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Welcome address by the Conference Chairman
Dear colleagues and friends,
It gives me great pleasure to welcome you to the 6th International Conference on Renewable Energy Sources and Energy Efficiency - New Challenges. To our eminent speakers
and all participants, I am greatly honored and pleased to welcome you to Nicosia. We are
indeed honored to have you here with us.
Following the success of the previous five conferences, this biannual event, organised by
the Cyprus Chamber of Commerce and Industry (CCCI), returns this year with an impressive list of plenary presentations by prominent speakers, a great number of peer-review
selected scientific papers, and a number of new events addressing the scientific and research community and
students as well as the business professionals. The 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 oil and natural gas reserves.
The theme that we have chosen for this conference is as much local, as it is global. Many synergies exist between
renewables and energy efficiency in both technical and policy contexts. Institutions such as the International
Renewable Energy Agency (IRENA) and the International Energy Agency (IEA) are working with policy makers
and businesses to better understand the synergies and trade-offs of these two important tools and how to
adapt policies to optimise impact.
Major challenges still have to be faced. Despite the significant increase in renewable energy deployment over
the past decade, propelled by the numerous drivers and players advancing renewables and efficiency and the
steady increase in support policies and targets, renewables are still far from fully integrated into the larger
energy system. I am sure that our distinguished speakers, during these two days, will tell us more about the
latest developments, and they will refer to success stories.
I would like to thank his Excellency the Minister of Energy, Commerce, Industry and Tourism of the Republic of
Cyprus, Mr Yiorgos Lakkotrypis, for kindly accepting to put the conference under his auspices. 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.
Last but not least, I want to thank Deloitte and the other sponsors for their support and valuable contribution
to our conference.
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 sincerely hope that this conference will help to raise awareness about critical energy issues of our time.
Once again, I am most grateful for your participation and support. I wish you a fruitful Conference ahead.
Prof. Ioannis M. Michaelides
Conference Chairman
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Welcome address by the Chairman
of the Scientific Committee
Dear Colleagues, Dear Friends,
on behalf of the Scientific Committee of the 6th International Conference on Renewable
Energy Sources and Energy Efficiency, 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 70 papers were received, reviewed
and revised so that 52 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 from more than 13 countries, covering a wide
spectrum from state of the art renewable energy technologies to the energy efficiency of buildings and from
the elaboration and implementation of policies to meeting new challenges in the environmental and economic
field.
Furthermore, this year we are proud to introduce some new features:
• a session dedicated to presenting the research activities of Cyprus institutions and associations
• a poster and discussion session, where graduate students can present their work and receive feedback from
the visitors, and
• a “Meet the Editors’ workshop, where 3 Editors of established journals will provide guidance to PhD students
and less experienced researchers, on how to prepare quality submissions.
I am confident that in addition to actively listening to the interesting presentations and participating in the
workshops, there will be ample opportunities of exchanging our views and discussing ideas for future projects
and co-operation.
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

3

Table of Contents
Conference Committees

8

Keynote Speakers

9

Conference Program

14

Conference Proceedings

23

24
25
33
42
53
63
73

81
82
94
104
114
127
139
149
150

4

Managing Household Electricity Consumption: a Correlational Analysis, Andreas Efstathiades,
George Papageorgiou and Maria Poulou
Energy and environmental optimization of Airport’s operation
Papadopoulos

, E. Giama, S. Golema and A.M.

160

169

Comparative Analysis of Air-to-Water Heat Pumps Performances – Seasonal Performance for
Heating of Domestic Heat Pumps in the Greek Climate, Georgios A. Mouzeviris, Konstantinos T.
Papakostas

179

CFD Simulations and on-site measurements of urban microclimate in a real compact urban area,
N. Antoniou, H. Montazeri, M.K -A Neophytou and B.J.E Blocken

194

The first CasaClima House in Greece, at the island of Aegina, Attica, Mitropoulos, S. Chadiarakou,
T. Tountas

199

Biomass & Biofuels

212

Preliminary investigation on the solar pyrolysis of waste biomass: the reactor concept, Z.Kaczor,
S. Sobek, S. Werle, Z. Buliński and Ł. Ziółkowski

213

Pilot Evaluation of a Novel Anaerobic Fermentation Process for the Production of Digestate with
Low Ammonia Content, P. Photiou, M. Kallis, V. Konstantinidis, K. Andreou, G. Fabbri, M. Negre,
W. Boero, E. Montoneri, M. Koutinas and I. Vyrides

223

Energy and Environmental Assessment of Pellets Produced from Solid Residues of the Winery
Industry, Erman Dolmacı, Paris A. Fokaides

230

Combustion simulations of different hydrocarbon content natural gas in constant volume
chamber and direct-injection spark-ignition internal combustion engine, C.A. Chasos, N.I.
Loizou, J.A. Vasiliou, G.N. Karagiorgis and C.N. Christodoulou

239

On the Combustion of Premixed Gasoline - Natural Gas Dual Fuel Blends in an Optical SI
engine, Sotiris Petrakides, Daniel Butcher, Antonios Pezouvanis, Rui Chen

250

Metal Hydride Compressor (MHC) for Hydrogen Compression to Pressures of more than
300bar, Chris N. Christodoulou, G. N. Karagiorgis, G. Tzamalis, D. P. Hadjipetrou, K. G. Deligiannis,
M. Odysseos, F. Peru, Christina C. Christodoulou, M. Senholdt, V. Analytis1, E. Stamat akis and A.
Stubos

265

RES Systems

275

Mechanical strength of fibers reinforced matrices of molten carbonate fuel cell, Jarosław
Milewski, Arkadiusz Szczęśniak, Łukasz Szabłowski, Olaf Dybiński, and Robert Baron

276

5

286

295
305
314
323

333
343
355
366
367
376
386

405
406
414

425
434

6

Strategies for operating solid oxide electrolyzers as a part of grid balancing systems in reference
markets , J. Kupecki

443

Pilot Implementation of Time-of-Use tariffs: Results and Lessons Learned, Venizelos Venizelou,
George Makrides, Venizelos Efthymiou and George E. Georghiou

452

Energy policies

460

Renewable Energy Sources in SE Europe: Challenges and Lessons to be Learned , C.Stambolis,
D. Mezartasoglou

461

An Overview of Energy Poverty - Policies and Measures in Cyprus, Kyprianou, D.K. Serghides
and S. Dimitriou

470

Classification of EU countries in terms of energy efficiency indicators , A.V.Orlov, S.F. Sergeev

479

Cyprus System of Guarantees of Origin, Dr. Michalis Syrimis

489

Environmental management systems as tools to address climate change: the case of Cyprus,
T.Slini and N. Moussiopoulos

497

7

1-2NOVEMBER2018

6th International Conference on
Renewable Energy Sources
& Energy Efficiency

Executive Organising Committee
Chairman:			
Co-Chairmen: 			
				
Conference Coordinator:

Prof. Ioannis Michaelides		
Prof. George Georgiou, University of Cyprus
Prof. Theodoros Zachariadis, Cyprus University of Technology
Mr. Andreas Andreou, Cyprus Chamber of Commerce and Industry

Members:
• Mr. George Partasides		
• Mr. Christos Maxoulis		
• Dr. Nestor Fylaktos		
• Prof. Theocharis Tsoutsos
• Mr. Nicos Kyriakides		
• Dr. Constantinos Rouvas
• Mr. Panayiotis Keliris		
• Prof. Michalis Komodromos
• Dr. Michalis Syrimis 		

Ministry of Energy Commerce Industry and Tourism, Energy Service
Cyprus Scientific and Technical Chamber
The Cyprus Institute
Technical University of Crete, Greece
Deloitte
Electricity Authority of Cyprus
Cyprus Energy Regulatory Authority
Frederick University
Transmission System Operator, Cyprus

Scientific Committee
Chairman: 			
Members:
• Prof. Aristides Bonanos
• Dr. Alexandros Charalambides
• Prof. Stelios Choulis		
• Prof. Chris Christodoulou
• Prof. Danae Diakoulaki		
• Prof. Haris Doukas 		
• Dr. Vasiliki Drosou		
• Dr. Polyvios Eleftheriou
• Dr. Flourentzos Flourentzou
• Dr. Paris Fokaides		
• Mr. Avraam Georgiou		
• Dr. Harry Kambezidis		
• Prof. George Karagiorgis
• Dr. Athanasios Kolios		
• Prof. Elias Kyriakides		
• Prof. Isaac Meir		
• Prof. Marina Neophytou
• Prof. Sandro Nizetic 		
• Prof. George Papadakis
• Prof. Konstantinos Papakostas
• Prof. Lina Seduikyte		
• Prof. Despina Serghides
• Prof. Theodoros Theodosiou
• Prof. Maja Todorovic 		
• Prof. Antonis Tourlidakis
• Prof. George Tsilingiridis
• Prof. Derek Wilson		

Prof Agis Papadopoulos, Aristotle University of Thessaloniki
The Cyprus Institute, Cyprus
Cyprus University of Technology, Cyprus
Cyprus University of Technology, Cyprus
Frederick University, Cyprus
National Technical University of Athens, Greece
National Technical University of Athens, Greece
Centre for Renewable Energy Sources, Greece
Cyprus University of Technology, Cyprus
Estia SA, Switzerland
Frederick University, Cyprus
Cyprus University of Technology, Cyprus
National Observatory of Athens, Greece
Frederick University, Cyprus
Cranfield University, UK
University of Cyprus, Cyprus
Ben Gurion University of the Nagev, Israel
University of Cyprus, Cyprus
University of Split, Croatia
Agricultural University of Athens, Greece
Aristotle University of Thessaloniki, Greece
Kaunas University of Technology, Lithuania
The Cyprus Institute, Cyprus
Aristotle University of Thessaloniki, Greece
University of Belgrade, Serbia
University of Western Macedonia, Greece
Aristotle University of Thessaloniki, Greece
Institution of Engineering and Technology, UK

Advisory Committee
• Prof. Costas N. Papanicolas
• Prof. Matheos Santamouris
• Dr. Andreas Poullikkas
• Prof. Evangelos Dialinas
• Dr .Venizelos Efthymiou

President, The Cyprus Institute, Cyprus
University of New South Wales, Australia
Chairman, Cyprus Energy Regulatory Authority, Cyprus
National Technical University of Athens, Greece
Chairman, FOSS Research Centre for Sustainable Energy, University of Cyprus
8
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Agis Papadopoulos is a Mechanical Engineer with an MSc in Energy Conservation and a PhD on solar systems. Since 1998 he is Professor at the Department of
Mechanical Engineering of the Aristotle University Thessaloniki, Greece.
Main research interests lie in the fields of (a) Energy efficiency and integration of
RES technologies in the built environment, (b) Εnergy conservation technologies
and materials and (c) Policies and regulatory issues on energy efficiency and RES.

Prof. Dr. Agis
M. Papadopoulos
Director, Process Equipment
Design Laboratory
Department of Mechanical
Engineering
Aristotle University
Thessaloniki, Greece

He has coordinated more than 65 national and international research projects
and authored or co-authored more than 110 journal and 270 conference papers.
He is Editor-in-Chief of the International Journal of Sustainable Energy and visiting
professor at the Technical University of Hamburg, Germany.
He was member of the Hellenic Regulatory Authority of Energy and Vice-Chairman
of the Governing Board of the Open University of Cyprus.

Keynote title:
Thermal comfort in Zero Energy
Buildings: State of the art and
prospects

Dr. Andreas Poullikkas holds a Bachelor of Engineering (B.Eng.) degree in mechanical engineering, a Master of Philosophy (M.Phil.) degree in nuclear safety and
turbomachinery, a Doctor of Philosophy (Ph.D.) degree in numerical analysis and
a Doctor of Technology (D.Tech.) higher doctorate degree in energy policy and
energy systems optimization from Loughborough University, U.K. He is a Fellow
of the Institution of Engineering and Technology (FIET).

Dr. Andreas Poullikkas
Cyprus Energy Regulatory
Authority Chairman, Cyprus
Keynote title:
Development of energy
strategies for sustainable future

He is currently the Chairman of the Cyprus Energy Regulatory Authority (CERA)
and the Chairman of the Cyprus Energy Strategy Council (both appointments by
the President of Cyprus). In his professional career he has worked for academic
institutions and for the industry, such as, a Visiting Faculty at Harvard University,
USA, the Cyprus University of Technology (Professor of Power Systems and Chair of
the Department of Electrical Engineering) and the Electricity Authority of Cyprus
(founder and director of the Research and Development Department). He is the
Associate Editor of the Journal of Power Technologies, member of the Editorial
Board of the journal Sustainable Energy Technologies and Assessments and the
author of various peer-reviewed publications in scientific journals, book chapters,
conference proceedings and the author of eight books.
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Avi Feldman, CEO, Green Future Technologies Chairman, IATI Cleantech Committee
Avi is the CEO of Green Future Technologies, a green energy & smart transporIncubation & VC executive, has over 20 years of experience in innovation, business development, venture capital, and international cooperation. Avi Brings
expertise in scouting, investment & portfolio management with strong focus on
early stage technologies.Formerly, Avi was the CEO of Capital Nature, a leading

Avi Feldman, CEO, Green Future Technologies
Mr. Avi Feldman
stage ventures, as well as academic research in the emerging Green Energy in
Chairman,
IATI Cleantech
CEO, Green Future
TechnologiesCommittee

Israel - renewable energy generation and management, IoT & Smart Grid, energy
storage, fuel alternatives, smart cities and electric transportation. Capital nature
Avi is the CEO of Green FuturehasTechnologies,
green
energy & since
smart
transportation
invested in moreathan
18 technologies
its inception,
and Avi serves in
investment firm that is focused on
ventures.
Avi, aNature
seasoned
Incubation
VC of Israel to
theearly
boardstage
of many
of them.Capital
was chartered
by the&State
executive, has over 20 years of operate
experience
in innovation,
business
development,
venture
the Israeli
National Renewable
Energy
Technological
Center.
Joining
in 2012,
Avi brought
extensive &
experience
capital, and international cooperation.
AviCapital
BringsNature
expertise
in scouting,
investment
portfolio managing
funding
in the public sector, and vast experience in leadership of
management with strong focus onand
early
stageprograms
technologies.
entrepreneurship and startup projects.
Formerly, Avi was the CEO of Capital
Nature,
a leading
investment
firmofinthe
Israel
focused
on
Previously,
Avi was
the Founder
and Director
Regional
Development
Center
incubating, funding and accelerating
early
stage
ventures,
as
well
as
academic
research
inCommittee.
at the Ministry of Economy and delegate to the OECD LEED Executive
the emerging Green Energy in Israel
- renewable
generation
and management,
IoTGovernmental
&
Avi served
as Legalenergy
Advisor to
the Chief Scientist
and director at the
Capital
Smart Grid, energy storage, fuel alternatives,
electric
transportation.
Start-Up Fundsmart
and thecities
Israeliand
Industry
Center
for R&D.
nature has invested in more than Avi
18holds
technologies
since
its
inception,
and
Avi
serves
the from Syraa LL.M. from The Hebrew University of Jerusalem andinEMPA
board of many of them.
cuse University, NY.
Chairman, IATI Cleantech Committee

Capital Nature was chartered by the State of Israel to operate the Israeli National
Renewable Energy Technological Center.
Overbrought
35 years experience
the oil & gas sector
in senior
management
Joining Capital Nature in 2012, Avi
extensiveinexperience
managing
and
funding positions.
Currently
CEO of e-CNHC
Cyprus Natural
Hydrocarbons Company
programs in the public sector, and
vast experience
in (E-C
leadership
of entrepreneurship
and Ltd), providing
management
and
advisory
services
in
the
oil
&
gas
and
energy
sectors in
startup projects.
Cyprus and the region. A lot needs to be done and the aim of the company is to

Previously, Avi was the Founder contribute
and Director
the Regional
Development
Center
atfuture
the of Cyprus.
to theof
successful
development
of these sectors
for the
Ministry of Economy and delegate to the OECD LEED Executive Committee. Avi served as
Legal Advisor to the Chief Scientist
and
director
atofthe
Governmental
Start-Up
Fund and Cyprus
the governPrior
to this,
as CEO
KRETYK
I was responsible
for implementing
Israeli Industry Center for R&D. ment’s strategy for the development of its hydrocarbons sector.
Avi
holds aEllinas
LL.M. from The Hebrew
University
and MacDonald
EMPA from
Until
2012 I wasofaJerusalem
Director of Mott
forSyracuse
25 years and the Managing
Dr. Charles
University,
NY.
Director of Mott MacDonald’s Oil, Gas & Petrochemicals business world-wide.
E-C Natural Hydrocarbons
Company Ltd (eCNHC), UK

Keynote title:
Energy Transition and its impact
on East Med and the wider region

09-8357928 . פקס09-7715230 : טלפון4171 .ד. ת,46766 , הרצליה פיתוח,(E  (בניין89 רחוב מדינת היהודים

89 Medinat Hayehudim st. (building E), Herzliya, 46 766, PO Box 4171 Phone: +972-9-7715230 Fax. +972-9-8357928

www.capitalnature.com
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Dr. Constantinos Varnavas has earned his PhD degree in Mechanical Engineering
from the University of Illinois at Urbana-Champaign in 1994.
After his return to Cyprus, he worked for a year at the Frederick Institute of Technology.

Dr. Constantinos Varnavas
Assistant Manager,
Cyprus Transmission
System Operator, Cyprus
Keynote title:
Integration of renewable energies
into the electricity market

In 1995, he was employed by the Electricity Authority of Cyprus where he worked
as a power station engineer and as an assistant manager for EAC Generation. In
2013 he was assigned to the Transmission System Operator of Cyprus to work in
the project of the re-design of electricity market. In this project, he had a leading
role in the drafting and approval of the new Electricity Market Trading and Settlement Rules for Cyprus and the implementation of the transitory arrangements
of the electricity market.
His expertise lies in the areas of optimized generation scheduling, demand forecasting, e-RES penetration and electricity markets. Dr. Varnavas has delivered
numerous lectures on the Cyprus electricity market and RES participation in the
electricity market.

Dr. Diego-César Alarcón-Padilla has a PhD from the University of La Laguna and
a degree in Physics by the University of Granada.
Since 1994 his research activity is linked to the Plataforma Solar de Almería
solar radiation for electricity production.
From 2001, it belongs to the Solar Desalination Unit (from which he is the current responsible), focusing his activity in the research of the use of solar thermal
energy in brackish and seawater desalination.
Dr. Diego-César
Alarcón-Padilla
CIEMAT-Plataforma Solar de
Almeria, Spain
Keynote title:
Solar desalination:
A review of the current available
technologies and their economic
feasibility

He has participated in several research and development projects, at national
and international level. He is co-author of three books and four chapter books,
co-author of more than 59 publications in peer-reviewed international journals,
10 publications in technical magazines, and more than 85 contributions to international and national conferences.
He has also participated as teacher in several courses related to water treatment
and solar energy. He is the current Operating Agent of IEA SolarPACES Task VI
(Solar Energy and Water Processes and Applications).
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Financial Advisory Services of Deloitte Cyprus. He has extensive experience
of more than 34 years in Audit, Corporate Finance, Business Consulting and
International Tax planning.

Mr.Nicos S.Kyriakides
Partner, Head of
Financial Advisory Services
Deloitte Cyprus
Keynote title:
Renewable energy framework in
Cyprus and innovative solutions

Nicos has acted as the Audit Engagement and Advisory Partner for a large
number of audit clients (private and publicly listed companies), local and
international business enterprises, in many industries including Hotels &
Leisure, Banking and Insurance, Construction and Real Estate Development, Retailers, Investment & Finance, Shipping and Ship-management
and Renewable Energy.
He has led a large number of Consultancy and Financial Advisory proAcquisitions, Reorganisations of Groups of companies, Capital and Debt
Restructurings, Valuations, Business Plans and Feasibility Studies / Financial
on Stock Exchanges in Cyprus and abroad.
in Cyprus and abroad, while he has participated in advisory projects for the
Plants.

ogy Dialogue at International Renewable Energy Agency (IRENA).

-

Before Roland became in October 2010 a Professor for Energy Economics
he worked for 15 years in the Oil&Gas and Utilities Industry for Shell and
E.ON in his last position as General Manager Power at Shell and for E.ON
as Head of Division, Project Leader, Project Executiveand Technical Project
Developer.
Dr. Roland Roesch
International Renewable Energy
Agency (IRENA)
Keynote title:
New pathways for the
acceleration of the global
transition to a sustainable
future based on innovative
renewable energy options

Before he joined E.ON he worked as Energy Market Consultant for Lahmeyer
International and as researcher for renewable energies. Roland has solid
business experience in energy markets, energy economics and energy
strategies, renewable integration management, energy project developHe currently leads amongst other the IRENA Renewable Energy Project
Development Guideline initiativeknown as IRENA Project Navigator and
IRENAswork related to Renewable Energy Technology Innovation.
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Zeger Vroon (1967) studied Chemistry at University of Utrecht.
transport properties of zeolite MFI membranes.
Since 1995 he works at TNO on inorganic and hybrid coatings for solar and nuclear
energy.

Dr. Zeger Vroon
Zuyd University of Applied Sciences
Keynote title:
Τhe Netherlands: Building
Integrated PhotoVoltaics (BIPV)

In 2010 he became lector at Zuyd University on Sustainable Energy in the Built
Environment.
He joined the Brightlands Materials Center in 2015. He was active in the EU projects
Envision, Co-Pilot, Smart Windows and CATO as senior scientist and WP-leader.

Mr. Vlasov is the CEO of Watts Battery Ltd, a smart and portable energy
storage lithium ion power module. He has 10 years experience in corporate
He holds a Master of Business Administration (MBA) in international business
from Moscow School of Management SKOLKOVO, a degree in corporate
State University.
Mr. Yuriy Vlasov

Founder/CEO Greentech
Entrepreneur
Watts Battery Ltd

Before the development of Watts Battery, Mr. Vlasov developed the ECO
project (2005) which related to the utilisation and recycling of used tires
France (2003-2004).

Keynote title:
The development of Watts Battery
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PROGRAMME

Thursday
08:30-09:00

Registration

09:00-09:30

Opening Ceremony

Chair: Mr. Leonidas Paschalides

Room B108

Welcome address by the President of the Cyprus Chamber of Commerce and industry,
Mr. Christodoulos Angastiniotis
Conference scope and objectives by the Conference Chairman, Prof. Ioannis Michaelides
Opening address by HE the Minister of Energy, Commerce, Industry and Tourism, Mr. Yiorgos Lakkotrypis
09:30-11:00

Plenary session 1

Chair: Prof. G.H.Georghiou - Mr. G.Partasidis

Room B108

Dr. Charles Ellinas, E-C Natural Hydrocarbons Company Ltd (eCNHC), UK: Energy Transition and its
impact on East Med and the wider region
Dr Andreas Poullikkas, Cyprus Energy Regulatory Authority Chairman, Cyprus: Development of energy
strategies for sustainable future
Dr. Zeger Vroon, Zuyd University of Applied Sciences, Τhe Netherlands: Building Integrated
PhotoVoltaics (BIPV)
11:00-11:15
11:15-13:00

Session A1: Deloitte Session Chairman: Mr. Nicos Kyriakides

Room B108

Renewable energy, innovating for tomorrow

13:00-14:00

N. Kyriakides

Renewable energy framework in Cyprus and innovative solutions

A. Feldman

Promoting novel technologies in Israel – policy and investments ecosystem

Y. Vlasov

The development of Watts Battery

V. Efthymiou

The EOS 50MW CSP project in Cyprus for 24-hour solar energy

M. Georgiou

Concentrated Solar Power for the Co-generation of Electricity and Desalinated Water:
The PROTEAS Experiments

Discussion:

A panel discussion to be moderated by Mr. Nicos Kyriakides will follow with the
participation of the above presenters and Dr. Andreas Poullikas.

