisations and structures. Thus, a collection of data on gender can be combined aiming to enable
the gender mainstreaming activities and the efforts serving as gender focal points to be fully
effective.
Due to the lack of data on energy, it is still interesting to present some gender statistics
generated by the European Institute for Gender Equality (EIGE) and the World Bank database.
EIGE [14], established to contribute to and strengthen the promotion of gender equality,
including gender mainstreaming in all EU policies, has established the Gender Equality Index
(GEI), build around built around six core domains - work, money, knowledge, time, power and
health and two satellite domains: violence against women and intersecting inequalities. The EU
average GEI, as presented in Figure 1, is slightly improved for the period 2005-2012. However, in
both Greece and Cyprus, the index remains significantly below the European value. In Greece,
while GEI showed a peak in 2010, it declined further in 2012, associated with the deprivation and
the continuing economic crisis. On the other hand, Cyprus’ GEI exhibits a gradual rise, despite the
unfavourable economic conditions. Figure 2 presents women’s political power that is measured by
indicators that examine representation in ministries, parliaments and regional assemblies. Similarly,
Figure 3 presents the economic power that focuses on the share of women and men on the boards of
the largest quoted national companies, in conjunction with the share of women and men in all key
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decision-making bodies in central banks across Member States. Both indices are quite below the
European average values for Greece and Cyprus. In Greece, the political power has also decreased
in 2012, followed by a peak in 2010. At the same time, in Cyprus, women’s political power
increased dramatically compared to 2005. Though, one should point out that women are still
severely under-presented when it comes to the economic power, a domain that is slightly better in
Greece.
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Figure 1: The Gender Equality Index evolution in Greece and Cyprus for the period 2005-2012
(compared to the EU mean value)
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Figure 2: The political power of women in Greece and Cyprus for the period 2005-2012 compared
to the European mean value
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Figure 3: The economic power of women in Greece and Cyprus for the period 2005-2012 compared
to the European mean value
The low proportion of female in leading positions in Cyprus is verified by the World Data
Bank [15] indicator presenting the proportion of female legislators, senior officers and managers
(Figure 4). Regarding Greece, the indicator shows a good level that is even comparable to Denmark,
a member state with the optimum gender equality indices. However, a steep decrease in 2010
reflects the negative impact of economic crisis in female employment. The same conclusion is
clearly exhibited in Figure 5 showing the huge difference between female and male part time
employment indicator that refers to regular employment in which working time is substantially less
than normal in both Greece and Cyprus. In addition a rising trend of part time employment schemes
is recorded for both genders and both countries.
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Figure 4: The share of female legislators, senior officials and managers in Greece, Denmark,
Germany and Cyprus for the period 1999-2011
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Figure 5: Part time employment (female and male) in Greece and Cyprus for the period 1999-2014
4

CONCLUSIONS

In terms of climate change, mitigation measures and energy, successful long-term action plans
to promote RES and the transition to low carbon resilient development can only be established on
the actions of both genders through their manifold roles as social and economic decision-makers in
households, businesses and communities. As efforts on emissions reduction and establishment of
innovative financial mechanisms and sustainable financing are discussed, all involved parts need to
recognise and account for the gender and other equity dimensions of environmental and energy
policies. A striking approach, to both adaptation and mitigation, is the integration of a gender
climate and energy risk and assessment framework that can help to clearly identify the risks that
global warming poses for women’s social and economic situation and will provide the appropriate
clarity so as the possible threats can be effectively addressed [16].
Moreover, lifestyle, habits, personal choices and responsibility are also worth taken under
consideration and such an investigation can also enhance the comparison of results across future
studies and strategies. In future, it also would seem desirable to analyse and compare variables, such
as environmental education, gender awareness, infrastructures to support environment practices,
budgeting and courses. For authorities, stakeholders and policy makers, training can support and
promote competence and knowledge gaining, in order to change citizens’ energy related behaviour
and preferences.
The baseline information collected and presented in the previous section, even though it is not
directly related to energy, points out the need for more detailed research and quantitative data
focused in energy issues and projects, as Kassinis et al. also suggest [17]. From household to more
advanced update of the energy field of planning and design can and must contribute to and monitor
energy access to the energy poor, including women and relatively disadvantaged social groups
The development and monitoring of gender-oriented and socially inclusive indicators can
inform and update the planning and design of future actions promoting the gender mainstreaming in
the field of energy, as well as contribute to and monitor energy access to the energy poor, including
women and relatively disadvantaged social groups, energy use and habits [18]. Detailed information
regarding gender roles becomes more apparent through case studies and qualitative studies that look
at the generation and use of energy and how it affects the different roles of men and women.
As poverty is documented as a multi-dimensional concept that encompasses the notion of
inequalities in access to and control over resources including rights, political voice, employment,
information, and natural resources, one has to address gender inequalities [4]. The support and
training of women on the use, development, production and marketing of low-carbon energy
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technologies, along with the opportunities to share that knowledge with other women, can ensure
the achievement of development goals like energy poverty reduction and environmental
sustainability.
A step forward, specific targets need to be established for women’s participation in projects
and programs designed to expand RES use and energy access. Towards the same direction
initiatives committed on capacity building for women on RES business and the adoption of proper
financing mechanisms can enhance the engagement of more women in the energy field and commit
energy experts to apply a gender analysis in the development of climate and energy policies and
projects.
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