Lunch break
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Thursday

6th International Conference on
Renewable Energy Sources
& Energy Efficiency

(Session A)							

				
		Session

A2

Chair: Prof.Th. Zachariadis – Prof.G.Karagiorgis		

Room B108

		Solar systems

Keynote

1828 S.Nizetic		
General effectiveness of the passive cooling techniques for siliceous
					based photovoltaic panels
		
		
1801 A.Demou		

Thermal modelling of solar air collectors

		
		
1848 A.Montenon
Theoretical study of a hybrid Fresnel collector to supply electricity
					and air-conditioning for buildings
		
		
1810 E.Kyriaki		
		
		
		
1844 G.Panaras		

Building integrated energy solutions for an indoor aquatic center

		
		
1866 K.Dermentzis

Electrochemical Treatment of Olive mill waste powered by Photovoltaic Solar Energy

16:00-16:15

Coffee break

16:15-18:00

Session A3

Phase Change Materials to increase storage in solar thermal systems for buildings

Chair: Dr.C.Rouvas - Dr.V.Efthymiou				

Room B108

		Energy policies in Cyprus

Keynote

C. Varnava		

Integration of renewable energies into the electricity market

		
		

C. Taliotis		
G. Partasides		

Cyprus National Draft Plan Reference Scenario – Pathways

		

N. Hadjinikolaou

Financing in Energy efficiency in buildings

		

Th. Zachariadis		

An Energy Efficiency Strategy for Cyprus up to 2030 and 2050

		
G. Partasides		
		
N. Fylaktos		
			
			
			
			

Indicative Projections based on existing policies and
measures for the low carbon development strategy to achieve the EU 2030 Targets
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Thursday
14:00-16:00

PROGRAMME
(Session B)

Session B2

Chair: Prof. M.Todorovic- Prof. D.Serghides

Room B109

Energy and Buildings 1
1875 D.Serghides

Nearly Zero Energy buildings to Smart Energy Buildings

1826 T.Bajc

Perception of Indoor Environment Conditions in Non-Residential
Buildings: A case study in Greece and Serbia

1827 P.Antoniadou

Interaction of Individual Characteristics on Occupants’ Comfort Perception in

1828 M.Kyprianou
Dracou

EPBD legislation in practice: Challenges regarding compliance and quality
of the works - The Cyprus case study

1808 C.Konstantinidou
1871 M.Englezou
18129 M. Aryblia

buildings in the Mediterranean climate of Greece
Assessment of natural lighting performance of typical in-patient rooms of
healthcare facilities in Cyprus
from the Trust EPC South H2020 initiative

16:00-16:15
16:15-18:00

Session B3

Chair: Prof.K.Papakostas - Mr. C.Maxoulis

Room B109

Energy and Buildings 2
18137 G.Kahwaji

Life Cycle Energy, Environmental Impact, and Cost Analysis of Eight Conventional/
Hybrid 1Cooling Systems in the United Arab Emirates

1845 A.Efstathiades

Managing Household Electricity Consumption; a Factor Analysis Study

1809 E.Giama

Energy and Environmental Performance of Airports’ Operation

18111 G.Mouzeviris

Comparative analysis of air-to-water heat pumps performances – seasonal per
formance for heating of domestic heat pumps in the Greek climate
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ABSTRACT
Siliceous based photovoltaic (PV) technologies are currently the most present ones on the market,
with average energy conversion efficiency ranged from about 12% to 17%. Besides the relatively
high overall investment cost, as well as a modest increase in efficiency, one of the important
problems related to the Si-based PV technologies is its performance degradation caused by elevated
PV panel operating temperatures. Thus, in recent years different cooling strategies have been
developed in order to reduce the performance drop, i.e. to ensure improvement of the photovoltaic
energy conversion efficiency. According to the latest research findings the important benefit of the
cooling techniques for PVs is also an increase in the PV pane lifetime. This paper provides an
overview and a general analysis of the passive cooling strategies for PVs with respect to the
performance increase, i.e. their general effectiveness. The economic aspect of the passive cooling
techniques will also be addressed and discussed, with respect to the most viable passive cooling
options from the practical point of the view.
1

INTRODUCTION

It is more than clear that global economies will experience necessary energy transition [1] in
order to achieve the main sustainability goals [2] and to reduce harmful impact of the population on
the environment, [3]. Photovoltaic (PV) technologies, [4] are crucial in order to achieve targeted
goals related to the renewable energy electricity generation where currently there is more than 400
GWp, installed capacities in the world, [5]. Furthermore, based on the estimations and forecasts the
overall growth in the PV capacities by 2050 is estimated to be more than 4000 GWp and mainly
concentrated in the China and India [6]. Therefore, the electricity generation from the PV systems
will have a crucial role in the overall electricity production and for the transition of the existing and
market available renewable energy technologies.
Currently the silicon based PV technologies are dominating the market with an overall share
of about 94%, [7] (Fraunhofer data from 2016) and primarily in the multicrystalline variant (about
70%), while rest are mono based silicon PV technologies. Other PV technologies such as Thin Film
(Cadmium Telluride, Amorphous Silicon or Copper, Indium, Gallium, Selenide (CIGS)) are less
represented on the market primarily due to lower efficiency when compared to the convectional SiPV technologies (and also due to some other general issues that are specific for mentioned
technologies).
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The main issues related to the market available Si-based PV technologies are related to the
relatively high overall investment cost, their rather modest overall energy conversion efficiency
(usually from 12% to 17%, [7]) and finally their performance drop (usually about 10% to 15%)
during the periods of the elevated operating temperatures (60°C or more). Currently on the market
the oldest Si-based PV technologies are the most represented ones, and finally the most efficient
one when compared to the relatively novel PV technologies previously mentioned. Finally, it is also
reasonable to expect that in the upcoming decades, the Si-based PV technologies will continue to
dominate the global PV market. Novel and more efficient PV technologies are still in the phase of
the intense laboratory investigation and it will take some time to develop significantly efficient and
economic viable novel PV technologies that will be market ready, which will then finally replace
Si-based PV technologies.
Improvement of the Si-based PV technologies can be directed to the efficiency improvement
by application of the different cooling strategies, i.e. cooling techniques that can be divided in
general on the passive, [8] and active cooling techniques, [9]. Typical efficiency degradation for Sibased PV technologies usually equals between 0.4 %/°C to 0.6 %/°C, whereby the most sensitive
ones are the most widespread Si-poly technologies. An issue with the PV panel overheating is
related to the relatively weak heat rejection from the PV panel over the backside surface, since the
usually applied PVF layer (Polyvinyl Fluoride Film) has got weak heat conductivity coefficient
which causes heat accumulation between the silicon and PVF layer. On the other side, silicon layer
has got high the high thermal conductivity coefficient and absorbs large amount of the received
solar irradiation. The final, effect is weak heat transfer from the backside surface of the PV panel,
and by that directly reduced efficiency of the PV energy conversion, which is especially noticeable
in the climate regions with high solar irradiation levels and high average air temperatures. On the
other side different, PV panel operating conditions can significantly contribute to the efficiency
improvement or even degradation, [10]. The heat is being rejected from the PV panel by heat
convection and heat radiation where surrounding circumstances has got an important role on the
ratio between the heat rejected by convection and heat rejected by thermal radiation.
Apart from the favourable effect related to the efficiency improvement of the photovoltaic Sibased technologies, an important side effect of the PV panel cooling is also a possible increase in
the PV panel lifetime. Namely, according to the recent studies it is estimated that by application of
the phase change materials (PCM) for PV-PCM cooling, the lifetime of the PV panel can be
extended to more than 40 years,[11], primarily due to reduction of the hot-spot effect. In any case,
the effect of the cooling on the extension of the PV panel lifetime needs to be further investigated
and also evaluated for the different cooling strategies. Furthermore, some cooling techniques are
considering cooling of the PV panel over the front PV panel surfaces [12,13] and this can contribute
to solving the issue with accumulated dirt, and the thereby reduced electricity production, which can
in extremis reduce overall electricity production by up to 20%.
Passive cooling techniques are especially interesting from the economic point of view, since
they don’t introduce additional operational costs, compared for instance to the active cooling
techniques; on the contrary operational costs can even benefit of the specific cooling techniques on
the overall PV panel performance. One of the main issues related to the general research of the
cooling strategies for PV panels, is a fact that the majority of the conducted research studies were
not dealing with the economic and environmental aspects of the proposed cooling options.
Previously mentioned aspects are crucial ones, so that one can be able to assess the suitability of the
specific considered cooling technique.
The main objective of this paper is to analyse and to discuss passive cooling options for
silicon based photovoltaic panels (an overview), where final goal was to check the effective
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(realistic) range of the efficiency improvement, as well as to discuss applicability of the potential
passive cooling techniques both from technical as well as general economic point of the view.
2

PASSIVE COOLING METHODS

2.1. PV-PCM cooling systems
Application of the PCM materials in the PV-PCM cooling systems was widely investigated
for different cooling configurations. The main issue related to the application of the PCM is to
ensure the efficient thermal management of the PCM layer. Namely, the application of the PCM
layer has got a short term favourable effect, but in the long term this is questionable and usually
causes issues with the thermal management. Different PCM materials have been considered for PVPCM cooling configurations: they can be organic, inorganic, eutectic, etc. For the majority of PVPCM applications the density of PCM materials ranges from 700 kg/m3 to 1400 kg/m3 (depending if
solid or liquid), heat capacity from 1.4 kJ/kg to 2.0 kJ/kg, latent heat of fusion from 150 kJ/kg to
250 kJ/kg and thermal conductivity from 0.2 W/mK to 0.6 W/mK. The more expensive PCM
materials will have the higher magnitude of the latent heat of the fusion and higher temperature
melting range in general. Melting temperatures usually range from about 20°C to 43°C, depending
on the specific type of the PCM material. One of the critical issues related to the application of the
PCM material is also an economic aspect, since an average price of the usually used PCM materials
is about 5.0 €/kg, [11] which is rather expensive compared to the usually gained benefit in the
performance that would be discussed later.
In the majority of the cases, the PV-PCM system was obtained by application of the PCM
material on the backside surface of the PV panel, [14,15]. Furthermore, to enhance the heat transfer
in the PCM layer, different types of metal fins have been added, as they are depicted in Fig. 1 (case
of the building integrated photovoltaics (BIPV), [11,16]).

Fig. 1 The case of the PV-PCM cooled system for building applications, [16]
In the examined case studies, the thickness of the PCM layer was usually selected based on an
estimate, without theoretically optimizing the PCM layer, which is a critical issue to maximize the
efficiency improvement. One of the issues also related to the application of the PCM materials is
the overall weight of the PCM layer, which could be a critical point for the free-standing PV
systems on the building rooftops, where there is a limited allowed rooftop overall weight load and
where wind-pressure effects can also be of importance. The degradation of the general PCM
properties could be also an issue on a long term base and more research effort is needed in that
direction.
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Recently, the application of nanoparticles (aluminium, copper, graphene, etc.) in the PCM
layer has been investigated, [17,18], and it was found that application of the nanoparticles will
reduce the peak temperature of the PCM layer and contribute to the efficiency improvement.
However, more intense research efforts are needed in order to investigate different types of the
nanoparticle materials, concentrations and finally overall performance benefit as well as their
economic viability. Investigation of the novel and more affordable PCM materials is also an aspect
that has to be considered in future research.
2.2 Application of the heat sinks
Application of the heat sinks is usually provided on the way that specific metal ribs are
mounted on the backside surface of the PV panel in order to enhance heat convection. One typical
configuration of that kind is presented in Fig. 3, where specific shape and configuration of the Alribs has been applied on the backside surface of the PV panel, [19]. For instance, the same
approach was applied on the single PV cell with different type of the ribs (different geometry), but
for the PV cell of the small nominal PV panel power output, [20].

Fig. 3 The case of the PV-PCM cooled system for building applications, [19]
In this kind of the cooling configurations the rib shape is extremely important to foster heat
rejection by means of convection, as well as the specific position of the rib on the backside PV
panel surface. In that sense, a fin optimization is necessary and very useful for specific applications
and general expected surrounding circumstances. The tight contact between the PVF layer (Tedlar®)
and rib is ensured by application of thermal conductive glue, usually with added particles like
copper dust, to improve thermal conductivity. The heat rejection from the metal ribs is usually the
most effective in the periods of the highest solar irradiation levels and especially in the periods of
intense wind activity; in that sense it works good under favourable circumstances that are boosting
heat rejected by convection. In the periods with lower solar irradiation levels, the ribs have a modest
contribution to improving the efficiency, especially when low wind speeds are prevailing. Thus, PV
panel cooling based on the use of ribs is an interesting option, however due to limited increase in
the performance and the cost of the ribs, more intense research efforts are needed to optimize the
material consumption and to increase effectiveness of the herein considered cooling technique.
2.3 Liquid submersion method
The main idea of the liquid submersion method is to flood the complete PV panel in a liquid
medium, thereby reducing its operating temperature. The first considered submersion techniques
was by means of water cooling [21,22], where the complete PV panel was submerged into the
water. It was found that reasonable performance improvement can be ensured, but it was also found
that improvement depends on the depth of the water layer. In any case the depth of the water layer
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should be between the 1 cm to 3 cm, to ensure the highest efficiency improvement and to avoid, in
that case, optical losses on the panel’s facade, as it can be seen in Fig. 4.

Fig. 4 The effect of the water layer depth on the efficiency, [21]
One of the important issues that was not analysed in the water based submersion studies is
potential water heating due to rejected heat in the case of the storage tanks of the constant capacity.
From practical point of the view water submersion method could be an issue, thus the more proper
would be an active cooling technique with allowed water circulation system. Beside the water other
liquids can be also used for the PV panel cooling such as de-ionized water (DI), isopropyl alcohol
(IPA), dimethyl silicon oil and ethyl acetate [22]. Other liquids are usually used in the cases of the
concentrating photovoltaic systems (CPV) due to high operating temperatures in the cases of the
different concentration levels, Fig. 5. In some cases, even nanofluids have been used in the PV
cooling configurations but in these cases usually an active cooling configuration is considered,
which is beyond the scope of this paper.

Fig. 5 The liquid submersion method in the case of the different liquids, [23]
2.4. Changing the architecture of the PV panel
Modification of the existing PV panel architecture is an interesting topic, since simple
modification in the architecture can ensure an increase in performance at a reasonable cost.
However, it needs to be taken into account that by changing the architecture of the PV panel,
changes in the production process become necessary, which can be critical for some specific
proposed solutions and which is, almost always, linked to higher costs. This specific cooling
approach is novel and there are just a few proposals. For instance, in the recent study [24] the
standard PV panel has perforated, and the holes are causing a more intense heat convection, and in
this way a more intense cooling of the PV panel. In the specific case, the peak operating PV panel
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temperature was reduced from about 70°C to 54°C, under the rather unfavourable climate
conditions of Cairo.

Fig. 6 Example of the modify architecture of the PV panel, [24].
Furthermore, the potential could be also to change the architecture of the Al-frame, i.e. to
investigate different novel materials as well as to modify shape (frame geometry) in general in order
to get performance improvement. Thus, it is more than clear that considered approach is highly
sensitive from the manufacturing point of the view but promising.
3

PERFORMANCE IMPROVEMENT AND ECONOMIC IMPLICATIONS

By analysing the achieved performance increase, when using PV-PCM passive based cooled
systems, than it a realistic increase from about 2% to 6% can be achieved, depending on the specific
climate conditions. These values are reasonable and actually quite similar to the results of previous
studies [25]. As the PCMs available on the market are rather expensive, it is more than realistic to
expect that the Levelized Cost of Energy (LCOE) of the PV-PCM system will be higher compared
to the one of reference PV panel, as for example this is given in study [9]. To achieve the economic
viability of the PV-PCM systems, a significant drop in the unit price of the PCM material must be
ensured and coupled with the more efficient design of the PV-PCM systems in general.
The liquid submersion methods are interesting, since a increase in performance of 10% to 15%
can realistically be expected, as it can be found for different liquid submersion studies reported in
[9]. With respect to the its feasibility, the water submersion method comes up with an LCOE that is
still higher than the one of the reference PV panel, but is on the border of viability, [9]. Regarding
liquids other than water, feasibility depends on the specific type of the liquid. Still, as water systems
are already critical from the economic point of view, it is very likely to expect that in the case of the
other liquids, those will result in a higher LCOE; the increased cost of other liquids cannot be offset
by their increased conductivity. Still, this has to be considered on a case by case base, keeping also
market development under consideration.
Passive cooling with the enabled heat sinks, in the form of the specific metal ribs has a realistic
potential to increase efficiency by about 2% to 5%, or even higher, depending on the specific fin
design and lay-out. For instance, in study [9] it was found that LCOE for the cooled PV panel with
Al-ribs can ensure LCOE lower than the LCOE of the reference PV panel. Thus, previous cooling
techniques are potential one, however further improvement and development should be provided in
order to ensure higher increase in the performance and more favourable LOCE.
The last considered cooling option, related to the architecture modification of the PV panel, was
not analysed since more research studies are needed in order to be able to get credible input data to
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be able to check general economic and performance aspect (however it is very likely that economic
potential exists for sure).
4

CONCLUSIONS

This paper discusses passive cooling techniques for photovoltaics as an efficient and effective
tool to reduce PV panel operating temperatures and in that way to increase the PV systems’
performance. Furthermore, a second benefit of the cooling is the one related to the expected
extension of the PV panel’s lifetime. From the conducted analysis it is clear, that passive cooling
techniques have the potential to become interesting options, since an improvement in the
performance from few percentiles to about 15% can be achieved, depending on the specific cooling
configuration.
When analysing the economic aspect, the most promising cooling techniques are those with
fins applied on the backside surface of the PV panel, as well as techniques that are based on a
change of the PV panel’s architecture, based on existing PV technologies that are available on the
market. The unit cost of the PV panels with passive cooling techniques is clearly higher than that of
conventional systems, making the feasibility of the former a critical issue. Still, silicon based PV
technologies are expected to keep dominating the market in the foreseeable future and any
development that can increase their efficiency has to be considered. Therefore, cooling techniques
are for sure interesting, as they can contribute to increasing both the efficiency and the life
expectation of PV panel, and further research is needed to make those techniques more costeffective and hence feasible.
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ABSTRACT
A solar air collector (SAC) is a direct gain passive solar system that can contribute to the
heating of any building with a solar-facing wall. In its simplest form (shown in Figure 1a), a SAC
consists of an air circulation channel formed between a solar-absorbing surface and a glass placed at
some distance. An upper and a lower vent through the wall forms the inlet and the outlet of the
room to be heated. A large portion of the solar radiation passing through the glass is absorbed by
the absorbing surface, raising its temperature. As the air in the cavity heats up, it rises due to
buoyancy through the cavity, delivering hot air to the room by natural convective heat transfer.
Even though the technology incorporated in such systems is rather simple, the description of the
thermal behavior of the system is challenging when all heat transfer mechanisms (conduction,
convection and radiation) are taken into consideration.
In the present attempt to study a typical SAC, a segmental approach is attempted by first
isolating the fluid part of the system to study the convective heat transfer before taking into account
the conductive and radiative modes of heat transfer. More specifically, a series of high-resolution
3D direct numerical simulations (DNS) is first performed to visualise the flow and correlate the heat
flux convected by the air (Nusselt number) to the temperature of the heated surface of the system
(Rayleigh number). The calculated correlation is then introduced into a 1D model that takes into
account the effects of local meteorological conditions, materials used and system orientation to
calculate all the associated heat flux components of the system. This simplified 1D model can be
used to calculate the long-term system efficiency and the total energy yield over a whole heating
season. Additionally, it can be used to assess the effects of different parameters on the system
performance. The results reveal that the efficiency of the collector is very sensitive to the wall
thickness. Moreover, although in cold climates the daily efficiency of the system is lower, because
of the extended heating season, the seasonal energy yield of the system is comparable to hotter
climates.
1

INTRODUCTION

Researchers were, up to now, relying on experimental and simplified numerical studies of
SAC systems with custom features. Reichl et al. [1] have used experimental data to validate a 2D
numerical representation of the flow and proceeded with simulations for different absorber-fin
ratios, material properties, thermal insulation and mass flow rate, calculating the collector efficiency
for each case. Other similar studies were involved in measuring the efficiency of collectors with
different configurations such as hemispherical protrusions on the absorber plate [2], v-corrugated
collectors [3], finned collectors [4], collectors with wavelike absorbing plate [5] or absorbers with
chevron patterns [6] etc.
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(a)
(b)
Figure 1: (a) 2D schematic representation and (b) geometrical parameters of a SAC system.
The conductive and convective heat transfer through a SAC was investigated by Rodono and
Volpes [7] using a time-dependent, 1D finite difference scheme to solve the conduction equation
inside the wall, coupled with the natural convection in the cavity. It was shown that with increasing
wall thickness, convection increases over conduction but so do the heat losses from the glass. With
increasing maximum solar radiation, convection was increased, heat losses decreased while
conduction remained unaffected.
To the best of the authors' knowledge, due to the increased computational cost, there were no
3D DNS studies on the SAC configuration. Even more, up to this day there was no attempt to
estimate the seasonal or annual energy yield of a SAC. Therefore, the purpose of the present study
is first to perform a series of high resolution DNS’s and extract functional correlations of the
Nusselt number which will then be used to construct a 1D model capable to provide a reliable
estimate of the energy yield and the efficiency of a typical SAC system. Such an estimation could
provide significant information to: (i) optimise a custom SAC system before the installation and (ii)
provide the basis of a life-cycle cost analysis. These capabilities can be valuable to manufacturers
for improved products and also to end-users before deciding to invest in such a system.
The present study is structured as follows: in Section 2 the DNS methodology is described
and the results of the simulations are presented. The constructed 1D model for the energy yield
calculation of a SAC system will be described in Section 3, along with a parametric investigation to
assess the role of wall thickness and climate zone on the system performance. Finally, the study is
concluded with Section 4 where the main findings are briefly summarised.
2

DIRECT NUMERICAL SIMULATIONS

2.1

Mathematical modelling and numerical methodology

An asymmetrically heated closed cuboid cavity, shown in Figure 2, is chosen as a
configuration that is relevant to a typical SAC system. The cavity contains an interior heated wall
and a cooled side wall, while all other boundaries are treated as adiabatic surfaces. Constant
temperature boundary conditions are applied on both the heated and cooled walls. Assuming that
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the flow is incompressible and that the Boussinesq approximation is valid, the governing equations
for natural convection take the form:
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where 𝑖 = 1,2,3, represent the 𝑥, 𝑦 and 𝑧 directions and the respective velocities in each
direction are denoted as 𝑢5 . Gravity acts along the 𝑧 direction and 𝑃𝑟 = 𝑣/𝑎 (= 0.71 for air) is the
Prandtl number. 𝑅𝑎 represents the Rayleigh number which is defined with respect to the wall and
ambient temperatures (𝑇K and 𝑇L ) according to:
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Figure 2: Schematic representation of the asymmetrically heated cavity.
In Eq. (4), 𝛽 is the coefficient of volumetric expansion, 𝑣 the kinematic viscosity, 𝑎 the
thermal diffusivity and 𝑔 = 9.81 𝑚 𝑠 R_ is the acceleration of gravity. Eqs. (1)-(3) have been nondimensionalised using the height of the heated wall 𝐻 as a characteristic length scale, 𝑉b =
𝑎 𝑅𝑎/𝐻 as a velocity scale, 𝑡b = 𝐻/𝑉b as a time scale and 𝑃b = 𝜌𝑉b_ as a pressure scale. The nondimensional temperature is defined as 𝛩 = (𝛵 − 𝛵L )/𝛵b where the characteristic temperature scale
𝛵b is taken as the temperature difference (𝑇K − 𝑇L ). The Nusselt (𝑁𝑢) number is defined for all
cases with respect to the wall height as 𝑁𝑢 = ℎ𝐻/𝑘, where ℎ is the convective heat transfer
coefficient and 𝑘 is the thermal conductivity of the fluid. 𝑁𝑢 is calculated as the average
temperature gradient, normal to the heated wall, i.e.

𝑁𝑢 =

!8

.
!i K

(5)

The numerical method used is based on a second order finite difference method on Cartesian
staggered grids utilising a direct pressure solver. Velocities are discretised in space using central
differences. For the temperature Eq. (3), a hybrid linear parabolic approximation (HLPA) scheme
was implemented [8]. The velocity-pressure decoupling is done with a fractional step methodology,
while time advancement consists of a fully explicit Adams-Basforth scheme. The presence of
obstacles inside the flow is achieved with the use of the Immersed Boundary method [9].
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2.2

DNS results

A series of 2D and 3D simulation were conducted for a range of 𝑅𝑎 numbers and are
summarised in Table 1.
Table 1: Test cases in 2D and 3D presented, Ra numbers and million nodes for each numerical grid.
used.
Case

𝑅𝑎

Grid

Milion
nodes

T1
T2
T3A
T3B
T4A
T4B
T5A
T5A
T6A
T6B

1.0 x 10k
1.0 x 10o
1.0 x 10q
1.0 x 10q
1.0 x 10r
1.0 x 10r
1.0 x 10s
1.0 x 10s
3.2 x 10s
3.2 x 10s

56 x 38 (2𝐷)
114 x 82 (2𝐷)
206 x 164 (2𝐷)
206 x 128 x 164
380 x 298 (2𝐷)
380 x 128 x 298
764 x 558 (2𝐷)
764 x 128 x 558
764 x 558 (2𝐷)
764 x 160 x 558

0.002
0.009
0.03
4.3
0.1
15
0.4
54.6
0.4
68.2

After the initial transient stage, the flow becomes statistically steady, with stratified
temperature at the centre of the cavity and most of the dynamics contained at the top-left and
bottom-right corners of the cavity. Figure 3 shows a comparison of the isotherms inside the cavity
obtained with the 2D and 3D simulations for the two highest Rayleigh number considered here. It is
clear that for 𝑅𝑎 = 1.0 x 10s the differences are contained only on the top and bottom of the cavity,
while for 𝑅𝑎 = 3.2 x 10s the isotherms no longer overlap also in the bulk of the cavity. This
illustrates the increase of 3D turbulent structures inside the cavity as the Rayleigh number increases.

Figure 3: Comparison of the time-averaged isotherms of 2D (dashed) and 3D (solid) simulations,
for 𝑅𝑎 = 1.0 x 10s (left) and 𝑅𝑎 = 3.2 x 10s (right).
Moreover, as shown in Figure 4, the 2D and 3D predictions of the average Nusselt number on
the heated wall are very similar in the entire 𝑅𝑎 range studied. This is explained by the fact that the
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highest Nusselt numbers are observed on the bottom of the heated wall, where the flow is laminar,
while the contribution of the turbulent flow on the top of the heated wall is much less. A strong
evidence for scaling of the Nusselt number with respect to Ra numbers is observed. The calculated
correlation 𝑁𝑢 = 0.518 x 𝑅𝑎b._or is also an indication of the similarity between the 2D and 3D
Nusselt predictions, since the exponent 0.268 is much closer to the 1/4 laminar scaling than the
1/3 turbulent scaling. Additionally, as shown in Figure 4, the heat transfer rate of the heated wall is
consistently higher than that reported for similar configurations such as differentially heated
cavities, vertical heated plates and Trombe walls, illustrating its potential for intensified heat
transfer.

Figure 4: Predicted Nusselt numbers on the heated wall as a function of 𝑅𝑎 numbers compared to a
vertical heated plate [10], a differentially heated cavity (DHC) [11] and a Trombe wall [12]. The
scaling law calculated is 𝑁𝑢 = 0.518 x 𝑅𝑎b._or .
3

1D MODEL FOR ENERGY YIELD CALCULATION OF A SAC SYSTEM

3.1

Model description

The geometrical characteristics of a typical SAC system are shown in Figure 1b, where 𝐻K is
the height of the absorber, 𝑑K is the wall thickness and 𝑠 is the wall-glass spacing. Two adiabatic
walls on the top and bottom of the configuration form the air channel. The width of the
configuration in the spanwise direction and the thickness of the glass are denoted by 𝑤 and 𝑑O
respectively. As shown in the Figure 1b, the cross section of the channel remains constant
throughout the air path.
The heat transfer processes that describe the thermal behaviour of the system are shown as an
equivalent thermal resistance network in Figure 5. Like all other passive solar systems, the driving
force of the flow inside a SAC is the solar radiation. When solar radiation reaches the glass, part of
it is reflected towards the environment, while the remaining is either transmitted through the glass
or absorbed by the glass itself. The transmitted component will then reach the solar-absorbing
surface of the wall and will be either absorbed or reflected towards the glass. The absorbed
radiation will increase the temperature of the left surface of the wall (channel side), producing heat
fluxes either towards the channel by convection and radiation or inside the bulk of the wall by
conduction. The convective thermal resistance at the left side of the wall is defined as 𝑅vwiW,K,x =
_
_
1/ ℎK,x 𝐴K , the radiative thermal resistance as 𝑅-/z,v{/ii|x = 1/[𝜀K 𝜎𝛢K (𝑇K,x + 𝑇O,- )(𝑇K,x
− 𝑇O,)]
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and the conductive thermal resistance as 𝑅vwiz,K = 𝑑K / 𝑘K 𝐴K . The conductive heat component
will increase the temperature of the wall, resulting in convection and radiation heat transfer from the
right surface of the wall (indoors side) towards the indoor space, with the respective thermal
_
resistances defined as 𝑅vwiW,K,- = 1/ ℎK,- 𝐴K and 𝑅-/z,-ww‚ = 1/[𝜀K 𝜎𝛢K (𝑇K,- + 𝑇5 )(𝑇K,−
_
𝑇5 )]. The convected heat from the left surface of the wall will heat up the air in the cavity,
generating a buoyancy current that produces an outflow of hot air towards the interior space.

Figure 5: Thermal resistance network describing the flow of thermal energy inside a SAC.
Similarly, the left side of the glass (ambient side) is heated by the solar radiation and cooled
_
by convection (𝑅vwiW,O,x = 1/ ℎO,x 𝐴O ) and radiation (𝑅-/z,|iW5- = 1/[𝜀O 𝜎𝛢O (𝑇O,x + 𝑇| )(𝑇O,x
−
_
𝑇| )]) to the environment. The right side of the glass (channel side) is mainly heated by radiation
from the absorber on the wall and convection by the hot air current inside the channel (𝑅vwiW,O,- =
1/ ℎO,- 𝐴O ). Conduction is also present inside the glass (𝑅vwiz,O = 𝑑O / 𝑘O 𝐴O ). In all the thermal
resistance definitions above 𝐴 is the area of a given surface, 𝜀 is the surface emissivity and 𝜎 =
5.67 x 10Rr 𝑊 𝑚R_ 𝐾 R… is the Stefan-Boltzmann constant.
Based on this physical model, a code was written in MATLAB that solves the unsteady 1D
heat equation inside the wall and the glass, with the imposition of the appropriate boundary
conditions. The convective heat transfer coefficients are calculated from relevant 𝑁𝑢 = 𝑓(𝑅𝑎)
correlations while meteorological data are used for the solar radiation and the external temperature.
All heat transfer rates are calculated in every time step, following an iterative procedure. The heat
equation is discretised using second order central differences in space. Time derivatives are
captured using a semi-implicit 2nd order Crank-Nicolson scheme. The resulting tri-diagonal matrix
system is solved directly using LU decomposition. A more comprehensive description of the 1D
model can be found in reference [13].
3.2

1D model results

The system efficiency 𝑛 as a function of the wall thickness 𝑑K is plotted in Figure 6, for a
typical SAC system installed in Nicosia. For the 𝑑K range considered in the present study,
efficiency decreases monotonically from 43.1% for 𝑑K = 5 𝑐𝑚 to 31.6% for 𝑑K = 40 𝑐𝑚. This
reduction in efficiency as the wall thickens is a result of the increased thermal resistance of the wall,
forcing the air current inside the channel to increase the rate of heat convected by the left side of the
wall.
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Figure 6: Efficiency 𝑛 of the reference SAC as a function of the wall thickness 𝑑K .
Moreover, the time during the day when the system releases heat also changes with the wall
thickness. As seen in Figure 7, radiation from the right side of the wall both decreases and reaches
its pick in later time instances as the wall thickens (about 2 ℎ per 10 𝑐𝑚 of wall thickness added).
The same qualitative behaviour is also encountered for convection from the right side of the wall.
On the other hand, as the wall becomes thinner, there is a time during the night when the right side
of the wall becomes colder than the indoor temperature (𝑇5 = 20w 𝐶) and the heat transfer
components on this side of the wall become negative (Figure 7a). Another undesirable effect when
decreasing the thickness of the wall is the elongation of the period where flow reversal occurs in the
channel (i.e. outlet air temperature is lower than the indoor temperature). As shown in Figure 7b,
the system with the 10 𝑐𝑚 thick wall spends a longer period during the night with a lower air
temperature at the outlet compared to the inlet, requiring the system to be out of operation.

(a)

(b)

Figure 7: Time variation of (a) radiation from the right side of the wall and (b) air temperature at the
inlet and outlet vent for various wall thicknesses.
The overall climate of Nicosia with mild winters favours the use of thermal energy systems.
The comparison against a location with a colder winter climate and increased heating needs, such as
Amsterdam, can provide a justification for the benefits of using SAC's. Figure 8a shows the
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temperature at the outlet of the system during the first 200ℎ of the simulations in both Nicosia and
Amsterdam. It is evident that in most cases, a lower outlet temperature is predicted for Amsterdam
when compared to Nicosia. In colder days, the system in Amsterdam is barely producing any
energy gain from the air flow inside the channel. Even more, during the colder days of the heating
season, the temperature at the right side of the wall (Figure 8b) was temporarily found to be lower
than the room temperature, resulting in additional energy losses.
The average efficiency of the system in Nicosia during the 90 days of the heating season was
predicted by the model as 33.2% while in Amsterdam during the respective heating season of 210
days this was predicted as 20.9%. Nonetheless, the extended heating season in Amsterdam makes
up for the lower system efficiency when the overall energy yield is considered. The total production
of the system during the entire heating season was estimated at 360 𝑘𝑊ℎ (138 𝑘𝑊ℎ 𝑚R_ ) for
Nicosia and 315 𝑘𝑊ℎ (121 𝑘𝑊ℎ 𝑚R_ ) for Amsterdam.

Figure 8: Time variation of the operating temperatures inside the reference SAC system for the
beginning of the heating season in Nicosia and Amsterdam. (a) Inlet and outlet vents and (b) right
side of the wall.
4

CONCLUSIONS

High resolution DNS's were conducted inside an asymmetrically heated cavity to visualise the
flow features inside a configuration that is relevant to a SAC system. The 𝑁𝑢 = 𝑓(𝑅𝑎) correlations
calculated were used to feed a 1D model for the energy yield calculation of a SAC system. This
model takes as input the geometry, orientation and materials of the system, along with the
meteorological data at the installation location and provide estimations for the temperature, heat
transfer quantities and thermal flux components in several locations inside the system.
The DNS results revealed that the differences between 2D and 3D results become more
intense with increasing Rayleigh numbers, but Nusselt numbers as predicted from the 2D and 3D
simulations are similar for all Rayleigh numbers studied. Also, the flow exhibits higher Nusselt
numbers than other relevant configurations, with a scaling close to the laminar one.
With the use of the 1D model the effects of the thickness of the wall on the system efficiency
were quantified, calculating the time lag between direct gain (heat transferred from the air
circulation) and indirect gain (heat transferred from the right surface of the wall) to be about 2 h for
every 10 cm of wall thickness. Additionally, the efficiency of the system is significantly lower in
locations with colder winters (such as Amsterdam), but the extended heating season brings the
energy yield of the systems to a comparable level with warmer climates.
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ABSTRACT
The Cyprus Institute hosts in its premises in the outskirts of Nicosia the first Fresnel collector
of the island since July 2016. It produces heat that supplies both heating and cooling with the help of
an absorption chiller for the Novel Technologies Laboratory. Whenever the facility does not cover
fully the thermal load from the building, one heat-pump and two chillers compensate the needs. The
solar system is potentially able to reduce the electricity consumption for air-conditioning by lowering
the load to these heat-pumps and chillers (by 74.58%). The facility can cover up to 82.00% of the
heating load during winter and up to 67.59% of the cooling load during summer. The pilot plant
demonstrates that solar concentration can supply air-conditioning in commercial buildings in Cyprus
as close as possible to the end user. Therefore it also limits the emissions of greenhouse effect gazes
as the electricity mix relies mainly on fossil fuels in Cyprus. However the solar collector remains in
standby whenever insolation is poor or when ambient temperature is not cold nor hot to activate the
air-conditioning. Also during the week-ends the buildings is unoccupied and the Fresnel collectors
remains in standby, more than 28% of the time. This exacerbates considering the bank holidays,
closure days and days without the need or air-conditioning. The present article proposes to study the
upgrade of the current facility with a single axis tracking photovoltaic generator of 25,92kW under
the mirrors able to produce electricity during these vacant days. Based on the study of Novel
Technologies Laboratory, thus fosters by 2.5 times the capacity of the collector that can supply both
thermal and electric needs. This type of collector is then able to enhance the capacity of renewables
in the urban environment and to reduce globally the energy dependence to fossil fuels for
administration or industrial buildings.
1

INTRODUCTION

As reported by the International Energy Agency, thermal comfort needs in residential or
commercial buildings have been increasing significantly the past years [1] and especially in
Mediterranean countries like Cyprus. They represent also a growing share of the electricity demand
at national level. Electric heat-pumps usually supply both cooling and heating according to the season.
However fossil fuels are prominent in the Cypriot national energy mix. Air-conditioning therefore
relies on the use of fossil fuels that are in fine responsible of gas emissions [2]. Turning on the airconditioning in an office pollutes while solar energy is a prominent resource in Nicosia. The Cyprus
Institute (CyI) dedicates part of its research on innovating systems able to respond to the need of
communities like energy peninsulas or islands. In July 2016, as shown in Figure 1, CyI completed
the integration of a Fresnel collector on a roof in the outskirts of Nicosia [3,4]. Since then, it has been
supplying part of the cooling demand with the help of an absorption chiller and the heating demand
for the Novel Technologies Laboratory (NTL). Air-conditioning is directly supplied thanks to the
local solar resource with minor electric consumption. The primary reflector, constituted of 288
mirrors, tracks the sun rays in order to concentrate them onto the absorber, which collects the heat for
further use. The actual collector is a pilot plant and the first of its kind in the island.
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Figure 1: Fresnel collector and NTL (left) and absorption chiller (right)
Although light Fresnel systems can be integrated on wide rooves, like any other concentration
technologies they require huge capital costs and are not regarded as competitive as the electric heatpumps. Moreover heating and cooling are not demanded continuously throughout the seasons
reducing the capacity factor. This is even more the case for administrative buildings that are vacant
during week-ends and bank holidays. During cloudy events, as for any concentration technology
thermal production of the Fresnel collector is null because it only transforms direct solar radiation to
heat. The present study proposes the upgrade of the current Fresnel collector with the implementation
of customized photovoltaic panels under the mirrors able to produce electricity whenever neither
heating nor cooling are necessary (Figure 2). With such hybridization it contributes to cover a
substantial part of the electricity consumption in urban environment where space lacks. The electricity
produced can supply also heat-pumps and continuously support air-conditioning (Figure 2).
Producing both electric and thermal needs directly on the building reduces the dependence to fossil
fuels that are responsible of global warming. It also smoothers the peak demand on the national
electricity network during summer. The present paper investigates then the theoretical hybridization
upgrade of the operational Fresnel at CyI with TRNSYS software [5]. It determines the potential
added value of a collector which is also able to produce electricity.

Figure 2: Hybrid collector configuration (left) and photovoltaic panels integrated on the tracking
axis of a row, oppositely to the mirrors (right)
2

FACILITIES

2.1

Thermal process

Within TRNSYS package and its built-in TESS library, Simulation Studio software includes
Fresnel collector’s model via type 1288 which respects EN-12975:2 standard [6]. The integration of
the actual collector into the thermal oil loop is presented in Figure 3. The collector is oriented NorthSouth with a global reflective area (𝐴𝑟𝑒𝑓 ) of 184.32m2 deployed on a gross surface of 9m x 32m. The
primary reflector is constituted by 288 mirrors driven by 72 DC motors and 18 PLCs with the help of
incremental encoders. It is sorted in 18 rows of 16 mirrors. Each facet dimension is 32cm x 200cm,
i.e. 0.64m2 of area each. Mirrors are slightly parabolic with different curvatures accordingly to their
respective distance to the 32m long receiver tube which stands at 3.5m above.
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Figure 3: Thermal oil loop including Fresnel collector (type 1288)
Focal distances range between 3.8m for the mirrors under the receiver and 5.9m for the external
ones. They reflect and concentrate solar beams onto the receiver. The latter encloses 8 absorber tubes
in series that are insulated by an outer concentric borosilicate glass pipe. A secondary parabolic
concentrator is located on top of the absorbers to re-concentrate the spillage issued by the primary
reflector onto the absorber. The heat transfer fluid (HTF) is commercial thermal oil (Duratherm
450S). The model of the collector was determined and simplified according to the EN 12975 as
follows:
𝑞̇ 𝑎𝑏𝑠
𝐴𝑟𝑒𝑓

= 𝜂𝑜𝑝𝑡,0 ∙ 𝐼𝐴𝑀(𝜃𝑇 , 𝜃𝐿 ) ∙ 𝐺𝑏 − 𝑐1 (𝑇𝐻𝑇𝐹 − 𝑇𝑎𝑚𝑏 ) − 𝑐2 (𝑇𝐻𝑇𝐹 − 𝑇𝑎𝑚𝑏 )2 − 𝑐5

𝑑𝑇𝐻𝑇𝐹
𝑑𝑡

(1)

Where:
- 𝑞̇ 𝑎𝑏𝑠 (W) heat absorbed by the tube wall of the absorber,
- 𝜂𝑜𝑝𝑡,0 is the global optical efficiency of the reflectors,
- 𝐼𝐴𝑀(𝜃𝑇 , 𝜃𝐿 ) are the Incidence Angles Modifiers as a function of the longitudinal angle
𝜃𝐿 (°) and the transversal angle 𝜃𝑇 (°),
- 𝐺𝑏 (W.m-2) is the Direct Normal Irradiance,
- 𝑐1 (W.m-2.K-1) is the linear heat losses coefficient,
- 𝑐2 (W.m-2.K-2) is the quadratic heat loss coefficient,
- 𝑐5 (J.m-2.K-1) is effective thermal capacitance,
- 𝑇𝑎𝑚𝑏 (°C) is the ambient temperature,
- 𝑇𝐻𝑇𝐹 (°C) is the heat transfer fluid temperature which is defined as the average
temperature between the inlet (Tin in °C) and outlet (𝑇𝑜𝑢𝑡 in °C) temperatures on the
receiver.
The global 𝜂𝑜𝑝𝑡,0 efficiency of the collector and the IAMs were calculated with the ray tracing
software Tonatiuh [7] while coefficients 𝑐1 and 𝑐2 were experimentally determined.

Figure 4: Tonatiuh rendering of the Fresnel collector at the Cyprus Institute (left) and IAMs
coefficients obtained from Tonatiuh software (right)
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On Figure 4, the Tonatiuh template altogether with resulting IAMs are presented for the
different transversal and longitudinal angles with a step of 1°. Thus for the simulation purpose and
for a better accuracy, IAMs were not approximated as usually done by factorization [8,9]:
𝐼𝐴𝑀(𝜃𝑇 , 𝜃𝐿 ) ≅ 𝐼𝐴𝑀(𝜃𝑇 , 𝜃𝐿 = 0) ∙ 𝐼𝐴𝑀(𝜃𝑇 = 0, 𝜃𝐿 ) = 𝐼𝐴𝑀𝑇 (𝜃𝑇 ) ∙ 𝐼𝐴𝑀𝐿 (𝜃𝐿 )

(2)

Instead for a better accuracy values were computed into Simulation Studio for each pair of
(𝜃𝑇 , 𝜃𝐿 ). For the purpose of the simulation each angle varies from 0° to 90° with a step of 10°. The
effective thermal capacitance 𝑐5 has been determined based on the physical properties of the absorber
tube as defined in ISO9806 [10]. Values of the parameters of the Fresnel collector are summarized in
Table 1.
Table 1 Coefficients of the Fresnel collector
Parameter

Value

Unit

𝜂𝑜𝑝𝑡,0

0.7172

-

𝑐1

65.7 .10-3

W.m-2.K-1

𝑐2

0.192 .10-3

W.m-2.K-2

𝑐5

1.71

J.m-2.K-1

The model includes all the elements of the HTF loop such as piping with its thermal insulation
and the pump which is controlled to stabilize the outlet temperature of the collector at 180°C. The
450L buffer of oil is inserted in the model. It helps to stabilize the operation of the collector by storing
the heat produced. Also is ensures a smooth thermal input for the heat-exchange with the pressurized
water loop. The control of the simulation prevents the buffer of oil to be higher than 165°C in average
temperature as currently done in the facility for safety reason. The HTF loop transfers then the heat
to the thermal storage medium loop. This latter operates with pressurized water and encloses a thermal
storage tank of 2,000L up to 145°C. The heat is afterwards transferred to a third loop of heat medium
which serves to supply heat to an absorption chiller of 35kW cooling capacity in summer. The
coefficient of performance (COP), which is the ratio between the cooling capacity and the heat input
of the absorption chiller, is 0.7. In the winter the heat is directly supplied to the heating system of the
building. The heat medium loop of water operates up to 95°C and encloses also a small buffer tank
to regulate the operation of the absorption chiller with a stable temperature input. Figure 5 describes
the simplified operation of solar air-conditioning as currently functioning at CyI. Pumps and piping
with their actual thermal properties are also included in the software template.

Figure 5: Schematics of the solar cooling and heating at CyI
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The pumps of each loop of the system are only activated if cooling or heating is required and
the Direct Normal Irradiance (DNI) level is above 100W.m-2.
2.2

Photovoltaic generator

The photovoltaic generator was custom-designed in order to be fixed under the mirrors.
Therefore 576 panels have been specially manufactured with dimension of 32cm x 100cm each. So
under each mmirror can be integrated 2 solar panels. Every panel has a 45W peak power capacity
under nominal conditions, leading to 25.92 kW for the whole field. The separation between the rows
is 459mm. Their characteristics are presented in Table 2.
Table 2 Solar panels main characteristics
Name

Value

Unit
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W

Open circuit current (Isc)

2.88

A

Optimum operating current (IMP)

2.62

A

Open circuit voltage (Voc)

21.2

V

Optimum operating voltage (Vmp)

17.2

V

Maximum power (Pm)

The Fresnel collector can be hybridized then with a single axis tracker photovoltaic generator
South-North oriented. First the photovoltaic generator only operates whenever the levels of DNI
above 100W.m-2. Second the photovoltaic generator operates whenever neither cooling nor heating
are required. This happens during the week-ends, spring and fall seasons whenever the temperatures
are mild. In the model presented cooling was solicited if the ambient temperature was superior to
27°C. On the other hand heating was solicited whenever the temperature was lower than 18°C.
Solicited Fresnel does not lead to activation of the thermal process as it depends also on the DNI
values. But in the case that thermal process is engaged, the photovoltaic panels still produces low
amount of electricity with the diffuse ground reflected radiation. The model was built with the help
of the photovoltaic arrays (type 94) and shading (type 451) components from the built-in library of
Simulation Studio.

Figure 6: Photovoltaic collector constituted of a permanent tracking collector (top right) and a
collector in the shade (bottom right)
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The virtual photovoltaic collector was built using two types of solar arrays (Figure 6):
- One collector is a single axis tracking collector, targeting the sun to generate
electricity, with electric power of 𝑞̇ 𝑝𝑣,𝑡𝑟 (W),
-

The second collector is a single axis tracking collector, in which the mirrors are tracking
the sun and the photovoltaic arrays are in the shade, with electric power of 𝑞̇ 𝑝𝑣,𝑠ℎ (W).

The instantaneous power of the photovoltaic collector 𝑞̇ 𝑝𝑣 (W) is:
𝑞̇ 𝑝𝑣 = 𝑞̇ 𝑝𝑣,𝑡𝑟 − 𝑞̇ 𝑝𝑣,𝑠ℎ

(3)

The shade applied by the receiver and its structure is not considered to the model, due to
complexity for implementation. In theory it can reduce the amount of direct radiation on the
maximum width of a row at the worst case scenario. Thus leads to a maximum reduction of 5.6% of
the direct radiation of the photovoltaic field. But still the row still receives diffuse radiation.
2.3

Novel Technologies Laboratory

The Novel technologies Laboratory hosts almost 30 employees during week days and the
building is empty during week-ends. It had been conceived to be a nearly zero energy building
[11,12]. A simplified energy signature, which correlates the energy consumption of the building to
the ambient temperature has been described in Figure 7. Values are based are based on actual electric
consumption measurements.

Figure 7: Energy signature of NTL for heating (left) and for cooling (right)
Cooling at the NTL is supplied with a heat-pump during the summer with a theoretical
coefficient of performance of 𝐶𝑂𝑃𝑐𝑜𝑜𝑙,𝑏𝑙𝑔 of 3.15. COP for chillers (or reversible heat-pumps) stands
for the ratio between the cooling capacity of the chiller (or reversible heat-pump) and its electricity
consumption. It differs slightly from the definition of COP for absorption chillers as described before.
Therefore based on the electricity consumption it is possible to obtain the cooling demand for the
building. From the measurements it appears that the thermal demand of the building for cooling
𝑞̇ 𝑐𝑜𝑜𝑙,𝑏𝑑𝑔 (W) can be simplified as follows:
𝑞̇ 𝑐𝑜𝑜𝑙,𝑏𝑙𝑔 ≅ 𝐶𝑂𝑃𝑐𝑜𝑜𝑙,𝑏𝑙𝑔 ∙ (5.0923 ∙ 𝑇𝑎𝑚𝑏 − 134.11) ∙ 103

(4)

Whenever the cooling load is higher than the capacity of the heat-pump, two back-up chillers
are activated. The chilled water accumulates the exhaust heat from the offices of NTL at 12°C and
then the heat-pump and the chillers cool it down to 7°C. The heat-pump and the chillers are associated
to fan coiled units and air handling units to condition the offices. Also based on the measurements,
the thermal needs for heating of the building 𝑞̇ ℎ𝑒𝑎𝑡,𝑏𝑑𝑔 (W) can be simplified as follows according to
the COP for heating 𝐶𝑂𝑃ℎ𝑒𝑎𝑡,𝑏𝑙𝑔 :
𝑞̇ ℎ𝑒𝑎𝑡,𝑏𝑙𝑔 ≅ 𝐶𝑂𝑃ℎ𝑒𝑎𝑡,𝑏𝑙𝑔 ∙ (699.83 ∙ 103 ∙ 𝑇𝑎𝑚𝑏 −1.445 )

(5)
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COP for heating for heat-pumps corresponds to the ratio between the heating capacity of the
heat-pump and its electricity consumption. The heat-pump solely supplies the heating needs of the
building. The water leaves the air handing units and the fan coiled units at 45°C. The heat pump
warms up it to 55°C. Based on the model of the thermal collector, the photovoltaic generator and the
energy signature of the building, the capacity of the solar cooling facility can be evaluated.
3

SIMULATION RESULTS

3.1

Solar cooling and heating

The simulation was based on a Typical Meteoroidal Year as included in TRNSYS 17 which
uses METEONORM V [13]. The time-step for the simulation is 30s stating on the 1st of January at
00:00 AM on a Monday. When required, heating or cooling are activated between 8:00 AM and 6:00
PM during week-days, corresponding to the occupancy hours of a standard administration building.
The heating and cooling needs of NTL are presented in Figure 8 based on the energy signature defined
before.

Figure 8: Cooling and heating need of NTL based on TMY
Heating needs are represented in fuchsia and the heat capacity of the solar facility is represented
in orange. Peaks up to 200kW often overpasses the heating capacity of 100kW especially in January,
February and December. They shall be compensated by the heat-pump. The cooling capacity is
represented in blue and the cooling demand, in red. Unlike for the heating mode, the cooling capacity
of the absorption chiller of 35kW is regularly insufficient during 5 months of the year and shall be
compensated by the heat-pump and chillers.
The impact on the temperatures of the different sub-systems of the facility is represented in
Figure 9. In red the average temperature of the tank of oil can be observed. It is the highest level of
temperatures as it stores the heat issued from the Fresnel collector. In winter the temperatures are
lower than in the summer because of lower DNI, lower ambient temperatures and important heating
peaks demand. Temperatures are not reaching the limit of 165°C. In summer, the temperature defines
a 7 days pattern in which during 5 days the tanks reaches almost 165°C and then decreases due to
thermal losses to the environment during the week-ends. In blue the temperature of the thermal tank
storage is represented. The temperature also is generally higher in summer than during winter. It
follows the 7 days pattern too. During summer the average temperature of the tank in week days
reaches 130°C.
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Figure 9: Temperatures of the tanks and the conditioned water
The heat medium tank is also hotter in summer (up to around 80°C) than in winter (up to around
90°C) as represented in fuchsia. Thermal losses occur during the week-ends as it is exposed outside
and the thermal process is turned OFF. In winter, the heat stored in the heat medium tank is transferred
to the heating system of the NTL building which temperature is represented in yellow. In week-days,
the temperature is warmed up from 45°C to 55°C (in orange) as currently operating at NTL. When
the ambient temperature is superior to 27°C, the absorption chiller is activated and cools down the
water from 12°C down to 7°C (green line).
3.2

Hybrid collector

The annual heating demand reached 58.78MWh in the model. The gross heating season lasts
almost 7 months. On the other hand the cooling season lasts roughly 5 months. The global cooling
demand is 62.29MWh, so slightly higher than the heating demand. The results show that the global
thermal demand for cooling would be covered at 67.59% by the solar cooling facility. The heating
demand would be covered by 82.00%. Eventually the thermal process would comply with 74.58% of
the building needs for air-conditioning.
While the thermal processes occurs during week days, the photovoltaic generator still
produces in parallel electricity thanks to the diffuse radiation reflected by the roof. Left chart in Figure
10 which corresponds to a winter week (3rd week of the year, i.e, in January) illustrates this aspect.

Figure 10: Thermal and electric productions on 3rd week (left) and the 30th week (right)
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Figure 11: Thermal and electric productions on 20th week
While thermal power reaches 60kW, 5kW of electricity are produced. This also occurs in
summer as shown on the right chart. It can be pointed out that within this season, the day starts much
before the occupation of the building. So electricity is substantially produced at the beginning of the
day (20kW). This electricity could be stored in batteries to compensate the lack of cooling capacity
later in the day. During week-end, the collector converts itself to an exclusive single axis tracking
solar photovoltaic collector.
Figure 11 illustrates a spring week when cooling or heating are not demanded by the building.
In such case the photovoltaic collector produces mainly electricity. Generally the thermal process
produces up to 3 more thermal energy than photovoltaic generators. However so far absorption
chillers have relatively low COPs compared to electric heat-pump.
Within the scope of the simulation, the generator could produce 42.85MWh electric when
associated to Maximum Power Point Trackers. If such power had been associated to a heat-pump of
COP of 3.15 and a storage unit of 90% of efficiency, the collector would have supplied 141.28MWh
thermal, which largely covers the gap. Relatively to the dimensions of the primary reflector, the
collector was able to supply 656.8kWh.m-2 of air-conditioning and 232.9kWh.m-2 of electricity in a
year.
Based on the estimation of the electricity consumption of the building in 2014 and 2015, the
electricity consumption for the heat-pump and the chillers represented 25.8% of the electricity
consumption of the building (15.8% for cooling and 10% for heating). By extension the Fresnel
collector when only contributing to air conditioning could potentially reduce the electricity
consumption by 18.7% for the same building. If the Fresnel collector is hybridized this amount can
be increased to 45.1%. This is almost 2.5 times more than a standard Fresnel collector as it currently
operates now. Main results of the simulation are exposed in Table 3 Results of the simulation.
Table 3 Results of the simulation
Characteristics

Thermal capacity per m2 of collector
Electric capacity per m2 of collector

Only thermal

Hybrid collector

656.8kWh.m-2
0 kWh.m-2

232.9kWh.m-2

Cooling saved

67.59%

Heating saved

82.00%

Total electric consumption saved for
NTL

18.7%

45.1%
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4

CONCLUSION

The technical study focused on a potential upgrade of the currently operational Fresnel collector
at Cyprus Institute in order to produce more final energy for a same area, taking advantage of the
single axis tracker system. It demonstrated that the inclusion of photovoltaic generator with the use
of the same area can multiply by 2.5 the final energy saved for a building. Indeed, the current collector
can now save up to 18.7% of the electricity consumption of NTL but it can reach 45.1% with such
hybridization. NTL is not strictly an administrative facility as it hosts several labs and a machine shop
that consume main electric load. So the results could be even more encouraging for administrative
buildings. This kind of versatile collector can respond to the problematic of the use of carbonized
electricity in Cyprus and also in the countries in the region. The study shall be further developed with
an economic analysis.
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ABSTRACT
Thermal energy storage, is a key issue for the use of central solar thermal systems in
buildings. It has therefore been in the focus of research over the past few decades, as it is an
important technology in order to solve the problem of temporal deviation between the availability of
solar energy and the utilization of the heat generated. Thermal storage is crucial in order to bridge
this gap, especially in regions where prolonged periods of reduced sunshine are common.
Traditionally thermal storage is achieved by using water, which has been proven to be practical and
cost effective, especially when fairly small storage capacities are required. There are however
limits, mainly due to space limitations and increasing losses, as soon as bigger volumina are needed
to extend the storage period.
The use of Phase Change Materials (PCMs), is an upcoming, promising technology, which
has drawn the scientific community’s attention for quite some years now. The main idea is to
substitute water as a storage medium, with PCMs, which have larger specific energy storage
capacity compared to other materials. The objective of this paper, is to present the state of the art of
PCMs that can be used for low temperature Renewable Energy Sources applications and more
specifically solar thermal applications and to discuss the advantages they present (a) for improving
the solar fraction of the installation and (b) for reducing the space needed to achieve the same solar
fraction and hence make the systems more versatile. Moreover, barriers and obstacles of the storage
technologies described will be discussed, enabling a well-balanced evaluation of their suitability
and feasibility.
1 INTRODUCTION
It is a fact that in recent years solar thermal systems have invaded significantly in the
renewable energy sector and are a quite satisfactory approach to the energy-saving path. The
reduction of fossil fuels as well as the polluting emissions produced during their combustion in
order to produce any kind of energy led to the rapid demand for solar thermal systems. In our
country, although it is particularly favored by weather conditions, these systems were not well
known and only in recent years, mainly due to the rapid rise in oil prices, are taking steps to exploit
this technology.
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
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[1]. Therefore, the European Parliament approved the Energy Performance of Buildings Directive
(EPBD) 2002/91/EC and its recast, the Directive 2010/31/EU. Based on Article 9 of Directive
2010/31/EU, until the end of 2020 all buildings ought to be nearly Zero Energy Buildings
(NZEB), when new buildings operated and owned by public authorities must be NZEB until 2018.
An NZEB building could be referred to as a building which has a high energy overall
performance and its quantity of energy needed ought to be covered to a quite substantial range by
energy from renewable sources, as well as energy from renewable sources generated on-site or
nearby. Except from those Directives, the EU set the main goals for energy, transport and GHG
emissions not only for 2020 but also for 2030 and 2050. The main goal is no other than the gradual
reduction of energy consumption and GHG emissions [2].
Towards the promotion of Renewable Energy Sources, a variety of solar energy systems
mainly for the production of Domestic Hot Water (DHW) and the space heating, have been
developed. Furthermore, several solar systems for solar cooling have been developed, but they are
not very widespread in Europe. In the past few years, significant research had been made in the
field of solar thermal energy storage, in order to increase the overall energy efficiency of the solar
system. Alternative ways of energy storage are studied, with a basic idea to replace water with other
materials in order to increase the duration of storage as well as the efficiency of the system.
Research on phase change material (PCM) applications in buildings started in the1930s,
Telkes investigated the use of PCM for space heating [3] and Benard et al. [4] investigated the
integration of PCM into wall constructions, while comparing the performance of sensible and latent
storage walls with a three-year experiment. These investigations continued after the 1973 oil crisis,
even though PCM applications were yet to become economically viable [3]. The situation started to
change after 2000 and R&D on PCM applications gained momentum. Still, there are two main
barriers affecting the application of PCM in buildings: (a) practical and effective methods of
incorporating PCMs into building materials and (b) subsequently the lack of methods to measure
their effectiveness [5].
2 CLASSIFICATION OF PCMS AND MAJOR APPLICATIONS
Phase change materials (PCM) are ‘‘latent’’ heat storage materials. The thermal
energy transaction starts once a material converts from solid to liquid, or vice versa. In the
beginning, these types of solid–liquid PCMs operate such as typical storage substances. In contrast
to conventional (sensible) storage materials, PCM absorbs and generate heat
at
a practically steady temperature. They can store 5 to 14 times more heat per unit of
volume, unlike sensible storage materials (i.e. water, masonry, or rock). Numerous PCMs are
acknowledged to melt with a heat of fusion in different asked range.
On the other hand, latent heat storage materials, should show particular suitable
thermodynamic features (suitable phase-transition temperature, high latent heat of changeover,
favorable phase stability, high density, small volume change, low vapor pressure), kinetic (no
supercooling, sufficient crystallization level) and chemical characteristics (long-term chemical
balance, compatibility with elements of structure, no toxin levels, no fire risk).
PCMs are broadly categorized into organic and inorganic materials, and eutectic mixtures.
Organic materials include paraffins, fatty acids, sugar alcohols and some non-paraffins. They are
chemically stable, non-reactive, and resistant to sub-cooling, while having a relatively low thermal
conductivity, low latent heat storage capability and they may be flammable. Inorganic materials are
usually salts and salt hydrates. They have high latent heat storage capacity, high thermal
conductivity and are typically non-flammable, while they are prone to sub-cooling, segregation and
experience high changes in volume during phase transition. Eutectic mixtures can involve mixtures
solely of organic materials, or inorganic materials, or a combination of both. They tend to have
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sharp melting points and latent heat storage capacities slightly above organic PCMs, but little
information is yet available regarding their thermal and physical properties [6]
Extensive research work has been carried out on PCMs, their incorporation into building
materials, and a large number of substances with a high latent heat of fusion within various
temperature ranges have been identified. Detailed research and comprehensive lists of materials are
included in the publications of [7], [8], [9], [10], [11], [12], [13], [14], [15], [16].
3 THERMAL ENERGY STORAGE
Energy demand can vary on day-to-day, week and occasional bases. Thermal Energy Storage
(TES) aids in equalizing between supply and requirement of energy. TES is identified like the nonpermanent storing of thermal energy for later utilization. TES systems handle the storage of energy
by cooling, heating, liquefying, setting up and also vaporizing an element and the thermal
energy ends up clearly obtainable at the time the process is totally changed. There are several
TES techniques which
depend
on storage length, economic issues, temperature requirements,
storage capacity, heat losses and accessible area. Thermal energy is saved by elevating the
temperature of a solid or fluid.
3.1 Types of TES
Sensible Heat Storage
In sensible heat storage (SHS), thermal energy is saved by transforming the temperature of a
solid or liquid. SHS equipment takes advantage of the heat capacity along with the alternation
in temperature of the substance in the direction of charging or discharging. The quantity
of heat saved depends on the type of the used medium (e .g. air, water, oil, rock beds, and bricks,
concrete or sand) and it can be calculated from:

Meaningful features in
this
particular technology
are
density
and
heat
capacity, functional temperatures, thermal conductivity, diffusivity, vapor pressure, compatible
use with container components and heat loss coefficient.
Water ends up being the most common liquid used at SHS systems. Nevertheless above 100
οC, oils, molten salts and liquid metals, etc. can be used. For air heating functions rock
bed method are generally applied.
Water-based storage
Water is regarded to be a desirable material for energy storage, due to its substantial specific
heat (as opposed to different sensible heat storage media) and great capacity level as being charged
and discharged. Water-based storage techniques basically utilize water, just as the storage medium
or heat carrier fluid for storing or transferring heat. Water based systems are also categorized into
water storage containers and aquifer storage devices. Water tank/pit storage systems save water in a
synthetic construction, while aquifer
storage utilizes natural
water straight from
the underground level.
Water tanks are more usually, composed of stainless steel or strengthened concrete and
enclosed by thick insulating material. They are normally placed under-ground (also known as water
pits) or even mounted on the roof top or outside the building. Water storage tanks performed in a
stratified approach, with water on top of the tank being warmer, compared to the water in the
bottom part, because of thermal buoyancy. To reduce this kind of a phenomenon, numerous reports
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have been published with strategies focused on maintaining the inside water in a steady thermal
stratification [16].
Rock Beds
Rock bed storage consists of having a heat transport fluid, usually water or air, circulate
through a bed of rocks, discharging/charging heat to/from it as illustrated in Fig. 12. In cases where
air is used to transport heat, the transport medium does not contribute to the storage and the
resulting storage system is nearly passive. When water is used, it contributes to the storage and the
resulting system is a hybrid active/passive system. Rocks have lower thermal capacity than water
but can easily operate at higher temperatures and are easier to contain. Nevertheless, it is usually
recognized that rock bed storage offers relatively low energy density, especially if the heat transport
medium does not contribute to the storage, as is the case with air based systems. It takes about three
times more space to store the same amount of heat in rocks than in water but the economics favour
solar air collectors with rock bed storage over liquid collectors with water based storage for shortterm storage applications [17].
Aquifer systems
Aquifer thermal energy storage has received considerable attention because of its potential for
economical large scale and long-term energy storage. In this concept, wells are used to carry water
to/from the aquifer, allowing transport of heat. Aquifer storage is considered to be best suited for
high capacity systems. The amount of energy that can be stored depends on the allowable
temperature change, the thermal conductivity, and the natural ground water flow. Designers must
also take into account potential environmental consequences [18]
Ground/soil storage
The use of ground as a passive storage medium has the potential to result in low-cost systems
since soil is free. In this concept, the ground is excavated or drilled to insert tubes in which a heat
transport fluid circulates, injecting/extracting heat in/from the ground material. Soil can also be
used as an insulator for water tanks. In this concept, the ground is excavated to insert a water tank
and the setup is backfilled. Although soil is free, excavation or drilling required for the completion
of many systems is relatively expensive. Tubes, tanks or even insulation and water barriers used in
some systems also represent a significant cost [16].
Latent Heat Storage
Latent storage consists of storing heat nearly isothermally in some substances, as the latent
heat of phase change. In practice, this type of storage generally consists in melting ice, paraffin,
fatty acids, salts or mixtures depending on the storage temperature required. When the temperature
is lower or higher than the fusion temperature it is possible to store heat in sensible form: the
amount of heat stored is the product of the specific heat and the temperature increase, assuming that
the liquid form is incompressible and the specific heat is constant. At the fusion temperature, the
compound undergoes a change of phase and can absorb or release energy at a nearly constant
temperature as long as the change of phase is not completed, i.e., as long as the energy injected or
extracted is not equal to its enthalpy of fusion (hsf). So the latent heat storage potential of a
compound is equal to its enthalpy of fusion [16].
The storage capacity of the LHS technique with a PCM medium is given by:
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4 CASE STUDY: A TYPICAL MULTIFAMILY 3 FLOOR BUILDING IN THESSALONIKI
The studied building is a typical 3-floor residential building in Thessaloniki with a surface of
327m per floor. Heating loads as well as Domestic Hot Water requirements are covered from a
solar combi system along with a gas-fired boiler. The solar system with its characteristics is
presented in Figure 1, as it was designed at Polysun simulation tool.
2

Figure 1: Solar thermal System for space heating and Domestic Hot Water production
The solar fraction achieved is shown in Figure 2.

Figure 2: Solar Fraction of the solar thermal system
During summer time, where there are only DHW requirements, the solar system is able to
cover 100% of the needs. On the other hand, in the winter period, where heating loads are high, the
solar system is not capable to cover all needs and the back-up source needs to be activated several
times.
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In Figures 3-7, the diagrams produced from Matlab, show the temperature of the storage tank
in collaboration with the outlet temperature of the solar collectors, for the typical day of every
month. Note that, the results are presented only for the coolest months of the year, where energy
demands are the highest. The temperature of the water storage tank should be at least 60oC, so as to
be able to cover unexpected demands and to avoid legionella. When solar irradiation is not enough
and the temperature of the tank drops below 60οC, the gas-fired boiler is activated.

Figure 3: Temperature of storage tank in correlation with oulet temperature of the collectors,
January

Figure 4: Temperature of storage tank in correlation with oulet temperature of the collectors,
February
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Figure 5: Temperature of storage tank in correlation with oulet temperature of the collectors, March

Figure 6: Temperature of storage tank in correlation with oulet temperature of the collectors,
November
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Figure 7: Temperature of storage tank in correlation with oulet temperature of the collectors,
December
As it was expected, the autonomy of the solar system varies from 4 to 6 hours, for the winter
period. At that time, space heating and DHW requirements are covered solely from the solar
system. The autonomy of the system coincides with the hours where solar irradiation is maximum,
during day time. Due to high heating loads during noon and night, where solar irradiation is not
available, the energy stored at the tank is not enough to cover and as a result the back- up source is
activated several times.
PCM equivalent
After evaluating the water tank’s autonomy, it is vital to find the PCM equivalent. The
thermal energy demand for one typical day as it was calculated from Polysun is 90 kWh/day or
324.000 kJ/day.
The chosen PCM is paraffin wax 57 (Dutsensko et al.) with the following characteristics: a)
melting point 57±2oC, b) heat of fusion including transition heat 98 kJ/kg, c) density solid/liquid
1.06 kg/l.

So, an amount of 3.306 kg of this specific PCM is required in order to cover the heating and
DHW demands of one day.
Furthermore, based on the required amount of paraffin wax 57 and its density, the PCM
storage tank’s capacity can be easily calculated:

Therefore, it is calculated that the PCM storage tank requires 22% less volume than the water
storage tank. One can therefore use this increase in storage capacities in two ways: (a) One can have
the required autonomy with a significantly smaller vessel, which saves valuable space and
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construction costs for the vessel or (2) one can increase the autonomy by almost 2 hours, for the
same size of storage vessel.
5 CONCLUSIONS
The use of PCM as a storage medium in thermal storage systems, is an increasing research
field over the past 50 years. However, there are still shortcomings that need to be solved, while very
limited research about their environmental and economic performance has been undertaken.
Furthermore, there are still no national or international standards developed and implemented to test
thermal energy storage products. It is concluded that storage tanks fulfilled with PCMs can produce
the same amount of energy as water storage tanks, but with less required volume. Overall, the use
of PCMs can be considered as scientifically mature, although there are still technical, environmental
and economic barriers.
As it was proven, the use of PCMs can be sensible in order expand the duration of the solar
system’s autonomy or to reduce the space required for a given autonomy, compared to conventional
water storage. There are of course additional issues that have to be considered: the long term
efficiency of the PCM is one, as the storage performance of waxes tends to drop after a certain
number of charge/discharge cycles. The environmental impact of PCMs use is another, which has to
be examined within the frame of a Life Cycle Analysis. Finally, the economic feasibility is also of
importance, aiming at the least possible Life Cycle Cost of the whole hot water production system.
With current prices of waxes, and for the considerable masses needed, it is rather difficult to use
them on a wide scale, without a significant reduction of PCMs prices so as to reduce investment
costs.
In conclusion, the use of PCMs in storage tanks of solar thermal systems seems a promising
technology, especially in the contest of increased renewables’ use, towards the Nearly Zero Energy
Buildings. Still, further research is needed, in order to make them more competitive and appealing. .
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ABSTRACT
The achievement and conservation of thermal comfort conditions and acceptable air quality in indoor
swimming pools, throughout reasonable levels of energy consumption constitutes an issue of special
interest, indicating the high latent load, as well as the need for removing from indoor air substances
used for water treatment. Energy saving throughout interventions related to the envelope, or the
integration of solar systems producing heat and electricity, can eliminate the carbon footprint of an
aquatic center, referring to the effect of operation data. This is the case of the proposed work,
concentrating on a specific indoor aquatic center located in Northern Greece. Anticipated actions
include rather conventional ones, as the improvement of envelope thermal insulation, installation of
energy efficient lights, or pool cover, as well as the installation of conventional solar thermal and
Photovoltaic systems. In addition, the analysis investigates the feasibility of building integrated
solutions, referring to the use of PCM or thermochromic materials, while the same is valid for energy
systems as the Photovoltaic/Thermal ones (PV/T) for covering the hot water, space heating and
swimming pool water heating uses. The energy impact of the discussed interventions is evaluated.

*corresponding author
1. INTRODUCTION
Sports centers constitute buildings of special interest as regards the achievement of thermal comfort
and the respective energy consumption; one should note that indoor swimming pools have the highest
energy consumption amongst sports centers and outdoor pools [1]. This can be attributed to two major
facts; these refer to the high latent load, due to the evaporation of swimming pool water, as well as to
the presence on indoor air of substances used for the disinfection of the water, requiring large
quantities of fresh air through ventilation. In the relevant literature, the issue of energy efficient indoor
aquatic centers has been studied [1, 3], indicating the presence of a considerable number of works
related to the design of a suitable heat pump system in order to achieve heating, potentially cooling,
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but most primarily dehumidification [3-9]. Tsoka et al. [10], point out the importance of investigating
natural ventilation practices for the summer months in aquatic centers of continental Europe, in order
to achieve energy saving. Despite the number of works focusing on energy issues, this is not the case
regarding thermal comfort and indoor air quality. Rajagopalan and Luther [11], analyze thermal
comfort parameters and investigate forced and natural ventilation solutions in an indoor athletic
center, not an aquatic center though. Panaras et al. [12] apply extensive measurements for the thermal
comfort parameter values, while attempting to determine air exchange rate through CO2
measurements, while Tolis et al. [13] investigate the presence of substances responsible for internal
pollution; both works are applied into the aquatic center studied in this work.
In terms of energy saving, and achieving indoor air of high quality, building integrated solutions can
also be the case, mainly referring to the use of passive set-ups, as PCM materials in the envelope,
smart materials, planted roof or energy systems. PCM increase thermal inertia of the buildings
envelope, storing heat in the form of latent heat [14], contributing to the improvement of indoor
thermal environment and influencing the performance of the air-conditioning system [15]. The
materials used include organic substances, inorganic salt hydrate or solutions, while integration is
mainly achieved through encapsulation, noting the use of nano-materials also [16]. High reflective
cool coatings may have a positive effect throughout summer, nevertheless they are not preferred for
all seasons. Being responsive to solar heat, thermochromic materials can provide cool tones in
summer and warm tones in winter, overcoming the above limitation [17]. Their use in windows, the
so-called thermochromic glazing represents also a choice [18], allowing visible light for day-lighting,
reducing unwanted solar heat gain, while allowing solar heat gain by winter period.
Building Integrated Solar Thermal Systems (BISTS) refer to thermal systems that can be integrated
in the envelope of the building, highlighting the fact that the presence of the systems affects the
building envelope insulation performance [19]. Systems refer to thermal ones, or to systems
producing electrical energy as well as, the so-called Hybrid Photovoltaic/Thermal (PV/T) systems.
The implementation of PV/T systems in a social housing block of apartments has been studied [20].
In the proposed work, the potential of the discussed building integrated solutions on achieving energy
saving and covering the space/water heating, air-conditioning and electrical loads of the aquatic
center is investigated. The analysis is implemented through the Energy Plus software, proceeding to
the dynamic simulation of the aquatic center operation, and allowing the realistic evaluation of the
effect of the candidate interventions.
2. THE AQUATIC CENTER
2.1 Location and description
The Municipal Swimming Center is located in the city of Kozani, in Northern Greece. Kozani lies
upon the Western Macedonia region, characterized by the presence of major coal-fired (lignite)
electrical power production units. In consequence, the outdoor air quality seems to be affected by this
activity [21]. The Aquatic Center is located at the city limits, next to the suburban grove and the
central park. On an urban level, it can be considered a part of a greater unit, including the Indoor
Athletic Center and the Outdoor Athletics and Football Center as well. The Indoor Aquatic Center
has been transformed accordingly, on the basis of the existing Outdoor Center. The initial cementbased construction was set-up by 1978, while the transformation was implemented through the
addition of a steel structure, metallic polyurethane panels and aluminum window frames. As a general
comment, the building envelope can be characterized obsolete, noting that the panels have lost their
thermal insulating capacity, due to the deterioration of polyurethane, while the aluminum frames
present considerable air leakage, due to the poor assembly between the frame and the polycarbonic
transparent elements. The Aquatic Center represents a one-floor installation, with an area of 1695.36
m2 (picture 1). The built environment includes the pool area, the dressing rooms, the administration
office and the boiler room.
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Picture 1 – General view of the Aquatic Center
The Aquatic Center operates during the whole year, excluding the period between July 15 th and
September 15th for maintenance reasons. The opening hours are Monday-Friday from 9 a.m. to 10.30
p.m., Saturday 9 a.m. to 8.30 p.m., while on Sunday it hosts specific athletic events.
2.2 Energy characteristics
In order to serve its energy needs, the Center makes use of a district heating system. The district
heating system operates from mid October to mid May. During the rest of the operating period,
heating of the swimming pool and hot water use preparation is performed by oil boiler. The equipment
used for the energy needs, as well as for the treatment of the swimming pool water, is not adequately
maintained, leading to inefficient performance and ineffective disinfection of the water. Moreover, it
should be stressed that there is no unit for air-conditioning, thus, the humidity of indoor air reaches
non acceptable limits. This phenomenon is ineffectively treated through the non-regular opening of
windows and doors, in order to achieve natural ventilation. In the aquatic center there are no installed
Renewable Energy Systems (RES), nor energy saving ones.
Electrical loads are related to lighting ones (fluorescence and halogen bulbs), as well as to the
operation of electrical appliances, mainly including the pumps responsible for the hydraulic
installation for the heating as well as disinfection process of the swimming pool water.
2.3 Indoor air thermal parameters
In order to assess the quality of indoor air, an extensive measurement campaign took place by JuneJuly 2017 [12]. Table 2 presents the respective measurement values for temperature (T), relative
humidity (RH) and CO2 concentration (CCO2); the respective outdoor values have been obtained by a
portable meteorological station, installed near the aquatic center. According to the results, the indoor
air is characterized by high temperature and relative humidity values. Special mention to the humidity
issue should be provided, as if combined to the relatively high CO2 concentration values, reveals the
insufficient air exchange rate. This is related to the absence of a ventilation system; as discussed
above, natural ventilation is not sufficient also, indicating values of 0.5-1 ACH (h-1) by operating
hours [12], while the relevant requirements lie in the order of 3-6 h-1 [1].
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Table 1 Mean values of meteorological and indoor air thermal comfort parameters throughout the
measurement period
Indoor air
Parameter

Outdoor air

Mean value

Min

Max

Mean value

Min

Max

Τ (oC)

26.4

19.2

37.5

24.4

14.5

35.9

RH (%)

67.4

23.9

95.7

44.4

23.4

77.1

CO2 (ppm)

501.6

258.9

1321.5

-

-

-

Air velocity (m/s)

0.099

0.003

1.622

0.78

0.40

1.68

Table 2 Values of energy parameters for the building envelope and HVAC systems
Thermal parameter value

Component

Existing situation

Basic scenario

Polyurethane panels

U=0.9 W/m2K

U=0.6 W/m2K

Polyurethane panels
(roof)

U=0.9 W/m2K

U=0.55 W/m2K

Concrete walls

U=2.7W/m2K

U=0.6 W/m2K

Concrete roof

U=3.05 W/m2K

U=0.55 W/m2K

Ground wall

U=3.1 W/m2K

U=2.5 W/m2K

Metallic door

U=2.6 W/m2K

U=2.6 W/m2K

Polycarbonic opening

U=3.84 W/m2K

U=2.6 W/m2K

Aluminum opening

U=6.1 W/m2K

U=2.6 W/m2K

District heating heat
exchanger

ηgen=0.97

ηgen=0.97

(thermal performance)

(thermal performance)

ηgen=0.635

ηgen=0.93

(thermal performance)

(thermal performance)

Installed power: 40 kW

13.3 kW

-

COP=3

Air exchange rate

0.7 h (natural ventilation)

4 h-1 (forced)

Swimming Pool Cover

No

Yes

Oil boiler
Lighting Power
Air-Conditioning Unit

-1

3. SIMULATION ANALYSIS
3.1 Assumptions. Data insertion.
Energy analysis was based on Energy Plus, providing the opportunity for a dynamic simulation of the
aquatic center energy behavior [22]. The geometry of the building was inserted through the Energy
Plus computational environment.
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Picture 2 –Insertion of aquatic center geometrical data in Energy Plus software
An assumption of 6 thermal zones for the building area was performed; 5 of them refer to heated
spaces (pool area, administrative spaces (2 zones), dressing rooms, WC), while the technical
equipment room was assumed to be non-heated. The thermostat regulation was: 26οC (main pool
area), 20οC (other zones) and 28οC (swimming pool water), according to the requirements of the
relevant literature [1] and the experience of the investigation of indoor climatic conditions of the
aquatic center [12]. The presence of people was fluctuating between 25-200 (athletes or spectators)
with regard to the day and time; actual data were used, demonstrating the use of the center.
In table 2, the values of various parameters for the building envelope and HVAC systems are
presented. The values have been obtained through energy inspection performed according to the
Technical Directive 20701-1 of the Greek Technical Chamber [23]. Especially regarding the assumed
thermal insulation values for the basic scenario, these are in line with the requirements of the 207011 Directive, considering the effect of thermal bridges as well.
3.2 Present situation
In order to validate the model, the consumption results were compared with actual energy and fuel
consumption data.
Figures 3a and 3b present the simulated energy demand and consumption data for various uses, as
well as comparison with actual consumption data.

Figure 3. Annual energy demand and consumption: a. Simulated demand/consumption data. b:
Comparison with actual data
According to figure 3a, the district heating and oil consumption are significantly greater than the
demand, indicating the need for energy saving interventions on the respective systems (piping,
thermal storage insulation), especially the replacement of the boiler. Electrical consumption depends
exclusively on lights and pumps, as the presence of an air-conditioning unit is not anticipated. Space
heating demand represents the greater of all. According to the comparison with actual data (figure
67

3b), the greater deviation is observed for district heating, on a level of 9.5%. Given the uncertainties
characterizing the parameters entering the analysis, the above deviation can be considered to be
acceptable, allowing further investigation.
3.3 Energy upgrade basic scenario
The energy upgrade scenario includes some basic solutions for the envelope and the HVAC system,
allowing the improvement of energy performance. Figure 4 presents the comparison of basic scenario
to the existing one. In figure 4a, energy demand/ consumption for cooling has also been added, due
to the presence of the air-conditioning unit. The improvement of the District Heating and Boiler
System has contributed to the decrease of the consumption to demand ratio. As can be seen in figure
4b, despite the interventions on the direction of energy saving (envelope, swimming pool cover,
lights), this is not reflected onto the energy consumption estimation. This can be attributed to the fact
that the implementation of forced ventilation would be accompanied to the increase of heating and
cooling loads; thus, energy would be consumed through the district heating and air-conditioning
systems, noting also the electrical consumption of the ventilation fans.

Figure 4. Annual energy demand/consumption for the basic scenario: a. Simulated data. b.
Comparison with existing situation
3.4 PCM / Thermochromic glazing
The use of PCM or thermochromic glazing is expected to affect the thermal loads. Regarding
simulation procedure, the energy behavior of PCMs is defined by their enthalpy difference, depending
on their temperature, throughout operation. Regarding thermochromic materials, emphasis was put
on the simulation of the external layer, noting that optical parameters of the respective layer differ
with regard to its operation temperature. The operation temperature, for the simulated building
element layers is calculated by the relevant algorithm of the Energy Plus software (‘Conduction Finite
Difference’ algorithm), thus allowing for both technologies the exact prediction of their behaviour.
In figure 5, the results for PCM and thermochromic glazing are presented.
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Figure 5. Energy demand regarding PCM and thermochromic interventions
According to figure 5, for PCM there is a decrease in the heating and cooling load in the order of 15%
and 50% respectively. Thermochromic glazing has a greater effect, while for both interventions the
results demonstrate a conflict between the two technologies for heating loads, as this is higher than
the load for each implemented solution. This can be attributed to simulation reasons, given the
complex transient character of both technologies; further investigation is required.
3.5 Solar and PV systems
In order to substantially decrease the conventional fuel consumption, solar thermal and PV systems
can be installed. For simulation simplicity reasons, and given the scope of the present analysis, it has
been decided to use the f-chart [24] and PV f-chart [25] methods for calculating the required solar
thermal and PV surface respectively; the monthly loads calculated by the simulation analysis were
used.
Depending on the fraction of the total heating load that will be supplied by solar energy, the
calculations demonstrated different values for the total collector surface. In particular, the calculations
were accomplished taking into consideration the assumption that the solar thermal collectors would
cover a significant fraction of the total thermal energy needs during summer, thus saving oil
consumption. The above scenario led to the requirement of 400 m² of selective flat plate collectors
(Fr·(τα) = 0.75 and Fr·UL = 4 W/m²K), achieving a coverage fraction of 78% for the summer period,
and 32% on annual basis (figure 6a). The collectors would be installed on the inclined roof
(inclination of 20°) of the aquatic center, at the South-East orientation.
Regarding PV panels, the energy analysis led to a coverage fraction lying between 31-87%, as can be
seen in figure 6b and demonstrating an annual coverage value of 44%; the PV panels were also
assumed to be installed on the inclined roof of the building, at South – East orientation. For the
existing calculations the required PV panels spaced 400 m² on the inclined roof (inclination of 20°)
of the aquatic center, at the South-East orientation.
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Figure 6. Monthly solar thermal (a) and PV fraction (b) for the solar thermal collectors and PV
systems, respectively
3.6 Hybrid Photovoltaic / Thermal Systems (PV/T)
Instead of using Solar thermal or PV systems, it would be interesting to investigate the feasibility of
a hybrid PV/T solution; given that PV/T could be integrated on the facade of the building, their use
is expected to have some impact on the thermal behavior of the envelope. However, calculations have
not taken into account the increased thermal resistance of the wall due to the PV/T integration, since
installation on the roof of the building has been considered, similar to the case of conventional solar
systems. For the thermal and electrical operation of the hybrid PV/T systems, the results extracted by
the detailed experimental results of Souliotis et. al [26] have been taken under consideration.

Figure 7. Monthly solar thermal (a) and PV fraction (b) for the hybrid PV/T systems
Figure 7 presents the annually simulation results regarding the fraction of solar thermal and electrical
load for the hybrid PV/T systems. The above scenario led to the requirement of 400 m² of PV/T
collectors achieving a coverage thermal fraction of 39% for the summer period, and 10% on annual
basis (figure 7a). The energy analysis showed that the coverage electrical fraction lies between 3083%, as can be seen in figure 7b and demonstrating an annual coverage value of 42%.
4. CONCLUSIONS
In this work, the energy behavior of an indoor aquatic center was investigated on the basis of dynamic
simulation software, investigating energy upgrade solutions with some emphasis on building
integrated ones. The basic scenario demonstrated the substantial energy saving impact of the
improvement of thermal insulation for walls and openings, the use of swimming pool cover for
nighttime and installation of highly efficient lights; the overall conventional fuel consumption was in
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the order of 9% due to the fact that the proper ventilation of the system according to the hygienic
requirements, leading to accepted temperature, humidity and CO2 concentration conditions, is
accompanied to a substantial increase of heating and cooling load, as well as to fans electrical
consumption. The results were promising for PCM and thermochromic glazing solutions,
demonstrating benefit in the order of 15-20% for space heating and 50% for cooling demand.
The installation of solar and PV systems, in addition to energy saving interventions, could eliminate
the conventional fuel consumption on a thermal fraction of 75 % for the summer period (oil), and
33% regarding annual electrical load. The integration of PV/T technologies demonstrated a positive
effect on heating and cooling load, while the respective conventional fuel consumption saving, due
to the produced energy, could be as high as in the case of conventional solar systems.
The use of a dynamic simulation software proved to be suitable for such a complicated problem,
especially considering the simulation requirements of the building integrated solutions addressed in
this work. Some simulation conflict, especially for the case of PCM and thermochromic glazing,
probably related to their transient character should be investigated in more detail.
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ABSTRACT
The proposed photovoltaic electrochemical (PV-EC) process combines the autonomous and
environmentally friendly photovoltaic solar energy with the capability of the combined
electrocoagulation/electrooxidation process to effectively remediate toxic olive mill wastewaters
and simultaneously produce electrolytic hydrogen. The photovoltaic array can be connected directly
to the electrochemical reactor without batteries increasing, in this way, the system sustainability and
eliminating the environmental threat of improper battery disposal. The PV-EC system is made
versatile according to the instantaneous solar irradiation by adjusting the wastewater flow rate to the
current intensity supplied by the photovoltaic array.
Operating parameters affecting the efficiency of the proposed process, such as wastewater flow rate,
conductivity, current density, electroprocessing time and solar irradiance were studied and optimal
conditions were investigated. The experimental results showed that the initial COD of 21000 mg/L
and turbidity of 162 NTU of the olive mill waste sample were effectively reduced to 105 mg/L and
0 NTU respectively after treating the wastewater by both, batch wise and continuously operated
electrocoagulation and electrooxidation or combination of the two processes.
The proposed process is a safe method for effective treatment of toxic and recalcitrant wastes, such
as oily olive mill wastewaters, especially for applications in remote and isolated locations with lack
of electric grid.
1

INTRODUCTION

In the three largest oil producing countries of the world (Spain, Italy, Greece), the olive cultivation
occupies millions of land acres. For every one pound of olives 1 to 1.2 pounds of wastewater are
produced, which can have a very high organic content and a chemical oxygen demand (COD) up to
230 g/L. The oily wastewater contains various degradable organic compounds, such as amino acids,
sugars, proteins and furthermore hardly degradable ecotoxic and phytotoxic polyphenols that make
this waste 1000 times more hazardous than municipal wastewater. Therefore, increasing concern
has been expressed about the effective treatment and safe disposal of olive mill wastewater in the
environment. Various treatment processes, such as biological [1], chemical [2] and electrochemical
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processes [3,4] have been employed in an attempt to reduce the organic load and bio-recalcitrance
of these oily wastewaters.
This paper presents the possibility of olive mill waste management using electrochemical
techniques, such as electrocoagulation with aluminum electrodes and electrooxidation with the
dimensionally stable boron doped diamond electrodes (BDD). The electrochemical process is
directly powered by photovoltaic panels and, therefore, suitable also for remote and isolated regions
without connection to electric grid.
1.1. Brief description of electrocoagulation
Electrocoagulation is a process consisting of creating metallic hydroxide flocs inside the wastewater
by electrodissolution of soluble anodes made of aluminum or iron. The main reactions occurring
during electrocoagulation with aluminum electrodes produce aluminum ions at the sacrificial anode
and hydroxide ions as well hydrogen gas at the cathode, according to reaction equations (1) and (2):

Al → Al3+ + 3e−

(anode)

(1)

2H2O + 2e_ → 2OH − + H2

(cathode)

(2)

The generated Al3+ and OH- ions react to form various monomeric and polymeric species such as
Al(OH)2+, Al(OH)2+, Al2(OH)24+, Al(OH)4-, Al6(OH)153+, Al7(OH)174+, Al8(OH)207+,
Al13O4(OH)247+, Al13(OH)345+ which finally result in situ formation of gelatinous Al(OH)3 effecting
the coagulation and co-precipitation or H2 flotation of particulates from the solution by adsorption
[5-7].
1.2. Brief description of electrooxidation
Organic matter can be anodically destroyed in two different mechanisms, namely: direct oxidation,
where the pollutants are adsorbed on the anode surface and destroyed by the electron transfer
reaction and (b) indirect oxidation in the liquid bulk by the electrochemically mediated oxidants,
such as hydroxyl radicals OH*, peroxodisulfate ions S2O82-,ozon O3, chlorine Cl2 and hydrogen
peroxide H2O2, [8-11] as shown in reaction equations (3)-(7).

H2O → OH + H + + e

(3)

2SO2-4 →S2O82- +2e
3H2O

→ O3 + 6H+ + 6e

2Cl- → Cl2 +2e
2OH* → H2O2

(4)
(5)
(6)
(7)

The most powerful oxidant in water is the hydroxyl radical OH* with a redox potential of 2.8 Volt
versus normal hydrogen electrode (NHE). Chemical Advanced Oxidation Processes (AOPs) and
Electrochemical Advanced Oxidation Processes (EAOPs), therefore, are characterized by the
production and use of these hydroxyl radicals for oxidative destruction of organic substances. BDD
electrodes show the largest overvoltage for oxygen production and the widest potential window in
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water ever found for an electrode material [12,13]. These electrodes are also chemically and
mechanically stable. Therefore, BDD electrodes, compared to other electrodes are the most suited
for producing free hydroxyl radicals and performing EAOPs with very high current efficiencies
[14,15].
2

METHODOLOGY

The actual wastewater was obtained from an olive oil factory located near Kavala, northern Greece,
with the main characteristics listed in Table 1.
Table 1. Main characteristics of treated olive mill wastewater sample
Parameter:

beforetreatment

after treatment

Color
pH
Conductivity (mScm-1)
COD (mg L)
Turbidity (NTU)

brownish
6.3
0.614 (7.500 with electrolyte addition )
21000
162

clear
7.8
6.375
105
0

The initial thick olive mill wastewater was diluted with water by a volume ratio 1:1 and then
filtered to remove the suspended solids. The electrochemical treatment was monitored by
measurement of COD and turbidity.
The photovoltaic module used was ECO LINE 72/185-200W made of mono-crystalline silicon
with a peak power of 200 W. The experiments were conducted in Eastern Macedonia and Thrace
Institute of Technology (latitude 40˚ 55΄, longitude 24˚ 22΄ and altitude 138 m above the sea level).
DC voltage and current were measured by a multimeter (PHYWE). Conductivity was measured by
means of a conductometer (WTW). The pH and the temperature were measured using a Hanna pHmeter. Both, batch and continuous electrochemical processes have been conducted. The wastewater
was circulated by a peristaltic pump.
Electrolyses were conducted at 60 0C temperature in a cylindrical glass cell of 500 ml in which 200
ml of wastewater were placed and slowly stirred with a magnetic bar at 500 rpm. The electrodes for
electrocoagulation experiments were three commercially obtained aluminum plates of size 10cm x
5cm x 0.2cm, immersed to a 6 cm depth each having an effective area of 60 cm2. The interelectrode distance was 0.5 cm. To remove the oxide and passivation layer from aluminum surface
the electrodes were grinded with sandpaper and activated by dipping them in HCl 5N for 1 minute.
As supporting electrolyte for decrease of the excessive ohmic drop in the solution served a mixed
solution of 4:1 g L-1 Na2SO4:KCl. The amount of KCl was added for prevention of passivation on
the aluminum electrode surface.
The electrodes used for electrooxidation experiments were one central boron doped diamond (BDD)
electrode, (DiaCCom, Germany) serving as anode and two outer graphite plate electrodes serving as
cathodes. The electrode dimensions and inter-electrode distance were kept the same for both,
electrocoagulation and electrooxidation experiments. Samples were extracted every 5 minutes and
filtered using Whatman filter paper (Grade 40). The chemical oxygen demand (COD) was analyzed
using a COD reactor (Thermoreaktor TR 420, MERCK) and a direct reading spectrophotometer
(Spectroquant Pharo100, MERCK). The turbidity was analyzed with a turbidimeter (AQUALYTIC
AL-100). Figure 1 shows a flow diagram of the proposed PV-EC process.
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Figure 1. Diagram of the experimental setup. 1. PV Solar module, 2. Regulator,
3. Electrochemical reactor, 4. Electrode (a), 5. Electrode (b), 6. Filter, 7. Treated solution,
8. Flow meter, 9. Peristaltic pump, 10. Wastewater deposit.

3

RESULTS

3.1 Batch wise operated treatment
3.1.1 Electrooxidation
As can be seen in Table 2, the electrooxidation treatment of the olive mill wastewater sample with
BDD anode at the applied current density 30 mA cm-2 and temperature 60 0C led to a reduction of
the initial COD of 21000 to 132 mg L-1 after 8 hours, while the initial turbidity of 162 NTU
disappeared in the first hours of electroprocessing.
Table 2. Reduction and percent removal of COD with time during the electrooxidation treatment.
Time (h)

Residual COD (mg L-1)

COD removal (%)

Turbidity (NTU)

0

21000

-

162

1

16206

22.8

2.4

2

11126

47.0

1.1

3

7530

64.1

0

4

4124

80.3

0

5

2050

90.2

0

6

875

95.8

0

7

314

98.5

0

8

132

99.3

0

3.1.2 Electrocoagulation
The electrocoagulation treatment of the same wastewater sample with aluminum electrodes at the
same applied current density and temperature led to a reduction of the initial COD to 7308 mg L
after 2 hours of electroprocessing time, showing a reduction of 65.2 % (Table 3). Prolonged
electrocoagulation treatment did not bring about any substantial removal of COD. Here again the
initial turbidity of 162 NTU disappeared in the first hours of electroprocessing.
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Table 3. Reduction and percent removal of COD with time during the electrocoagulation treatment.
Residual COD (mg L-1)

Time (h)

COD removal (%)

Turbidity (NTU)

0

21000

-

162

0.5

15201

27.3

4.3

1

10475

50.1

1.2

1.5

7986

61.9

0

2

7308

65.2

0

3.1.3 Combined electrocoagulation/electrooxidation
By the combined electrocoagulation/electrooxidation treatment the electroprocessing time and,
therefore, the electrical energy consumption could be markedly reduced (Table 4). Keeping constant
the same parameters of current density and temperature, the same olive mill wastewater was first
treated by electrocoagulation over 2 hours to remove the bulk COD (65.2 %) and then it was subject
to electrocooxidation where COD diminished to 105 mg L-1 over the rest 5 hours.
Table 4. Reduction and percent removal of COD with time during the combined
electrocoagulation/electrooxidation treatment.
Time (h)

Residual COD (mg L-1)

COD removal (%)

0

21000

-

1

10475

50.1

2

7.308

65.2

3

4016

80.5

4

2112

8909

5

678

96.7

6

207

99.0

7

122

99.4

3.2 Continuously operated treatment
The current density supplied by the PV array depends on the solar irradiation and the temperature of
the PV modules. These parameters cannot be controlled and will change continuously through the
hours in a day or suddenly through clouds crossing or changes in wind speed. Ortiz et al. 2007 [16]
and Valero et al. 2008 [17] proposed a clever mode of operation in order to make the PV-EC
system versatile to instantaneous solar irradiation by keeping constant the ratio current density/flow
rate. Thus, when the current density supplied by the PV array changes, also the working flow rate
must proportionally change to maintain this ratio constant. This operation way implies that the
volume of treated wastewater is directly related to the solar energy incident on the panels.
Advantages for not using batteries are the lower installation costs, the higher electrical energy
utilization, the avoidance of environmental problems related to improper battery disposal and the
increase of the system sustainability [18-20]. As it can be obtained from Table 5, by increasing the
current density the cell voltage and flow rate increase proportionally, while the residence time
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decreases. The removal percentage of COD is hardly affected and remains high over 99 %
respectively in all experiments.

Table 5. Continuous electrooxidation with constant ratio of current density to flow rate.
Flow rate
(L h-1)
0.102
0.205
0.307
0.404

Current
density
(mA cm-2)
30.00
59.32
90.33
120.16

Voltage
(V)

Residence time
(h)

5.1
6.5
8.3
10.7

1.949
0.974
0.649
0.404

Energy
consumption
(kWh m3)
89.45
112.77
146.11
157.38

COD
removal
(%)
99.3
99.2
99.0
99.1

The wastewater conductivity affects immediately the applied voltage and therefore the electrical
energy consumption. At the constant flow rate of 0.102 L h-1, the removal percentage of COD is
hardly affected and remains constant over 99 % for the four tested wastewater conductivities of
2.500, 5.000, 7.500 and 10.000 mS cm-1 (Table 6).

Table 6. Continuous electrooxidation at constant flow rate and various wastewater conductivities
Conductivity
(mS cm-1)

Voltage
(V)

2.500
5.000
7.500
10.000

9.1
6.6
5.1
3.9

Energy
consumption
(kWh m-3)
159.62
115.77
89.45
68.40

COD removal
percentage
(%)
99.2
99.1
99.3
99.0

The solar irradiation intensity depends on the occasional meteorological/geographical conditions
and influences the photovoltaic output current and therefore, the performance of the electrochemical
process. As already stated the flow rate of the treated wastewater can be used as the control
parameter. The most important characteristics of the current-voltage curve of the photovoltaic
module for a solar irradiation of 1000 w m-2 and temperature of 25o C are given in Figure 2. The
short circuit current Isc is the maximum current supplied by the PV panel at zero voltage between
terminals. It depends mainly on solar irradiation and amounts to 5.89 Ampere. The open circuit
voltage is the maximum voltage reached in absence of load. It depends mainly on temperature and
amounts to 44.27 Volt. The photovoltaic panel produces electrical energy also at periods of low
intensity.
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Figure 2.I-V curve of photovoltaic module

3.3 Eletrolytic hydrogen production
Due to electrochemical splitting of water during both, the electrocoagulation and electrooxidation
treatment of the olive mill wastewater, a significant amount of hydrogen gas is produced at the
cathodes, which with appropriate reactor configuration could be collected and stored as energy
source. The amount of the electrolytically produced hydrogen gas can be calculated from the
faraday’s law of electrolysis. Thus, during the continuous electrooxidation treatment of the olive
mill wastewater at the flow rate 0.102 L h-1 and current density 30 mA cm2 about 7 m3 hydrogen gas
per m3 of treated wastewater can be produced, which is not a negligible amount of energy win. In
this way, the utilization of photovoltaic solar energy aims at a double useful objective, namely
environmental cleanup and energy harvesting.

4

CONCLUSIONS

Toxic and recalcitrant wastes, such as oily olive mill wastewaters can effectively be treated by
electrocoagulation and electrooxidation processes directly powered by photovoltaic panels without
using batteries. Combining the two electrochemical techniques the time of electroprocessing and,
therefore, the electrical energy consumption could be markedly reduced. Simultaneously to
environmental cleanup significant energy harvesting in form of electrolytic hydrogen can be
achieved.
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ABSTRACT
The government of Cyprus has developed policies and regulations addressing the energy
performance of non-residential buildings, in order to achieve the national energy reduction
objectives in accordance with the European Union’s targets and directives. These packages consist
of energy performance regulations and financial incentives.
Currently, the national legislation in force, which defines the requirements and the technical
characteristics to be achieved by a building in order to qualify as a nearly Zero Energy Building
(nΖΕΒ) is under the Decree 366 of 2014. However, this falls short of addressing sufficiently the
high cooling energy demand of buildings in Cyprus, as well as, introducing alternative solutions to
thermal insulation measures for reducing the overall energy consumption.
This paper examines the energetic and economic viability of enhanced, smart refurbishment
scenarios for office buildings in the Mediterranean climate by considering a University
Administration Building in the city of Limassol as a case study. The energy performance of the
building was calculated first for its current state and then after applying the required alterations in
order to comply with the nZEB standards. Working with the in force legislation for non-residential
buildings, the standard nZEB refurbishment model and after the examination of a set of additional
refurbishment measures, including building control and automation systems, innovative materials
and integrated vegetation solutions, an alternative smart nZEB energy refurbishment model was
developed, encompassing the most energy and cost-effective measures from the study. The energy
simulations have been performed with Design Builder software.
Based on the results, the existing legislation, defining a nearly Zero Energy Building (nZEB) is
reconsidered prompting a proactive discussion towards the improvement of the current energy
regulating Directives.

1 INTRODUCTION
Global economy is considered to be suffering a large-scale crisis since 2007, with its zenith
observed in the period 2008-09. Almost ten years later and many parts of the world are still in
repression, including (but not exclusively) many southern European countries. This economic crisis
is interwoven with an extensive social and environmental crisis, resulting in a variety of branching
predicaments. The energy crisis can be ascribed to the economic, socio-political and environmental
crises, with expanding urban centres draining the world’s depletable energy resources [1]. As a
result of climate change and poor socio-economic conditions, more energy is needed to achieve
certain levels of essential energy services such as heating and cooling [2]. For instance, low-income
households often consume more energy due to poor construction quality or lack of bioclimatic
design [2,3]. Furthermore, in a Cyprus-based case study by Fokaides et al. (2017), it was estimated
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that significantly less energy is consumed in social housing buildings that were built after the EPBD
came into force. Specifically, the study concluded that houses built 30 years prior to the EPBD
Directive consumed up to 60% more energy than buildings constructed from 2009 to 2014, when
EPBD regulations had been implemented [4].
Energy intensity for 2015 in Cyprus was found to be higher than the mean EU28 [5], and by 2030 it
is projected that Cyprus may consume up to 2.9% higher amounts of electricity than the reference
scenario [6]. On the EU level, energy consumption in buildings amounts to 40% of final energy
consumption, with large amounts spent towards creating comfortable thermal environments for the
inhabitants [7]. Non-residential dwellings in Cyprus account for almost 14% of total building floor
area, of which approximately 26% represents private and public office spaces [8] and have added
more than 1 million square meters of built space during the last decade [9]. It is estimated that
approximately only 1% of the building stock is newly added annually, meaning that about 99% of
the building stock is made up of existing buildings with voracious energy consumption patterns and
their associated carbon emissions [10]. The current rate and depth of refurbishment of the existing
building stock has been found to be inadequate in reaching the national targets for climate change
mitigation [11]. The buildings’ sector therefore holds great potential to achieve reductions in energy
consumption through deep energy retrofitting of existing buildings [12].
Regarding nearly zero energy buildings (nZEBs) in Cyprus, the appropriate authority - the Ministry
of Energy, Commerce, Industry and Tourism (MECIT) has provided the technical national
definition of nZEBs as well as a national action plan [13]. Another Cyprus-based study within the
framework of an EU Horizon 2020 project has shown that nearly zero energy and positive energy
settlements are a realistic possibility [14]. On a different approach, there has been a call for a leap in
technological improvement instead of stricter regulations [15]. For example, the increasing
thickness of thermal insulation in walls could be replaced by super insulating materials, thus
maintaining an efficient level of insulation and a sense of aesthetics. Either way, the construction
sector is experiencing an improvement in energy efficiency and what remains is the refurbishment
of the existing building stock in order to match (or approximate) the energy performance of new
buildings.
There is great potential of energy savings coming from deep renovations of non-residential
buildings, since more than 70% of the office building stock in Europe is older than 30 years old
[16]. In addition, it is estimated that approximately 80% of energy savings potential in the building
sector remains untapped [17]. For example, a case study of deep renovation of a large office
building constructed in 1974 in Germany resulted in a reduction of 64.3% in energy demand,
mainly by means of a double façade that was used for the building’s thermal insulation and HVAC
system [18]. A more recent Danish case study has reported similarly important energy savings for a
deep renovation of an office building, based on more common refurbishment approaches. The
renovation package included heating setpoint schedules, efficient lights, daylight sensors and
insulation to the south and north facades as well as the roof, which have allowed for 51.3% energy
savings in heating and 36.6% in electricity consumption [19]. However, to properly evaluate the
thermal needs of office buildings and achieve optimal thermal comfort for occupants, it is crucial to
include in situ observations and monitoring of indoor conditions in the investigation [20].
Moreover, such observations cannot be deemed completed until the occupants’ perceptions and
individual perspectives are taken into consideration [21].
The present study examines the current energy performance of an office building in an urban setting
in Limassol, Cyprus, by means of on-site measurements and real energy consumption data
complemented by energy simulations and then investigate alternative refurbishment scenarios for
transforming it to a nearly Zero Energy Building (nZEB). The study is carried out in the framework
of the smart urban isle approach in achieving smart sustainable cities of the ERA-NET project
“Smart bioclimatic low-carbon urban areas as innovative energy isles in the sustainable city” (SUI).
The case study public building is a 4 floor (ground floor, mezzanine, first and second floor)
University Administration building constructed in 1979 and renovated in 2010. It is equipped with
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various services, including approximately 60 workplaces, a lecture room for 30 people and 2
meeting rooms. It is located in the old town neighbourhood of Limassol, near the seafront; a
commercial area with up to 7-storey buildings surrounding it. Although recently refurbished, the
building is not insulated. This building was selected primarily due to the fact that it is public (due to
the EU’s nZEB requirements regarding public buildings), but also in conjunction with its central
location in the highly lively urban area it is found in.
A brief overview of the energy regulating legislation, in continuation, including the nZEB
requirements, will provide the theoretical and technical basis for the development of the case study.
2 EU AND NATIONAL LEGISLATION
Legislation for the regulation of the energy performance of buildings was first published in 2002 on
an EU level (Directive 2002/91/EC). The first version of the Energy Performance of Buildings
(EPBD) Directive was made available, and had to come into effect in all Member States by 2006
[22]. Cyprus as a member of the European Union since 2004 was bound to comply with the EU
legislation. Therefore, in response, two decrees (Decrees 142/2006 and 568/2007) regulating the
energy performance of buildings in Cyprus were issued in 2006 and 2007 respectively by the
Republic of Cyprus and MECIT, also respectively [23,24]. According to Decree 568/2007, the
minimum energy performance requirements were set based on maximum permissible thermal
transmittance (U-values), and are presented in Table 1. These decrees also mention that buildings
undergoing “major renovations” should adhere to the energy performance requirements, however
they did not mention the notion of nZEBs.
Table 1: Regulations for minimum energy performance of buildings and nZEBs in Cyprus.

Regulation

Decree
568/2007

Description

Minimum
Energy
Performance
Requirements

Indicators
Energy Performance Certificate
Maximum u-value for walls

0.85 (W/m2K)

Maximum u-value for horizontal elements (roofs and
exposed floors)

0.75 (W/m2K)

Maximum u-value for floors which are above not heated
spaces

2.0 (W/m2K)

Maximum u-value for glazed openings

3.8 (W/m2K)

Share of renewable energy sources

Not defined

Energy Performance Certificate

Decree
366/2014

nZEB
requirements
and technical
specifications

A

Maximum u-value for walls

0.4 (W/m2K)

Maximum u-value for horizontal elements

0.4 (W/m2K)

Maximum u-value for floors which are above not heated
spaces

Not defined

Maximum u-value for glazed openings
Share of renewable energy sources
Energy Performance Certificate

Decree
359/2015

Values
B or above

Maximum u-value for walls
Minimum
Maximum u-value for horizontal elements
Energy
Performance Maximum u-value for floors which are above not heated
Requirements spaces
(revised)
Maximum u-value for glazed openings
Share of renewable energy sources

2.25 (W/m2K)
25%
B or above
0.72 (W/m2K)
0.63 (W/m2K)
2.0 (W/m2K)
3.23 (W/m2K)
Not defined
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The 2002 EU directive was then repealed and replaced in 2010 by Directive 2010/31/EU, which is
the current EU legislation regulating energy performance of buildings [25]. In this directive, it is
stipulated that as of January 1st 2019 all new buildings occupied and owned by public authorities
must be nearly zero-energy buildings (nZEB). The role of nZEBs is considered to be instrumental in
the race to reach long-term objectives of energy efficiency in buildings [26]. Following this latest
EU directive, the Republic of Cyprus issued Decree 366/2014 for the requirements and technical
specifications that must be fulfilled by nZEBs, as well as Decree 359/2015 for the revised
specifications of minimum energy performance of buildings [27,28]. The specifications for
minimum energy performance and those of nZEBs are also presented in Table 1. A progression of
improved energy efficiency stipulated by these regulations can be observed, between the decrees
stating the minimum energy requirements of new buildings, but also between those and the nZEB
decree. The Republic of Cyprus is therefore showing effort into transposing the EPBD directives on
a national level and setting up an efficient framework by which energy efficiency can be optimised
in buildings.
3 METHODOLOGY
An existing office building, within an urban centre, constructed prior to the existence of any
national regulations on the energy performance of buildings, was selected as a case study. The
current energy performance of the building was found through the architectural drawings
(geometrical and structural information), the energy performance data (U-values, HVAC system,
and installed lighting devices) and the electricity bills (energy consumption). This information was
provided by the owners of the building.
The energy simulations were performed with iSBEM (the Cyprus official certification tool for
issuing Energy Performance Certificates) and with Design Builder. Design Builder is a dynamic
simulation program and it will be used for all the simulations, whereas iSBEM will serve as a tool
to confirm the validity of the scenarios according to the legislative framework requirements in the
Energy Label and nZEB scenarios, which are based on national energy regulating directives. The
photovoltaic (PV) potential was calculated using the Photovoltaic Geographical Information System
online tool of JRC.
The energy model in Design Builder was fine-tuned by incorporating the results from onsite
measurements, monitoring and surveys. The questionnaire survey on occupant indoor comfort
satisfaction was conducted during summer and winter. The information was supplemented by
temperature, humidity, air movement, dew point and light data collected through data-loggers
placed in the building. The indoor set temperatures for heating/cooling were documented after
onsite observations. Complementary thermal images were taken using a thermal camera, in order to
find missing, damaged, or inadequate insulation points, building envelope air leaks, moisture
intrusion and other thermal problems. Also, the main sources of radiant temperature were
determined. Instantaneous measurements of air temperature, radiant temperature, and relative
humidity were made using a Heat Stress Wet Bulb Globe Temperature Meter, both for the indoor
and the outdoor climatic conditions. In addition, a weather station was placed on the building roof,
to monitor temperature, humidity, wind speed and direction as well as rain.
After developing the current energy profile of the building, three energy refurbishment scenarios,
including various individual measures, were investigated. The first scenario was based on the
national legislation for nZEBs, whereas the second scenario was based on the evaluation of the
requirements for reaching the nZEB with the additional introduction of individual measures. The
final scenario is a revised version of nZEB, integrated with individual energy efficient measures
resulted as promising from the second scenario. The payback time for each scenario was then
calculated based on the current market prices for energy and construction.

85

4 DESCRIPTION OF CASE STUDY
4.1 Current State
The public building under study is a University Administration building. It has 4 floor levels
(ground floor, mezzanine, first and second floor) and was constructed in 1979. It is equipped with
various services, including approximately 60 workplaces, a lecture room for 30 people and 2
meeting rooms.
The building’s loadbearing structure is reinforced concrete. The main wall structure is reinforced
concrete with brickwork, cladded partially outside with travertine marble, whereas the main roof
structure is reinforced concrete, polystyrene, cement screed and waterproof membrane. The floor is
comprised of reinforced concrete, screed concrete, raised floor with final layer of parquet in the
ground floor or fitter carpet. The building’s envelope elements U-values are presented in Table 1.
For the simulation with Design Builder the heating and cooling temperatures were 22°C and 26°C,
respectively, based on the onsite observation and the thermal comfort survey [7].
Table 2. Envelope thermal transmittance values
Thermal transmittance (U- value)
U-VALUE W/m2K
Contruction element
Wall external - concrete
3.33
Wall external - bricks
1.18
Floor
0.72
Roof
1.36
Windows double - glazing
2.00
Windows single - glazing
6.00

The building was initially modelled with both Design Builder and iSBEM. The results indicate
that the simulation generated by Design Builder gives a smaller deviation from the real
consumption, than the one generated by iSBEM (Fig. 1).

Figure 1. Case study building current energy performance and CO2 emissions.

The breakdown of energy consumption into the energy services of the building indicate that most
energy is expended towards cooling of the indoor environment. Heating does not consume as much
energy (approximately one third of the cooling energy demands), but lighting and equipment energy
demands are jointly responsible for approximately half of the building’s total energy needs (Fig. 2).

Figure 2. Case study building energy consumption breakdown (Design Builder).
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4.2 Energy retrofitting scenarios
Three scenarios were created for the purposes of this study. The nZEB scenario is created in such a
way to achieve the requirements of the relative national directive. The individual measures scenario
evaluates the impact of distinct interventions on the building, whereas most effective measures will
be selected to build an optimised scenario, termed “The Smart nZEB scenario”.
4.2.1
The nZEB Scenario
To reach the required values for the nZEB Scenario, the measures below were adopted:
1. Introduce externally 10cm of polystyrene on the walls
2. Introduce 10 cm of polystyrene to the roof
3. Replacement of glazing on the ground and mezzanine with U value 1.9
4. Replacement air-conditioning of the ground floor and mezzanine with ones of SCOP 5.5 and
SEER 6.5
5. Replacement of existing light bulbs with LED throughout the building
6. Add 120m2 PV panels on the roof and 24m2 on the south wall
These parameters and variables were used for the simulation with iSBEM software. The Energy
Performance Certificate (EPC) as produced by iSBEM, after the implementation of the nZEB
Scenario/ refurbishment measures, classifies the building as energy category Α, complying with the
requirements of the Directive.

Figure 3. Case study building – nZEB Scenario Energy Performance Certificate (iSBEM).
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After running the simulation with Design Builder, the final total energy need is calculated to be
57.7kWh/m2, 19.9kWh/m2 of which (34%) can be covered by the installed onsite RES. The
reductions per energy need can be seen in the graph below.

Figure 4. Percentage energy reduction – nZEB scenario (Design Builder).

The highest impact is observed in reducing the heating demand, which is almost annihilated. The
reduction in cooling and lighting, although significant, could be further reduced. The CO2 emissions
were reduced by 57%, whereas the payback time was calculated to 14 years.
4.2.2 Individual measures evaluation
Based on the reductions achieved by the nZEB Scenario and taking into consideration the high
energy consumption due to cooling and lighting, which was not effectively addressed, the energy
and cost effectiveness of the measures below, aiming to combat the aforementioned consumption,
were investigated on an individual basis.
a) External walls insulation
Introduce externally 10cm of polystyrene on walls.
b) Green Wall
The use of plants in building facades is a useful bioclimatic strategy providing many benefits to the
thermal, acoustic and psychological comfort of the inhabitants. Also, there are benefits on the
environment through the reduction of energy for air heating/cooling of interior spaces and CO 2
emissions.

Figure 5. Depiction of Green Wall in the building

An approximation to the green façade was made in the model. The green wall was considered as a
building shading object, with the transmittance of the foliage layer (Fig. 5). The properties of the
green wall are provided in Table 3.
Table 3. Properties for the shading object model

Green wall as a
shading object

Solar transmittance
Solar reflectance
Visible reflectance

0.20
0.30
0.09
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c) Cool paint on south east wall
The characteristics of the coat painting are given below:

Figure 6. Characteristics of the coat painting for SE wall

d) Roof insulation
Addition of 10cm of polystyrene insulation on the roof. The U-value of the roof, after the
refurbishment is reduced to 0.37W/m2K, from 1.36W/m2K (almost 4 times lower).
e) Green roof
For the simulation of the green roof, the following thermal characteristics were used:

f) Cool paint roof
One of the most effective ways to combat the building overheating is painting the roof with a cool
paint. The characteristics of the coat painting are the same as used for the wall.
g) Single to double glazed
The single glazed windows of ground and mezzanine floors, with 6W/m2K thermal conductivity
were replaced with double-glazed ones of 1.9W/m2K thermal conductivity.
h) Window film shade
A window film is added on the external surface of the single glazed windows to intercept the solar
heat from entering the building1. The new values for solar transmition and light transmition are
observed below:

1

Window solar film properties: http://www.lwf.com.cy/files/XTRM_silver20.pdf
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i) Temperature control
The comfort temperature range improved from 22-26°C to 19-27°C, decreasing the heating set
point by 3 degrees and increasing the cooling set point by one. The temperatures are controlled
using a programmable Thermostat.
After simulating the measures individually in Design Builder, it is apparent that the most effective
in terms of energy savings is the wall insulation, having more than 5 times the impact compared
with any other envelope element refurbishment measure.

Figure 7. Percentage reductions for energy and CO2 – individual measures scenario (Design Builder).

The most cost-effective measures with a payback period less than 15 years, in the order of most to
least effective, are:
•
•
•

Add window film shade in the single glazed windows (5 years)
Control the indoor temperature (12 years)
Cool paint for the roof (15 years)

Figure 8. Payback time per measure.

4.2.3 Smart nZEB Scenario
The nZEB scenario (section 4.2.1) was revised, creating a new version of it in which the walls and
roof insulation measures were not implemented and were substituted with cost effective alternatives
from the individual measures’ evaluation. The measures for the Smart nZEB scenario are the
following:
• Replacement of the air-conditioning of the ground floor and mezzanine with ones of SCOP 5.5
and SEER 6.5
• Replacement of existing light bulbs with LED throughout the building
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•
•
•
•

Control the indoor temperature
Cool paint for the roof
Add window film shade in the single glazed windows
Add 120m2 PV panels on the roof and 24m2 on the south wall

The simulation results indicate that the highest impact is in reducing the heating demand, similarly
with the typical nZEB scenario (Fig. 9). The building reaches the same level of percentage
reduction in total energy consumption (85% instead of 91% of the typical scenario) and identical
CO2 emissions reduction (57%). Furthermore, 4% higher cooling reduction than the typical nZEB
scenario is achieved. The most noteworthy difference among the scenarios is in their payback time,
with the Smart nZEB being more cost effective, with a payback time of 9 years, i.e. 5 less than the
typical nZEB scenario.

Figure 9. Percentage energy reduction – Smart nZEB scenario (Design Builder).

5 CONCLUSION
In the Mediterranean region a typical office building, without any insulation, the impact of cooling,
lighting and equipment reaches 85% of the total energy consumption. The minimum energy
performance requirements towards an nZEB in Cyprus, as specified by the national legislation,
reduce effectively the heating need (≈90%), but fail to address as effectively the cooling need
(≈50% reduction), while lighting and equipment are even less affected. The payback time for a
typical nZEB is calculated at 14 years. A new Smart nZEB scenario, aiming at prioritizing the
reduction in cooling needs was developed, after incorporating the most energy and cost-effective
bioclimatic refurbishment measures, obtained through various scenario analysis of energy
simulations. The Smart nZEB scenario results in higher reduction of the cooling consumption
compared with the typical nZEB scenario, while maintaining the heating energy savings at 85%.
Overall it reaches the same energy savings as the nZEB in line with the national legislation, while
being more cost effective, since it has a payback of 9 years; 5 less than the typical nZEB
refurbishment.
High energy savings in heating can be achieved without the additional increase thickness of
insulation. The legislation should be modified to incorporate measures alternative to insulation
increase for enhancing the energy performance of buildings. Further studies can investigate Smart
nZEB scenarios for other typologies of buildings for the Mediterranean region.
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ABSTRACT
The building sector is responsible for almost 40% of the primary energy consumed in Europe,
with the non-residential sector characterized as a main consumer with office and educational
buildings being the most populous. As determined by the existing institutional framework, the
attainment of high indoor environmental conditions is vital for the sustainability of the buildings and
its users. As stated by international standards, indoor environment conditions can affect the wellbeing and productivity of its users and therefore, proper care should be given.
In this line of approach, a numerical evaluation of indoor environment quality is carried out in
an office and an educational building in Thessaloniki, Greece, and Belgrade, Serbia, respectively.
Those cities are chosen as their climate conditions are representative of the Mediterranean climate in
the Balkan Region. In order to carry out the indoor environment evaluation, a series of indoor
condition sensors were installed and measurements were carried out during winter and summer
period. Apart from the indoor climate sensors, a meteorological station was set up in the area for
monitoring the microclimate conditions. In parallel to the measurements, a revealed preference survey
was conducted, aiming to demonstrate the occupants’ perception of indoor conditions.
The results collected by this study constitute a description of the monitored and perceived
indoor environmental quality of typical examples for public buildings in the Balkan region, denoting
the approach of the users in each case. They are therefore valuable, as they can be used both to assess
and improve the prevailing conditions of the existing building stock in every country and to
demonstrate possible similarities among the building stocks of neighbouring countries.
1

INTRODUCTION

The need to improve the existing building stock and to ensure an energy, environmental
efficient and comfortable building, is imperative. As determined by Pérez-Lombard et al., the primary
energy consumed by the building sector in both Europe and Greece is around 20-40%, while half is
consumed for Heating, Ventilation and Air Conditioning (HVAC) purposes, who affect the indoor
environment and thermal comfort [1]. Non-residential buildings, as high energy consumers, are
responsible for around 15% of the total power consumption worldwide [2].
Regarding thermal comfort, a variety of regulations and standards are established outlining its
requirements (ISO 7730, ASHRAE 55 and EN 15251) based on values measured through research
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under laboratory conditions [3-5]. However, many researches have denoted that the users’ comfort
can not only be specified through the environmental parameters, but it is strongly related with the
users’ special characteristics and attitude [6]. In detail, an individual expression of the level of thermal
comfort have been noted with studies specifying that parameters such as age, gender, clothing,
activity and body mass of the users are strongly affecting the occupants’ perception [7].
Therefore, extensive research has been carried out in order to achieve a personalized
conditioning system in the building sector. Many researchers [8-15] estimated the energy savings
gained through personalized conditioning function in cooling and ventilation systems. Most of the
reviews are referring to hot or hot and humid climates, while few one of the reviews are referring to
countries experiencing both hot and cool climate periods (Greece, Israel, Italy, France, Cyprus) [8,
12].
In this framework, the implementation of an integrated evaluation determining in parallel the
occupants’ perception of comfort along with the prevailing thermophysical parameters both in the
winter and the summer period is very promising. This pattern can create a new, holistic and
generalized approach on understanding the occupants’ needs and maintaining high level of comfort
along with the well-being of the occupants.
2

METHODOLOGICAL APPROACH

In order to conduct an in-depth evaluation of existing perceived by the occupants’ comfort
conditions in cases of non-residential buildings, an educational and an office building were evaluated.
The under-evaluation buildings are located in Belgrade, Serbia, and in Thessaloniki, Greece. These
cities were chosen as representative of the Mediterranean climate in the Balkan region, one being a
coastal and one a continental one. Both are characterized of both mild winter and warm and humid
summer periods.
2.1

Numerical Approach

In both cases a numerical and a qualitative analysis are conducted aiming to demonstrate the
occupants’ perception of indoor conditions and to evaluate the buildings’ performance. Regarding the
determination of indoor environment conditions, measurements were conducted from 02/02/2017 until
09/02/2017 for the winter period and from 07/06/2016 to 14/06/2016 for the summer period. In detail,
a variety of indoor condition sensors (Table 1) were placed in representative areas of the building
denoting the air temperature and relative humidity levels. Moreover, parameters regarding the indoor
air quality and comfort were determined in the representative areas of the under-evaluation building,
in Greece. In Serbia, the measurements were conducted from 16/11/2015-11/12/2015 and special
laboratory equipment was used (Table 1) to determine the prevailing indoor conditions.
Table 1 Technical characteristics used for the conducted research in case of the office and
educational building [16-23]
Equipment

Measuring Parameters

Range

Accuracy

-20°C to 70°C

±0.21°C

15% to 95% RH

±3.5% RH

Office Building
HOBO UX 100-003

Integrated sensor for air temperature and humidity
measurements in an Indoor Environment

0 to 50°C

±0.5°C

0 to 100% RH

±1.8% RH

Relative humidity

0 to +120°C

Type K thermocouple, class1

Radiant temperature

0 to +5m/s

±0.03m/s

0 to 10000 ppm

±75ppm

-3 to +3

±0.001

Climate measuring instrument specifying:
Air temperature
Testo 480 with Globe
thermometer, IAQ probe
and Comfort probe

Air velocity
CO2 concentration
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Equipment

Measuring Parameters

Range

PMV/PPD based on ISO 7730 algorithm

Accuracy

5 to 100%

Educational Building
0-20 m/s,

±(0.03 m/s +5% of mv),

-20 to +70°C,

±0.3 °C (-20 to +70 °C)

IAQ (CO2, humidity, temperature and absolute
pressure)

0 to+10000 ppm CO2, 0
to +100 %RH, 0 to +50
°C, +600 to +1150 hPa

±(75 ppm CO2 ±3% of mv) (0 to +5000 ppm
CO2) ±(150 ppm CO2 ±5% of mv), %RH (+2
to +98 %RH), ±0.3 °C ±2, (+5001 to +10000
ppm CO2) ±10 hPa

Degree of turbulence: air velocity, air temperature

0 to +5 m/s, 0 to +50 °C

±(0.03 m/s +4% of m.v.) (0 to +5 m/s), ±0.3
°C (0 to +50 °C)

Hot wire probe: Air velocity, air temperature
Testo 435

Testo 445
Ambient CO2

0...+10000ppmCO2

±(75 ppm CO2 +3% of m.v.) (0 to +5000
ppm CO2) ±(150 ppm CO2 +5% of m.v.)
(+5001 to +10000 ppm CO2)

0 to + 120 °C

Class 1
±0.5 °C (-20 to +70 °C),

0...+1Vol.%CO2,

Testo 445 - globe probe
(D=150mm)

Radiant temperature

Testo 174H

Temperature and humidity

-20 to +70 °C, 0 to 100
% RH

Testo 175H1

Temperature and humidity

-20 to +55 °C, 0 to 100
% RH

±2 %RH (2 to 98 %RH) at +25 °C

Testo 830-T2

Temperature

-50 to +500 °C

±0.5 °C of reading at rated temperature 22°C

FLIR E40bx

Temperature

-20°C to 120°C

±2°C or ±2% of reading

±3 %RH (2 to 98 %RH)
±0.4 °C (-20 to +55 °C),

2.1.1 Office Building
The office building houses the Technical Service of Kalamaria Municipality and is located in
Kalamaria, in the southern part of Thessaloniki, Greece. It is a 5 stories office building. with a heated
surface of 1,159.50 m2 and 64 occupants. It was constructed in 1973 and refurbished in 2002, focusing
on the upgrade of the windows and the reinforcement of the load bearing structure. Based on its
construction period and its refurbishment in 2002, the building is in compliance with the Greek
Thermal Insulation Regulation [24].
Concerning the current state of the building, the two main areas of interest are (a) the building’s
envelope and (b) its HVAC systems. The office building, is a cornered, square building with a variety
of openings in all facades and double glazed, aluminium framed windows, with no external sunprotection, but with internal blinds. The number and dimensions of openings in every office is
considered to be sufficient for lighting and ventilation, based on the offices’ dimensions, the number
of employees and the operational patterns.
In order to achieve the appropriate indoor conditions during winter, two central oil boilers of
580 kW (500Mcal/h) and 290 kW (250Mcal/h) and the heat is distributed by means of fan coils.
Furthermore, a central air-cooled chiller with power of 246 kW is installed and used for airconditioning, along with the natural ventilation for cooling. The operation schedule of both heating
and cooling system corresponds with the office hours of the Municipality, namely from 07:00 am to
04:00 pm. Concerning the artificial lighting, the majority of the lamps used are fluorescent ones and
the total level of lighting in all offices can be characterized as adequate. However, there are neither
occupancy nor lighting intensity sensors.
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2.1.2 Educational Building
Regarding the educational building, the experiments were implemented in classrooms at
Automatic control laboratory at Faculty of Mechanical engineering, University of Belgrade, Serbia.
The heating system in this case is designed according to standard DIN 4701:1959. The monitored
classroom has two aluminium radiators “Global Vox 700” with 13 elements each, being the only
installed mechanical system.
The observed classroom is south-east oriented with one external wall, partly beneath ground
level, with two windows and three internal walls. Beneath the floor is sandstone. The south-west
internal wall is a barrier between the classroom and the unheated space. The north-west internal wall
is the wall between the classroom and the corridor, with lower design temperature (18°C according
to the Main mechanical project and Serbian regulation). The third, south-east oriented internal wall,
is a barrier between the heated office and the classroom. The total heated area is 51.48 m 2 and net
volume is 169.9 m3, while the total number of seating places is 30.
2.2

Qualitative Approach

In order to determine the occupants’ perception of comfort, an integrated behavioural analysis
is conducted. This methodological approach is implemented as it constitutes an exemplary application
of determining indirect measured conditions and goods [25]. Main stages of the conducted analysis
are: (a) the determination of the evaluation criteria, (b) the construction of questionnaires based on
the main goal of the conducted research, (c) the collection of data and (d) the data analysis. Regarding
the evaluation criteria, the main aspects under evaluation are the occupants’ perception of the existing
indoor conditions. In this line of approach, respective questionnaires were determined and an
extensive implementation was conducted in every country in the aforementioned cases.
In detail, the revealed preference survey conducted in case of Thessaloniki concluded on a
collected sample size of 56 questionnaires with an error of 5% and a confidential interval of 95%
based on the population of the building.
In case of Belgrade, the measurement and the survey were performed every day for a period of
four weeks, with the investigated group of students being the same during this period. The total
number of students which were officially involved in the subjects is 115 during the week, but due to
their lack of daily presence, as the lectures were obligatory, around 30-60 students were involved in
the investigation in every scenario during the week.

3

RESULTS

The implementation of this methodological approach was conducted in both building and the
results of indoor environmental conditions and occupants’ attitude are denoted.
3.1

Indoor Conditions

Regarding the evaluation of indoor conditions, the specification of thermophysical parameters
was achieved. In detail, in case of the office buildings the levels of indoor air temperature for both
winter and summer periods, were determined (Table 2). As deduced from the analysis, the indoor air
temperature levels in both period are higher than the external varying from 20°C to 25°C and 24°C
to 29°C, during winter and summer periods, respectively. These temperature ranges denote acceptable
indoor conditions during winter, but uncomfortable during summer. In case of summer, despite a
temperature reduction noted during the working period, the air temperature levels in the majority of
the under-evaluation areas are higher than set by the national framework.
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Table 2 Indoor air temperature during winter and summer period in the under evaluation office
building.
Office 2

Office 3

Office 4

Office 5

Office 6

Office 7

Office 8

Mean

22.39

21.55

22.41

24.64

24.02

22.96

22.22

23.83

Maximum

25.90

27.96

32.00

27.44

27.71

26.90

24.51

25.97

Minimum

14.60

11.08

19.92

20.01

22.54

19.30

21.08

22.59

1.28

2.89

1.62

1.13

1.29

1.85

0.67

0.94

S.D.
Mean
Outdoor Air
Temperature
[°C]

Indoor Air
Temperature
[°C]

19.42

Minimum

4.99

S.D.

3.40

Mean

27.26

27.43

27.30

26.77

27.84

25.29

25.22

24.43

Maximum

29.00

29.40

29.17

28.77

29.32

27.00

26.31

26.30

Minimum

23.60

23.84

25.51

24.76

26.67

24.27

24.37

24.03

0.94

0.79

0.53

0.65

0.46

0.62

0.32

0.36

S.D.
Mean
Outdoor Air
Temperature
[°C]

11.24

Maximum

Summer

Indoor Air
Temperature
[°C]

Office 1

Winter

Office Area

21.55

Maximum

29.50

Minimum

16.38

S.D.

2.58

Another parameter under evaluation in the case of the office building is indoor air quality (IAQ).
As determined by ASHRAE 62.1:2013, a parameter that can be used to evaluate IAQ, is the CO2
concentration, which based on Annexes B and C of the guideline, a stable concentration level of CO2
at 700 ppm above the outdoor levels is recommended, ensuring a comfortable and widely acceptable
IAQ. The accepted levels of CO2 concentration of the external environment vary from 300 to 500
ppm, therefore a maximum indoor concentration level of 1000 to 1200 ppm is recommended.
Conditions where the levels of CO2 exceed 5000ppm can be characterized as extremely dangerous
[26-27].
As deduced from the analysis, during summer the CO2 concentration levels correspond to
acceptable levels, based on ASHRAE 62.1:2013. Main reason is the more intense and frequent natural
ventilation implemented as well as the reduction of public and employee presence due to leaves
(Table 3). The winter measurements indicate that the CO2 during office hours vary from 500 to
1000ppm, reaching even the level of 1500 and 2000 ppm instantly (Table 3). This differentiation
between winter and summer period is a result of the ventilation strategy followed in this building.
Natural ventilation is mainly based on the occupants’ involvement and therefore, is less efficient and
frequent during winter period, as the outdoor conditions do not induce the occupants to ventilate.
Moreover, in order to achieve an integrated evaluation of the indoor conditions the PMV index
was measured. For achieving the determination of this index, a metabolic rate of 70 W/m2 was chosen
along with an occupants’ clothing corresponding to 1.1clo and 0.6clo during winter and summer,
respectively, which involves typical office activity and casual office clothing choices based on ISO
7730:2005 [3]. As denoted from the analysis (Table 3), during winter, the PMV index ranges from 0.6 to 1.0, levels corresponding to very good indoor thermal comfort environment. However, this is
not the case during summer. In this period, the PMV index varies from 0.09 to 1.41, while during the
office hours where a cooling system is operating, its values range is from 0.10 to 1.00. Therefore,
based on the in-situ evaluation of the office building, the analysis highlights that the building presents
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a more efficient and thermally comfortable environment during winter period than summer. Main
causes of these results could be the lack of external shadowing system as the indoor air temperature
levels are very high during summer period.
Table 3 Indoor CO2 concentration levels, PMV and PPD indexes during winter and summer period
in the under evaluation office building.
Winter
Mean

Maximum

Summer

Minimum

S.D.

Mean

Maximum

Minimum

S.D.

431

659

371

65.72

0.97

1.41

0.09

0.23

25.94

46.00

5.22

7.88

CO2 [ppm]
495

1909

371

194.37
PMV

0.28

1.00

-0.59

0.24
PPD

8.02

26.30

5.00

3.60

The educational building was evaluated and respective thermophysical parameters were
evaluated. The results of the conducted analysis are presented in Table 4. In detail the sensor inside
the classroom were placed in a 1.1m height, while the outside sensor was placed on the outside wall
of the building, protected from the direct insolation and bad weather. The occupants’ clothing was
typical for winter, with a value of 1.01 clo, based on ASHRAE Standard 55-2013. For sedentary
school activity, typical recommended value for metabolic rate 1.2 Met (EN 15251:2007) was chosen.
Based on the presented results it can be seen, that the best thermal comfort parameters were reached
within the second week of measurements, while the most unfavourable thermal comfort conditions
occurred during the third week of measurements. Average indoor air temperatures varied from
21.70C in second week to 23.43C in first week, which corresponds to II category of indoor
environment given in Annex A of Standard EN 15251:2007. According to the measured
thermophysical parameters, average PMV indexes varied from 0.29 in second week to 0.74 in third
week. Looking at the categories of thermal environment, given in Annex A of ISO 7730:2005 and
measured PMV values within the observed period, it can be seen, that thermal environment category
of classroom varied from B to C, while in third week it was even beyond the limits prescribed by
standard.
The highest level of CO2 concentration was noticed during the fourth week, which further had
a strong impact on the occupants’ dissatisfaction, which was also evaluated by means of the
questionnaires. Only during the second week, the average CO2 concentration level was within the
recommendations given in ASHRAE Standard 62.1:2013.
Table 4 Indoor and outdoor averaged thermophysical conditions of the under evaluation educational
building during the measurement period.
Indoor conditions

Mean outdoor values

Week

Air
temperature
[C]

Relative
humidity
[%]

PMV

PPD

CO2
concentration
[ppm]

Mean outdoor
air temperature
[C]

Mean outdoor
relative
humidity [%]

Mean outdoor
CO2 concentration
[ppm]

I

23.43

41.10

0.56

12.90

1390

15.84

49.7

453

II

21.70

34.81

0.29

9.20

1052

6.21

74.04

460

III

23.39

38.27

0.74

21.13

1322

11.1

61.79

459

IV

23.07

41.83

0.68

16.05

2050

6.36

77.89

450
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3.2

Occupants’ Perception

Furthermore, a descriptive analysis was conducted in every building, denoting the occupants’
perception of indoor conditions in both under evaluation cases. In case of the office building, the
respondents had to evaluate in the distributed questionnaire a variety of indoor conditions as
subjectively perceived in a Likert scale from 1 (unsatisfactory) to 7 (satisfactory). This qualitative
evaluation was performed for both winter and summer periods and the results of the analysis are
depicted in Table 5.
Table 5 Results of descriptive analysis in case of the office building regarding the occupants’
perception of indoor conditions during winter and summer period.
Building

Office

Indoor Parameter

Winter

Summer

1

2

3

4

5

6

7

1

2

3

4

5

6

7

Air Temperature

1.8

3.6

9.1

14.5

10.9

34.5

25.5

3.9

11.8

11.8

21.6

13.7

23.5

13.7

Air Quality

18.9

9.4

11.3

11.3

24.5

17.0

7.5

10.4

6.3

4.2

16.7

20.8

29.2

12.5

Total Lighting Level

5.4

3.6

5.4

10.7

19.6

32.1

23.2

3.9

3.9

3.9

13.7

21.6

29.4

23.5

Total Noise Level

5.4

14.3

12.5

19.6

21.4

19.6

7.1

5.9

11.8

17.6

21.6

15.7

19.6

7.8

Overall Comfort

1.8

5.4

10.7

26.8

19.6

26.8

8.9

2.0

6.0

14.0

24.0

18.0

28.0

8.0

From the statistical analysis is documented that the majority of respondents expressed their
satisfaction with the indoor conditions during both winter and summer. In detail, 60% of the
respondents expressed their high satisfaction concerning indoor air temperature during winter, while
47.1% were neither satisfied nor unsatisfied during summer. Also, the IAQ was evaluated by the
majority of the respondents (52.8%) as slightly satisfactory during the winter period, while 62.5%
were satisfied during summer. The total lighting level was also evaluated and the majority of the
respondents expressed their high satisfaction, with 74.9% and 74.5% for winter and summer,
respectively. The parameter of total noise levels was also evaluated. In this case, 48.1% and 43.1%
of the occupants expressed their satisfaction over this issue (scored over 5) during winter and summer,
respectively, while 19.6% and 21.6% evaluated it with a score of 4. Concerning the overall perceived
comfort, 55.3% and 54% of the occupants expressed their satisfaction over this issue (scored over 5)
during winter and summer, respectively, while 26.8% and 24.0% evaluated it with a score of 4.
Regarding the collected sample in case of the educational building, the respondent were asked
to evaluate the indoor air quality in a Likert scale from 1 (Very Poor) to 5 (Very Good), with 3 signed
as “cannot be estimated”, whereas their overall thermal comfort perception in a Likert scale from 1
(Hot) to 7 (Cold). The conducted analysis in this case was implemented in four weeks’ time, with
questionnaires collected once per working day during every week and the results are presented in
Table 6.
Based on the results of the analysis, it can be concluded that in all under evaluation weeks but
the second, the vast majority of the respondents characterized the IAQ conditions as unsatisfied. This
outcome was expected as based on the conducted therophysical measurements the CO2 concentration
levels, an important parameter in the determination of IAQ, noted high levels in all under evaluation
weeks but during the second, where also better evaluation regarding the IAQ conditions was noted
by the respondents. According to the occupants’ votes, it can be seen that respondents were especially
sensitive to the indoor air temperatures higher than 21C and the lack of proper ventilation in winter
conditions. Indoor air quality in classroom was estimated as poor and very poor by more than 60%
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of occupants’ votes during first, third and fourth week. The worst IAQ according to respondents was
estimated for the third week, with about 69% of votes for both poor and very poor.
Occupants also validated the overall thermal comfort conditions, and according to their votes,
the most unpleasant period was during the third week, when about 56% of students voted
environmental conditions as warm. Those results were compared with measurements shown in Table
4 and it is obvious that the subjective evaluation directly marked the same week as the most
uncomfortable one, as it is shown also by measurements. Beside this, the results showed that the
personal subjective dissatisfaction corresponds to the higher thermal sensation scale than predicted
mean vote scale obtained by measurements.
Table 6 Results of descriptive analysis in case of the educational building regarding the occupants’
perception of indoor conditions during the under evaluation period.
Building

Indoor Parameter

Week

Occupants’ Evaluation
1

2

3

4

5

6

7

I

11.0

51.0

22.0

16.0

0.0

II

3.0

23.0

35.0

39.0

0.0

III

18.0

51.0

24.0

7.0

0.0

V

20.0

45.0

22.0

13.0

0.0

I

1.7

25.0

53.3

20.0

0.0

0.0

0.0

II

0.0

16.1

58.1

25.8

0.0

0.0

0.0

III

5.6

55.6

37.0

1.8

0.0

0.0

0.0

V

4.8

38.7

37.1

19.4

0.0

0.0

0.0

Indoor Air Quality

Educational

Overall Comfort

4

CONCLUSION

Documentation and in-depth evaluation of the indoor conditions in case of existing nonresidential buildings is imperative, as main goal of the existing and forthcoming institutional
framework is the creation of low energy, environmentally efficient and comfortable for the user
buildings. It is within this line of approach that an extensive evaluation based on the implementation
of both numerical and qualitative analysis in the Balkan region was carried out, evaluating an office
and an educational building.
In case of the office building, the analysis concluded on acceptable indoor environment
conditions based on the national framework. However, regarding the IAQ better indoor conditions
were monitored during the summer period. On the other hand, better thermal comfort conditions,
based on PMV/PPD indexes were monitored during winter while in summer the lack of shadowing
systems charged the indoor environment conditions. The numerical analysis is verified by the
conducted revealed preference survey, with the respondents being more satisfied with the IAQ during
summer and the overall comfort marginally during winter period.
Regarding the educational building, the analysis highlighted that the variation of indoor
thermophysical parameters monitored are also expressed within the revealed preference survey. In
detail, the respondents were especially sensitive to higher than 21C indoor air temperatures and lack
of proper ventilation in winter conditions. IAQ in the classroom was estimated as poor and very poor
by more than 60% of occupants’ votes during first, third and fourth week. The worst IAQ according
to respondents was estimated during third week, as expected, with about 69% of votes for both poor
101

and very poor. Moreover, considering the occupants’ overall comfort the analysis concluded that the
personal subjective dissatisfaction corresponds to the higher thermal sensation scale than predicted
mean vote scale obtained by measurements.
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ABSTRACT
Legislative frameworks, both national and international ones, outline the need for creating and
preserving high levels of comfort for the indoor environment. The attainment of such goal is
imperative for both the occupants’ well-being and productivity. Both factors constitute vital
parameters for the decision-making process and can influence the policy makers along with the
designers for the creation and renovation of a building. Furthermore, the need of extensive
evaluation is noted in cases of office buildings; they not only constitute the numerically second
most important category of the nonresidential sector, but it is in those buildings where users spend
most of their overall time (60-90%).
In this line of approach, an integrated evaluation and determination of the personalized
parameters that can affect the occupants’ perception of comfort is essential and is carried out in this
study. In detail, office buildings located in Thessaloniki, Greece, and Split, Croatia, were evaluated.
Both cities are located in coastal areas of the Mediterranean region, with their climate denoting
similarities with a series of other Mediterranean cities. In order to pursue the goal of the study, a
revealed preference survey was conducted and an inferential statistical analysis was performed in
the office buildings evaluated, aiming at the determination of statistical important correlations
among the occupants’ perception of comfort and their personalized and social parameters.
The results of the study constitute in that sense an initial indicator of the indirect measured
personalized parameters, that affect the occupants’ comfort, creating the perception of either a
pleasant or not indoor work environment conditions. Valuable results are drawn, that can lead to the
set of boundary conditions for the renovation scheme of buildings in the years to come.
1

INTRODUCTION

Both the policy makers and the building developers pay in the last few years significant
attention to the design and construction of both environmental friendly and energy efficient
buildings, at the same time also user-friendly ones. In this line of approach, a variety of national and
international pieces of legislation have been established [1-7] aiming at the re-evaluation of the
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extensive use of fossil energy sources and at the propagation of low or even zero energy consuming
buildings, both new refurbished ones [1-7].
Based on Eurostat data until 2016, the final energy consumption in the EU-28 shows a slow,
albeit steady increase as shown in Table 1 [8]. Moreover, the levels of the final energy consumed as
indicated, are of great importance and should therefore be definitely taken into consideration.
Furthermore, as referred to in literature, office buildings, constitute an important energy consumer
[9-12] with their annual energy consumption varying from 100 to 1000 kWh/m2yr based on the
location and type of the building [9].
Table 1 Final energy consumption by sector in EU-28, Greece and Croatia from 2005 to 2016 based
on Eurostat [in accordance to 8].
Final Energy Consumption Industry

Final Energy Consumption Transport

Final Energy Consumption Other Sectors

EU-28

Greece

Croatia

EU-28

Greece

Croatia

EU-28

Greece

Croatia

2005

1.131.237

14.419

3.343

64.531

199

261

1.588.838

36.286

10.813

2006

1.129.326

14.156

3.539

62.422

217

266

1.641.717

38.150

11.274

2007

1.140.664

15.328

3.774

61.556

251

277

1.647.716

39.611

11.333

2008

1.116.970

15.485

3.792

60.720

239

276

1.684.836

40.922

12.069

2009

964.758

14.067

3.392

59.959

232

267

1.689.772

40.414

11.852

2010

1.027.466

14.142

3.478

60.283

183

267

1.750.494

38.795

12.117

2011

1.037.789

14.640

3.349

62.577

184

261

1.691.234

36.970

12.125

2012

1.016.899

11.573

3.039

62.339

189

249

1.721.145

40.255

12.062

2013

1.003.230

11.366

3.148

62.540

267

238

1.711.600

37.158

11.686

2014

1.000.310

12.869

3.291

60.692

343

231

1.650.773

36.288

11.311

2015

1.004.512

12.668

3.429

63.259

388

245

1.684.157

37.731

11.669

2016

1.013.148

11.285

3.426

63.685

186

251

1.707.344

41.892

11.623

Year

In this framework, the implementation of strategies and policies that foster the improvement
of the buildings’ energy performance is imperative. In doing so however, both buildings’ and
occupants’ characteristics should be taken into consideration, as the main goal of the existing
institutional framework is the improvement of the buildings’ energy efficiency without diminishing
the occupants’ living and working level of satisfaction [13]. In detail, the specification of the
personalized occupants’ comfort is strongly recommended, as it can affect the decision-making
process and either improves or decreases the well-being and productivity of the occupants.
In many cases, like those of Pasut et al and Bravo & Ridley [14-15], for specifying the impact
of the implemented construction methods on the occupants’ perception of thermal comfort and
satisfaction of the indoor conditions, revealed preferences surveys were conducted, through the
usage of questionnaires. Moreover, this methodological approach is implemented for determining
probable correlations between the behavioural adaptation and individual characteristics of
occupants in case of office buildings [16-18].

105

Regarding this study, an in-depth evaluation of the personalized parameters that can affect the
occupants’ perception of comfort is conducted, in office buildings located in Greece and Croatia. In
both cases the under-evaluation buildings are located in cities in the coastal area of the
Mediterranean region, denoting similar climatic conditions. Aim of the study is the identification of
individual parameters and occupants’ perception of indoor conditions along with the determination
of statistical important correlations between the occupants’ perception of comfort and their
personalized and social parameters. The specification of those parameters is achieved through the
implementation of a revealed preference survey, as this is one of the most promising techniques. In
detail, a revealed preference survey was conducted and an inferential statistical analysis was carried
out consequently. By adopting this approach, a better understanding of the occupants’ behavioural
profile can be achieved, shedding light on the need to upgrade the perceived indoor conditions of
their working environment.
2

METHODOLOGICAL APPROACH

In order to conduct an integrated behavioural analysis, the determination of the occupants’
personal characteristics and attitude is imperative. The identification and determination of these
parameters can be achieved through a revealed preference survey. This methodological approach is
implemented as it constitutes an exemplary application of determining indirectly measured
conditions and goods [19].
Main stages of the conducted analysis are the determination of the evaluation criteria, the
construction of questionnaires based on the main goal of the conducted research, the collection of
data and finally the data analysis. Regarding the evaluation criteria, considering the aim of the
conducted research, main under evaluation aspects are the personal characteristics of the users,
along with their perception of indoor conditions. In order to achieve this, respective questionnaires
were prepared and filled in by means of interviews, in one office building in each country.
In detail, a revealed preference survey was conducted in two office buildings located in
Thessaloniki, Greece (Building A) and Split, Croatia (Building B), with collected sample sizes of
45 and 35 questionnaires, respectively. The climate in both cities is similar with both mild winter
and warm and humid summer periods.
Building A is the city hall of Kalamaria Municipality, in the southern part of Thessaloniki. It
is a two storied office building with basement and a heated area of 1,180.82m2. It is a listed
building, constructed between 1926 and 1928. However, in 1997 an in-depth refurbishment was
conducted, achieving static reinforcement, thermal insulation of the building envelope, a
replacement of the windows and a replacement of the HVAC system. The building is therefore
sufficient insulated, as its refurbishment was implemented in accordance with the requirements of
the first Greek Thermal Insulation Regulation [3]. The building has a variety of openings in all
facades, with double glazed, aluminum framed windows, with no external sun-protection systems
but with internal blinds. The number and the size of openings in every office are considered to be
sufficient for lighting and ventilation, based on the offices’ dimensions, the number of employees
and the offices’ usage. Regarding the HVAC systems, the appropriate indoor conditions during
winter are achieved by means of a natural gas fired boiler of 407 kW; fan coils are used for the
distribution of heat. Furthermore, an air-cooled chiller with a power output of
160 kW is installed and for used for air-conditioning, along with the natural ventilation used for
cooling. The operation schedule of both heating and cooling systems is from 07:00 to 16:00.
Concerning artificial lighting, the majority of the lamps used are fluorescent ones and the total level
of lighting in all offices can be characterized as adequate. However, there are neither occupancy nor
lighting intensity sensors.
Building B is the Faculty of Mechanical Engineering, Electrical Engineering and Naval
Architecture (FESB) of University of Split in Split, which is an educational and research building,
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housing on average 300 people. It is a stand-alone building, located in the windy part of the city
Split. It consists of two connected buildings, the old one and the new one, which together cover an
area of 29,477 m2. Notably, the new part of the building leans on the old one, leaving the square
plaza in beneath. The Faculty contains 8 stories of 168 square offices, 18 classrooms and 90
laboratories, which are not all continually and fully occupied during the working hours. While the
old part of the FESB building has double-pane wooden windows, with inner as well as outer blinds,
the new part of the building has double-pane aluminum windows with outer blinds. Central heating
in the old part of the building is achieved by means of a 1400 kW oil-fired boiler and an average
annual consumption of 342 tons. This part of the building has no air-conditioning system installed,
nor is it sufficiently insulated according to Croatian National Legislation on Rational Use of Energy
and Heating Protection in Buildings [7]. In contrast, the new part of the building is sufficiently
insulated and has a central heating and cooling (HVAC) system installed. The maximum
simultaneous cooling load is 1400 kW, while the daily energy consumption is 11938 kWh. To
reduce the required cooling capacity and the amount of electrical energy involved, the cooled-tanks
are installed. The stored cooling energy of 3333 kWh allows two heat pumps of 382 kW basic
cooling capacity to cover the cooling needs completely. During the winter, the heat pumps have a
single effect of 415 kW and are used only when the outdoor air temperature is above 5C. Both
parts of the building have a lot of natural light, but there are also fluorescent tubes installed in every
room.

3

RESULTS

The aforementioned methodological approach is implemented in both buildings and a series
of data were collected. In order to specify whether a variety of personal characteristics and attitudes
are influencing the occupants’ perception of comfort during spring and summer periods, a
descriptive and an inferential statistical analysis are conducted.
3.1

Descriptive Analysis

In each building case a descriptive analysis was carried out, regarding the occupants’ personal
characteristics and their perception of comfort.
In detail, in Building A, the collected sample consists of both male and female respondents
35.6% and 64.4% of the collected sample respectively. Moreover, the collected sample consists of
responds whose age ranges from 20 to 49 years, with a mean of 46 years and a standard deviation of
9.19. Other parameters that are taken into consideration are the weight and height of the
respondents. In this case, the analysis denotes that the respondents’ weight between 49.0kg to
120.0kg, with a mean of 72.88kg and a standard deviation of 14.36. Regarding their height, the
analysis depicts a mean height of 172.67cm, with a range of between 158cm and 199cm.
Furthermore, the Body Mass Indicator (BMI) was determined and the conducted analysis
outlined that the mean value of the BMI corresponds to a healthy weight person (24.28kg/m2), with
its range varying from healthy weight levels (18.96 kg/m2) to severely obese levels (31.53 kg/m2).
Finally, the respondents’ employment years were evaluated and based on the conducted analysis, it
is deduced that the occupants of the building are not only long-term employees but also fairly new
to their jobs, with a mean of 7.26 years working period, a standard deviation of 7.44 and a range
between 0.20 and 28.00 years.
Except for the personal characteristics, parameters regarding the occupants’ perception of
indoor conditions were evaluated as subjectively perceived in a Likert scale from 1 (unsatisfactory)
to 7 (satisfactory). The analysis showed that the majority of the respondents are satisfied (60%) with
the indoor air temperature conditions during the cooling period. Another under-evaluation
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parameter is the existing lighting condition. In this case, the majority of the respondents (69.2%) are
satisfied, while 22.2% scored a satisfaction level of 4 on a scale of 7. Moreover, the indoor air
quality was examined and the analysis inferred a mixed reaction over this issue. In detail, 52.3% of
the respondents are satisfied, whereas 25.0% are unsatisfied. Finally, the overall comfort of the
occupants’ in their office marked that the majority is satisfied (59.1%) and 15.9% scored a
satisfaction level of 4 on a scale of 7. Moreover, all under evaluation parameters, in case of
Building A, are normally distributed based on Skewness and Kurtosis analysis.
Regarding Building B, the population under evaluation was composed of both female and
male occupants, with 60% of the respondents being women and 40% being men. The age range of
respondents is from 25 to 62, with a mean of 36 years old and a standard deviation of 11. Height
and weight of respondents are between 160 cm to 200 cm and 53 kg to 105 kg, respectively.
According to these parameters, the BMI indicator was calculated to be found that the mean value
corresponds to a healthy weight person (23.52kg/m2), with its range varying from almost
underweight levels (18.59 kg/m2) to severely obese levels (33.46 kg/m2). Finally, the study
investigated years of employment as a factor of influence on satisfaction with a perceived indoor
environment as the employment of the respondents is between 0 and 42 years with the mean of 11.3
and standard deviation of 11.7 years.
The analysis of parameters regarding the occupants’ perception of indoor conditions showed
that the majority of the respondents (71.4%) are satisfied with the air temperature, as they reported
4 and higher for their level of satisfaction on the scale from 1 to 5, while 51.4% are satisfied with
the quality of the air in the room. The lighting turned out to be the most satisfying parameter
regarding indoor conditions, as the 80% of respondents declared satisfied. The overall comfort of
the occupants during the cooling period marked that 74.3% of respondents are satisfied.
3.2

Inferential Analysis

Moreover, in the framework of this study, probable correlations between the occupants’
perception of comfort and their social characteristics and attitude towards indoor conditions were
investigated by using the SPSS Statistics software version 23.0, distributed by IBM, USA. An
inferential analysis was implemented and based on the nature of the data, the specific analysis is
conducted as presented in Table 2 along with their results.
Table 2 Results of inferential statistical analysis in Buildings A and B.
Correlation Pairs Between Occupants’ comfort satisfaction and Personal
Characteristics and Subjective Perception of Indoor Conditions

Type of Analysis

Occupants’ perceived of comfort satisfaction during cooling period-Gender

Asymp. Sig (2-tailed)
Building A

Building B

Mann-Whitney U

0.407

0.021

Occupants’ perceived of comfort satisfaction during cooling period-Age

One Way ANOVA

0.324

0.385

Occupants’ perceived of comfort satisfaction during cooling period-Height

One Way ANOVA

0.826

0.108

Occupants’ perceived of comfort satisfaction during cooling period-Weight

One Way ANOVA

0.558

0.512

Occupants’ perceived of comfort satisfaction during cooling period-BMI

One Way ANOVA

0.622

0.094

Occupants’ perceived of comfort satisfaction during cooling periodEmployment years

One Way ANOVA

0.372

0.637

0.305

0.020

Occupants’ perceived of comfort satisfaction during cooling period-Perception
of indoor air temperature conditions during cooling period

Wilcoxon
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Correlation Pairs Between Occupants’ comfort satisfaction and Personal
Characteristics and Subjective Perception of Indoor Conditions

Type of Analysis

Occupants’ perceived of comfort satisfaction during cooling period-Perception
of indoor lighting conditions during cooling period
Occupants’ perceived of comfort satisfaction during cooling period-Perception
of indoor air quality conditions during cooling period

Asymp. Sig (2-tailed)
Building A

Building B

Wilcoxon

0.016

0.001

Wilcoxon

0.836

0.003

In case of Building A, the analysis concluded that all parameters under evaluation are not
statistically significantly correlated with the occupants’ perception of comfort satisfaction during
the cooling period, except for the occupants’ perception of indoor lighting conditions. Regarding,
the occupants’ perception of indoor lighting conditions during the cooling period, the analysis
denotes that this parameter is statistically significant with a confidential interval of 99%. The
interpretation of this outcome is presented in Figure 1 and shows that a positive relation exists
among the parameters. In detail, the analysis denotes that an increase in the occupants’ satisfaction
regarding indoor lighting conditions leads to an increase in the overall comfort perception of the
occupants during the cooling period.

Figure 1: Correlation between occupants’ perception of comfort satisfaction and occupants’
perception of indoor lighting conditions during the cooling period.
In case of Building B, the analysis concluded that during the cooling period, from all the
parameters taken into consideration to have an impact on occupant indoor sensation, indoor air
temperature, lighting and air quality proved to be statistically significant. The interpretation of these
results is shown in Figures 2-4, denoting that an increase in occupants’ satisfaction regarding indoor
air temperature, lighting and air quality leads to an increase in the overall occupants’ comfort
sensation during the cooling period. These parameters are statistically significant with a
confidentiality interval of 99%.
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Figure 2: Correlation between occupants’ perception of comfort satisfaction and occupants’
perception of indoor lighting conditions during the cooling period.

Figure 3: Correlation between occupants’ perception of comfort satisfaction and occupants’
perception of indoor air temperature during the cooling period.
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Figure 4: Correlation between occupants’ perception of comfort satisfaction and occupants’
perception of indoor air quality during the cooling period.
Among these parameters, the most significant is level of lighting which, in comparison to the
Building A, denotes that people in the Mediterranean area are highly dependent on the amount (and
also on the quality) of light in order to be satisfied and productive at work. Furthermore, this study
found that in case of the building B, gender is a statistically significant factor in determining
occupants’ satisfaction with the thermal conditions (Figure 5). This falls in line with the traditional
thermal comfort theory going back to P.O.Fanger [20]. On the other hand, age and years of
employment are not statistically important, according to conducted study.

Figure 4: Correlation between occupants’ perception of comfort satisfaction during the cooling
period and the gender of the occupants.
4

CONCLUSIONS

The creation of a built environment where preferable conditions of indoor environment are
established and maintained, constitutes a desirable goal, apart from the goals of achieving energy
efficiency and a small environmental impact. In this line of approach, the existing and forthcoming
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legislative and regulatory frameworks are addressing the issue, with special emphasis being given
during the last decade in the aspect of a more personalized assessment of indoor conditions in office
buildings. It is therefore imperative to determine those parameters, which can affect the occupants’
perception of comfort; the present work aims to contribute to this goal by carrying out a parallel
field study and analysis for the regions of Croatia and Greece.
In order to determine the parameters that affect the occupants’ perception of comfort a two
stage-analysis has been conducted, featuring on a descriptive and an inferential analysis. Based on
the descriptive analysis, the occupants in both buildings expressed satisfaction regarding the indoor
air temperature, lighting and overall comfort conditions during the cooling period. However, mixed
reactions were monitored regarding indoor air quality.
The inferential analysis indicated that in both case studies, the statistical important
correlations differed only with the indoor lighting conditions prevailing in every case. Moreover, in
case of building A the inferential analysis indicated that the rest of social and environmental
parameters considered are not statistically important, correlated with the occupants’ perception of
comfort during the cooling period. However, in case of building B, the analysis determined that
social parameters such as gender can affect the occupants’ perception of comfort during the cooling
period while age, height and weight are signed as not statistically important in both cases.
Moreover, in addition to indoor lighting conditions, in case of Building B, the indoor air
temperature and quality are noted as statistically important correlated. This difference between the
building A and the building B could be due to the different orientation, location of the areas and
level of insulation in every case. Thus, this is something that is going to be further investigated in ae
future research.
Concluding, the analysis highlighted the need of including occupants’ behavioral and personal
characteristics in the decision-making process, as the work environment conditions can affect the
occupants’ productivity and well-being and finally lead to the vision of sustainable and comfortable
work environment. Further stages of the analysis are the implementation of the presented
methodological approach during the heating period and their comparison. In this line of approach,
the analysis would determine whether and how the occupants’ attitude variate among heating and
cooling periods and also will lead to a holistic determination of the occupants’ needs and
perspective in evaluating indoor environment conditions.
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ABSTRACT
In Europe, over 40% of the final energy use occurs in buildings, making the "building sector"
the largest end-use energy consumer. The energy consumed within European buildings averages to
220 kWh/m2 per year. European Directives continuously urge towards an important change
regarding the energy performance of the building sector. Europe 2020 strategy adopted by the
European Commission stipulates three targets to be met by the year 2020, making the need for all
new buildings to be nearly zero-energy by 2020.
The challenges to implement Nearly Zero-Energy Buildings ("NZEB"), through the
implementation of the various building energy related directives, are tremendous. There are various
indications raising concerns that the claimed energy performance of buildings can be different from
reality, and that the quality of delivered construction works is lower than expected, both of which
hugely damage the reliability of the Energy Performance Certificate ("EPC") declarations.
This paper firstly presents and analyses the European Union ("EU") and the Cyprus regulatory
frameworks regarding issues of energy efficiency in buildings. Evidence regarding the energy
performance of 27 new residential properties in Cyprus is also presented and analysed through the
examination of their building envelope heat transmission coefficients ("U-values") compliance,
both as they were declared in the buildings' EPCs, and as they were built on site. The aim is to
obtain a better understanding of the real situation regarding EPC compliance and quality of the
works influencing the energy efficiency of buildings and to identify bottlenecks in respect to
existing procedures, by obtaining better, well documented and structured information of the realised
buildings. This in turn will improve and support attention paid to compliance and quality
procedures.
1

INTRODUCTION

Globally, buildings consume over one third of all final energy and half of all electricity [1]. In
Europe, 27% of final energy use occurs in residential buildings and another 14% in tertiary
buildings, making the "building sector" the largest end-use energy consumer with over 40% of the
total [2]-[3].
The energy consumed annually within European buildings averages about 220 kilowatt-hours
per square meter (kWh/m2) per year. However, this number varies both between the countries as
well as between different kinds of buildings [3].
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The EU has issued specific directives to member states related to the Energy Performance of
Buildings and the use of renewable energy in buildings. Cyprus has embedded into national law the
aforementioned directives, by taking various measures, such as issuing relevant decrees.
Compliance with the decrees issued by the Energy Service of the Ministry of Energy,
Commerce, Industry and Tourism ("MCIT") is both essential and crucial. That is why the aim of
this paper is to examine whether the minimum requirements regarding the U-values of the new
residential properties in Cyprus are according to the decrees issued by the MCIT, both as they were
declared in the buildings' EPCs, and as they were built on site, in order to suggest improvements to
the scheme.

2

REGULATORY FRAMEWOK

2.1

EU Regulatory framework

Directive 2002/91/EEC [4] seeks to establish guidelines that promote energy efficiency in
building design, taking into account general and local climate factors in each region, environmental
requirements for building interiors, and cost effectiveness. Those guidelines include regulations
setup to control energy consumption in the building sector and the certification of the buildings
according to their energy consumption [5].
The Europe 2020 strategy stipulates three targets to be met by the year 2020 (relative to
1990): an increase in energy efficiency of 20%, an increase in the contribution of renewable energy
sources equivalent to 20% of final energy consumption and a reduction in Green House Gas
("GHG") emissions of 20%. Consequently, all new buildings must be NZEB by 2020. Furthermore,
all new public buildings must be NZEB by 2018 [6].
The interest towards an important change in the buildings' sustainable approach is now stated
in the contents of the Directive 2010/31/EU [7] "Energy Performance in Buildings' Directive" [4]
and by the more recent Directive 2012/27/EU [8] about energy efficiency. Moreover, on December
2011, the European Commission adopted the Communication "Energy Roadmap 2050". Under this
roadmap, the EU is committed by 2050 to reduce GHG emissions by 80-95%, compared to 1990
levels. Intermediate milestones predict reductions around 40% by 2030, and 60% by 2040 [2].
2.2

Cyprus Regulatory Framework

The energy performance of buildings is one important key factor for the construction sector
and in Cyprus is regulated by the Energy Service of the MCIT. Cyprus has embedded into national
law the European Directives through various decrees and regulations issued by the MCIT. The first
decree, which sets the minimum requirements for the energy performance of a building, came into
effect on 21 December 2007 [9], [10]. According to the decree, the U-values for the shell and
frames in all new buildings and all buildings over 1.000 m2 that undergo major renovation must not
exceed specific U-values, making building insulation essentially mandatory.
An important revision of the decree came into effect on 1 January 2010 [11], so as to include
the requirements for compliance with the maximum average U-value, for taking the necessary steps
regarding providence for systems producing electricity from renewable sources, for the installation
of solar panels for producing hot water in residential buildings, and for issuing Energy Performance
Certificates with a minimum accepted category for the building's energy efficiency.
A further important revision of the decree came into effect on 11 December 2013 with the
issuance of two new decrees, [12] and [13], which revised the minimum U-values for the shell and
frames of the aforementioned buildings, as well as the appearance and content of the EPC, and the
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document regarding the qualified energy assessor's recommendations for improving the energy
performance of a building.1
The latest building regulations in Cyprus came into effect with the decrees [14] and [15] that
apply for planning and building applications submitted after 1 January 2017. The decrees, which
apply to public and private buildings, updated the previous decrees with rules regarding the energy
performance of new buildings and important restructurings. In summary, the latest degrees have
updated the energy efficiency requirements and the compulsory thermal transmittance values for the
external parts of the building envelope, as well as the energy generation values from renewable
sources. As far as the EPC is concerned, the degrees specify a minimum category for the building's
energy efficiency, which is category B for all new buildings.

3

EPC INPUT DATA COMPLIANCE

In Cyprus a building's EPC can only be issued by a qualified building energy assessor ("QE")
registered at the MCIT. The QEs' qualifications and duties are defined in the relevant regulations
[16]. The "Methodology for Calculating the Energy Efficiency of a Building" [17] and the
"Building Insulation Guide" [18] determine the procedure that must be followed by all QEs for
calculating the energy performance of buildings. Furthermore, the SBEMcy software program is
used for calculating the energy performance of a building and issuing its EPC.
The EPC of a new building or building unit must be submitted as part of its application for
building permit and must be accompanied with recommendations for improving the energy
efficiency of that building or building unit. This means that in order to secure a building permit for
a new building, you must have issued its EPC. However, the aforementioned EPC is based on
information given before the actual construction of a building, and there is no requirement to
resubmit the EPC and correct the U-values stated in the EPC in case of changes, after the building
has been constructed.
Consequently, a building's U-values are declared at the submission for the building permit and
are part of the process for obtaining the building’s permit approval. U-values' calculations for the
external elements that consist the envelope of a building, as well as the average U-Value of those
elements ("Um"), are submitted to the responsible building authority together with the study of the
building's energy assessment. These calculations are based on the plans, elevations, sections and
construction drawings of the building as designed by its engineers and as submitted for the building
permit. The calculated U-values are used in the SBEM-Cy software, for the issuance of its EPC. As
part of this process, the build-up of all external construction elements must be specified and from
this their U-values can be derived.
During the construction phase, responsible for monitoring the project is the supervising
engineer ("SE") engaged by the owner. The SE has a duty to verify that the building is built in
accordance with the plans and specifications and also the SE has a duty to verify the good quality of
the construction.
On governmental side, there is a procedure to check whether the building is constructed in
accordance with the approved plans for building permission, but there is no procedure to control

1
The buildings in this study were submitted for building permit before the latest regulations in Cyprus game into
effect. Therefore, the examination of their U-values' compliance will take into account the regulations that existed when
they were submitted for a building permit. According to those regulations [12], the maximum specified U-values for the
external elements of the envelope of a building are as follows: external walls=0,72 W/m 2K, external columns/ beams /
shear walls= 0,72 W/m2K, external windows=3,23 W/m2K, external aluminium and wooden doors =3,23 W/m2K,
external flat and inclined roofs=0,63 W/m2K, exposed slabs=0,63 W/m2K, and average U-value ("Um") of a
building=1,30 W/m2K
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energy performance issues related to the quality of the works. No energy audits take place during or
after the construction phase regarding the EPC and the actual construction of the building.
4

METHODOLOGY

Compliance with the decrees issued by MCIT is both essential and crucial. Moreover, noncompliance with the input data in the EPC of a building leads to wrong reporting, which in most
cases means that the reported performance is better than the actual performance. Reported U-values
may vary from actual U-values due to various reasons. For example during EPC calculation the QE
may be applying same U-values for construction elements with different U-values, or during
construction there may be use of different products with worse U-values than the ones specified
during the EPC calculation, or there may be mistakes or omissions of building elements during
construction which lead to a different U-value than the one stated, or even there may be missing or
unclear definition regarding input data.
Considering that residential buildings are responsible for approximately 2/3 of the energy
consumption of the building sector, the improvement of their energy performance is imperative.
That is why the present study focuses on the U-values of 27 new residential properties located in the
southern part of Cyprus (see "Figure 1"), and examines whether the minimum requirements
regarding their external elements' U-values are according to the national decrees both in design and
construction. It also examines whether people do what they declare, addressing the issue regarding
the reliability of the EPC, and indicates whether there is a need for a more strict compliance frame.

Figure 1: Study conducted in the southern part of Cyprus [19]
Representative residential properties, based on the construction method of their external
elements, were identified. Each building was extensively studied and information regarding the
construction of its elements was identified and recorded. During the study, photographs of the
examined buildings during construction phase and documents from suppliers regarding the Uvalues of specific elements were collected. Site visits and inspections took place in order to gather
information regarding their real construction, and communications with architects, constructors, and
tenants, where possible, were conducted in order to verify the as built situation of the examined
construction elements that were declared in the EPCs. Moreover, their external elements' U-values
were recalculated taking into account the as built situation, in order to check whether the buildings
were built as designed, specified and declared in their EPCs regarding those specific elements. The
study was conducted between 1 September 2014 and 31 July 2015.
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5

RESULTS OF THE STUDY

In the 27 new residential properties, which were examined, deviations were found between
reported and actual U-values, which were due to:
1. Non-existence of a reliable database regarding input data, as for the same material
different thermal conductivity values λ (W/mK) were used in different EPCs.
2. QEs not taking into account external elements such as an exposed uninsulated floor slab,
which had a higher U-value than the maximum U-value specified in the relevant decree.
3. QEs applying same U-values for construction elements with different U-values during
EPC calculation.
4. Calculation mistakes that were made during the EPC calculation, such as placing a wrong
input U-value for the door, or calculating a wooden door twice.
5. Changes during construction, which were not documented in a revised EPC (e.g. during
construction use of different products with different U-values than the ones specified
during the EPC calculation or windows material being changed during construction, but
without any subsequent revision of the previously issued EPC).
6. Materials like the coat cement or screed being omitted in calculations.
5.1

External walls

As can be seen in the Figure below, which depicts the difference found between the reported
in the EPC and the actual U-values of the external walls of the 27 examined properties, in most of
the cases there are small deviations between those values, in the range of 0.01-0.03 W/m2K, and
only in one case (P11) the deviation is bigger. These deviations are either due to a construction
element like the coat cement being omitted in the calculations conducted by the QE or to calculation
mistakes.

Figure 2: External Walls Compliance - Deviation with the U-value requirement
The study also revealed that all of the examined new residential properties comply with the
required U-value for the external walls.
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5.2

External columns, beams and shear walls

The difference between the calculated in the EPC and the actual U-values for the external
columns, beams and shear walls is presented in Figure 3. The deviations regarding these elements
are again very small, in the range of 0.03-0.07 W/m2K. These deviations most of the times are due
to reasons which are not so important, for example during calculation a construction element like
the coat cement being omitted. However, sometimes the non-compliance is due to the use of the
stated material (e.g. extruded polystyrene) but having less width than the width required to reach the
U-values according to the national regulations in Cyprus.

Figure 3: Columns / Beams / Shear Walls Compliance - Deviation with the U-value requirement
The results also indicate that 30% of the examined new residential properties do not comply
with the regulations. Regarding the causes for non-compliance, the study revealed that in most cases
the cause is lack of knowledge from the involved engineers and QEs, as construction elements were
not taken into account or did not having the required width.

5.3

Windows

As can be seen in the Figure below, there are not many deviations between reported and
actual U-values for the windows, as they are limited to one or two windows in a property, which
although calculated as double glazed windows they were actually single glazed windows when
those properties were built. However, this change is important as it affects the performance of the
property. The deviations for the windows that do not fulfil the requirement are in the range of 2.4 3 W/m2K.
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Figure 4: Windows Compliance - Deviation with the U-value requirement
The study also revealed that only in four of the properties, 14,82% of the examined new
residential properties, the U-value maximum degree requirement is not fulfilled for all windows. As
for the pattern of causes for non-compliance, the study revealed that in most cases the causes are
either lack of knowledge that resulted in the single glazed windows not to be taken into account or
need by the QEs for simplification in their calculations of the EPC.
5.4

Wooden and aluminium doors

As can be seen in Figures 5 and 6 below, there are no important deviations between the
calculated in the EPC and the actual U-values for the wooden and aluminium doors. Slight
deviations that were noted were in the range of 0.017 W/m2K to 0.02 W/m2K. However, it needs to
be noted that in one of the 27 cases the aluminium doors' U-values were much higher, presenting a
deviation from the regulations of 3.77 W/m2K.

Figure 5: Wooden Doors Compliance - Deviation with the U-value requirement
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Figure 6: Aluminium Doors Compliance - Deviation with the U-value requirement
In regards to the pattern of causes for non-compliance, the study revealed that in most cases
the causes are lack of knowledge by the involved engineers and the QEs, which resulted in
aluminium doors not to be taken into account or in their insulation being omitted.
5.5

Flat and inclined roofs

The differences between the reported in the EPC and the actual U-values for the flat and
inclined roofs are presented in Figures 7 and 8 respectively. As can be seen, the deviations are in the
range of 0.2 W/m2K, or less regarding this specific characteristic, with both reported and actual
values complying with the regulations.

Figure 7: Flat roofs Compliance - Deviation with the U-value requirement
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Figure 8: Inclined roofs Compliance - Deviation with the U-value requirement
The small deviations documented are due to a construction element like the coat cement being
omitted in the calculations. The study also shows that all of the examined new residential properties
comply with the required U-value for the flat and inclined roofs.
5.6

Exposed slabs

The difference between the calculated in the EPC and the actual U-values for the exposed
slabs is presented in Figure 9. The deviations regarding this specific characteristic are usually very
small, in the range of 0.02-0.07 W/m2K. However, the deviations in some cases are very important
as they revealed that construction elements such as an exposed slab were not even taken into
account by the QEs.

Figure 9: Exposed slabs Compliance - Deviation with the U-value requirement
The study also shows that only 22% of the examined new residential properties do not comply
with the regulations, but with the deviations being usually very small in the range of 0.02-0.07
W/m2K, as noted. As for the pattern of causes for non-compliance, the study revealed that in most
cases the causes are either lack of knowledge by the involved engineers and QEs that resulted in
exposed slabs not to be taken into account or omission of construction elements like the extruded
polystyrene.
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5.7

Average U-value (Um)

As can be seen in the figure below, the difference between the reported in the EPC and the
actual U-values for the Um of the building are in the range of 0.02-0.50 W/m2K.

Figure 10: Um Compliance - Deviation with the U-value requirement
These deviations are due to deviations between reported and actual U-values of the various
elements of the external envelope of a building, which were noted in the previous paragraphs. The
study also shows that all of the examined new residential properties comply with the required Um.
6

CONCLUSION

The present study investigates whether the U-values of the external elements of 27 new
residential properties, located in the southern part of Cyprus, comply with the minimum
requirements issued by the MCIT regarding those U-values and their average U-value, both as they
were declared in the buildings' EPCs, and as they were built on site.
In the 27 new residential buildings, which were examined in the present study, there are
deviations between reported and actual U-values, which sometimes are not so important, for
example during the QE's calculation a construction element like the coat cement being omitted, but
which sometimes are very important, for example lack of reliable input data, or a construction
element like part of an exposed slab or a single glazed window not taken into account, or changes
during construction without the required EPC revision (see Figure 11).2

2

Important note: Requested information was not provided by some QE and the main reason, as was reported by
them, was that the reported in EPCs U-values vary from actual U-values due to either lack of a supervising engineer on
site, or alterations made during construction without the required revision of the EPC due to time/budget reasons, or
engineers giving wrong and/or deficient information to QE due to lack of knowledge or appreciation of the value of
EPC.
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Figure 11: Um Compliance - Deviation with the U-value requirement
The study also reveals that only in specific construction elements, in 10 out of 27 examined
residential properties, the new requirements regarding maximum U-values and maximum average
U-Value have not been followed both in design and construction. That means that 63% of the
examined new residential buildings fully comply with the new requirements regarding maximum Uvalues and maximum average U-Value, whereas in the cases that they do not comply, there are
specific construction elements that do not comply, which are the exposed floor slabs, the external
columns, beams, and shear walls and the external openings. As for the pattern of causes for noncompliance, the study revealed that in most cases the causes are either lack of knowledge of the
parties involved which results in construction elements not to be taken into account, or changes
during construction without the required amendment of the EPCs and check from the relevant
authorities, as there is no control framework on site, or application of the same U-values for
construction elements with different U-values by the QEs for simplification.
To improve the situation there is a need for reliable data, which all QEs can use, as the quality
of input data is linked with the calculation procedure and the respective software programs.
Moreover, since there is a gap between building design and building construction which needs to be
bridged urgently, and since what is declared in the EPC during calculations in a lot of cases is
different compared to what is built on site, it is necessary to have a two stages procedure, meaning
that the EPC needed for the building permit and which is based on the design of a building must be
updated after completion, because design changes and on-site revisions of a building occur which
need to be documented. Finally, as in Cyprus, although there is a control framework regarding the
calculations in the EPCs in order to submit to the relevant authorities for the building permit, there
is no control framework on site, which means that there is no procedure to control energy
performance issues related to the quality of the works on site, a control system is necessary and
should embrace the phases of building design, construction, and handing over of the building.
Success or failure will depend a great deal on the societal support regarding the EPC, and
people understanding the importance of it and the need for compliance with the decrees regarding
the energy performance of a building.
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ABSTRACT
The building sector is a dominant energy consumer and has a considerable
environmental impact. In Europe, non-residential buildings comprise a quarter of the
building stock and cause approximately one third of this stock’s emissions.
Furthermore, the production of construction materials accounts for significant
quantities of raw materials and respectively big amounts of energy. This creates a
significant opportunity to building envelope design to significantly reduce the
building energy demand, while improving its environmental impact through its lifecycle. The investigation of the use of PCM as a storage medium in the building
envelope has become a very promising field of research and development. While the
use of PCM can be considered scientifically mature, technical, environmental and
economic issues remain to be addressed, and little research about their environmental
performance has been undertaken. The present work attempts to quantify the
environmental impact of the construction materials used in an office building unit
comparing the results of two widely used LCA software; One Click LCA® and
SimaPro® software. Moreover, this work evaluates the integration of PCM in office
buildings based on environmental performance criteria by using a Life Cycle Analysis
(LCA). The LCA results reveal that the environmental impact of the construction
stage increase significantly when PCM is included in the envelope construction
KEYWORDS - building envelope, PCM, environmental impact, LCA

1

INTRODUCTION

Buildings make a considerable environmental impact and contribute almost
30% of the global carbon footprint, a figure predicted to grow in the future [1]. The
European Commission has been aiming since 2002 at a common policy for
sustainable buildings and low environmental impact materials promoting energy
efficiency and reduction of greenhouse gas (GHG) [2]. Specifically, non-residential
buildings comprise 25% of the EU building stock and result in approximately one
third of the energy consumption and the related global greenhouse gas (GHG)
emissions attributable to this stock; with office buildings being among the most
significant contributors to demand growth. The environmental performance
improvement of this stock thus constitutes a key target for European countries. The
main challenge in environmental design is to achieve economic and ecologic
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optimization in the early design stages since design-decisions made at this point
constitute determinants for the whole life-cycle of the building [3].
The legislative framework for quantifying and reducing GHG emissions is
supported by a number of international standards such as the Greenhouse Gas
Protocol Initiative [4], the ISO series of standards [5,6] which are fully compatible
with the GHG Protocol produced by the Intergovernmental Panel on Climate Change
[7]. It is within this context that analytical methodological tools have been developed,
as they can support the effort to reduce the environmental impact during the
production process of building materials, fostering the use of natural, recyclable or
recycled materials originating ideally locally and minimising overall transportation
emissions [8]. Chau et al. [9] have categorized three major streams of life cycle
studies according to the focus of their evaluation; Life Cycle Assessment (LCA), Life
Cycle Energy Assessment (LCEA) and Life Cycle Carbon Emissions Assessment
(LCCO2A). Among these, Life Cycle Assessment(LCA) is considered an objective
process aimed at evaluating environmental burdens associated with a product, process
or activity by identifying and quantifying the energy and material uses and releases to
the environment, while also evaluating and implementing opportunities to effect
environmental improvements [9].
Several reviews on environmental evaluation, including more than 20 LCA
applications evaluating the whole construction process and more than 15 focussing on
construction materials have been published in the last decade [10–12]. The degree of
sustainability in a production process, can be measured by several criteria such as
total energy content, emissions, raw materials' use, waste generation and recyclability.
It is also generally accepted, that the manufacture and transport processes are
responsible for a significant part of the environmental impact concerning construction
materials life cycle, without however always quantifying this parameter [11,13].
Moreover, several LCA studies have been carried out for a range of building
envelope applications with PCM, but their depth and size vary considerably
depending on the respective intended purposes and the means available. These
existing LCA studies include studies in cubicles with polyurethane (PU) and PCM hydrated salts, paraffin or esters [14,15], cubicles built with alveolar bricks [16–18]
and concrete cubicles with PCMs [16] rammed earth formulations including PCMs
[19,20], PCM- tiles [21] and Ventilated Double Skin Facades (VDSF) with PCM [22].
Most of these studies have limited their evaluation to certain life cycle stages; mainly
the manufacturing and disposal stages to analyze the effect of the specific stages of
PCM introduced in conventional construction solutions. [14,17,22].
The aim of this work is to compare two life cycle analysis methodologies, both
focusing on the manufacturing stage and aiming to evaluate the integration of PCM in
office buildings, performed with two software tools for the results’ reliability control:
the
OneClickLCA® tool [23] and the SimaPro® LCA software [24–26].
OneClickLCA® tool [23] is an easy-to-use Life Cycle Assessment software for
buildings using the CML –IA 2012 methodology for advanced long term
environmental impact analysis as required by the European EN 15978 [27]
and EN 15804 [28] standards , while the SimaPro® LCA software, is a life-cycle
analysis model with embodied EcoInvent LCA database [24–26]. It is of interest to
compare the applicability, the performance and the user-friendliness of those two
tools for the evaluation of materials and their contribution to the total environmental
impact. In order to achieve this aim, an LCA study is performed and applied to the
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construction materials used in an office unit mainly consisting of concrete, brick and
plaster, while also investigating the addition of a PCM plasterboard, using the two
above mentioned tools. The two methods are described in detail and compared to each
other with respect to their input needed, their core process, the form of the results
obtained and the compatibility with other assessment tools, systems and standards.
The results are discussed both with respect to the materials performance as well as the
strengths and weaknesses of the environmental assessment methods.
2
2.1

ΜETHODOLOGICAL APPROACH
Life Cycle Analysis

Life cycle assessment includes the entire life cycle of the product, process or
activity, encompassing extracting and processing materials; manufacturing,
transportation and distribution; use, reuse, maintenance; recycling and final disposal.
These impacts occur in various segments of the manufacturing value chain and
throughout the product life cycle. Several impact assessment methodologies have
been developed with the aim of resolving the complexity of LCA studies, saving time
and effort for the LCA practitioners and reducing the uncertainties in the data and
environmental models [17]. In addition, several software tools have been developed
for implementing LCA at the inventory phase, among which the most popular are: the
GABI® LCA software and Sima Pro® software. Both use the EcoInvent® database
for materials. This database utilizes a set of specialized indicators, derived from CML
2 [11,29,30].
The International Organization for Standardization (ISO) has produced a series
of LCA Standards, ISO 14040 [6] and ISO 14044 [5] providing basic guidelines for
implementing LCA, and established a methodology for evaluating the potential lifecycle environmental impacts of products and services [31] namely: goal and scope
definition phase, inventory analysis phase, impact assessment phase and interpretation
phase. The main purpose of goal and scope definition is to define the boundaries of
the system studied. During the planning the objective should be clear and the data
collection sources defined. The inventory analysis is the stage where the inputs and
outputs are quantified. Energy, raw materials, water consumption, air emissions, and
solid waste are quantified either through measurements, or database searches, surveys
and software calculations. During impact assessment the environmental impact is
calculated as a resulting from the inventory analysis. The input and output data are
translated to environmental impacts, such as climate change, acidification,
eutrophication and photochemical oxidation [32]. The impact assessment step is the
most data intensive within an LCA study; it is considered as a critical step because of
the involvement of complex environmental modelling that results in transforming the
inventory list into impact categories expressing the potential impact on the
environment represented by the final indicators [17]. Finally, the stage of
improvement analysis involves discussion, interpretation of results and improvement
suggestions. LCA offers a comprehensive analysis which links actions with
environmental impacts.
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2.2

Implementation of the methodology

2.2.1 Model description
Regarding the layout of the office unit, an open, undivided plan was considered
for the purpose of this study. Specifically, a single zone model was defined to
simulate a completely undivided office unit, as shown in figure 1. The model is 12 m
long x 12 m wide x 3 m high, giving a total floor area of 144 m2. The model is
orientated exactly east-west with a 30% window-to-wall area on the south facade
comprising 9.7 m2. Regarding boundary conditions, only the southern surface
represents an external wall; the remaining surfaces, including the vertical surfaces and
floor, represent internal building components and are thus considered adiabatic. The
construction characteristics of the initial model are defined according to the Greek
Regulations on the Energy Efficiency of Buildings [33].

Figure 1: Sketch of the undivided office building unit model.
The LCA study is applied in two construction scenarios; namely the reference
case and the PCM case. Regarding the construction characteristics of the office unit
reference case, the external wall consists of a typical medium-weight brick wall,
insulated with 80mm extruded polystyrene (XPS), while also including a single-layer
gypsum board with 12.5mm thickness on the interior side and a layer of gypsum
plaster on the exterior, all the internal walls consist of two double-layer gypsum
boards with 25mm thickness, each with a void of 100mm in the middle, and, the floor
and ceiling consist of a 150mm concrete slab with no additional coating. Regarding
the construction characteristics of the examined PCM case, the external wall consists
of a typical brick wall, medium-weight for the undivided and heavy-weight for the
subdivided, insulated with 60mm expanded polystyrene (EPS) in both cases, while
also including a single-layer gypsum board with 12.5mm thickness with PCM melting
at 25 °C for the undivided and 22 °C for the subdivided unit and finally a layer of
gypsum plaster on the exterior, all the internal walls consist of two double-layer
gypsum boards with 25mm thickness including PCM melting at 26 °C for the
undivided and at 22 °C for the subdivided, each with a void of 100mm in the middle,
and, the floor and ceiling consist of a 150mm concrete slab with PCM boards which
are located above the conventional ceiling, thermally connected via a pressed graphite
matrix, following the basic principles of the cooling ceiling prototypes of Weinläder,
Klinker, & Yasin, 2016 and described in [35]. The PCM boards contain a salt
hydrate‐based PCM with a phase change enthalpy of 128 kJ/kg between 19.5 and
26.5°C and a melting point of 26 °C for the undivided and at 25 °C for the subdivided
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office unit. Table 1 shows a list of all the used materials with the total quantity in kg
used in each of the respective cases.
Table 1: List of used materials, their density and their respective total quantity in kg for the
reference and PCM case
Component
Cast concrete
Expanded polystyrene - EPS
Extruded polystyrene - XPS
Granite
Gypsum plaster
Gypsumboard
PCM -plasterboard (SP-26)
Masonry - medium weight
Reinforcement (incl. in concrete)

Density
(kg/m3)
2400
20
2700
1100
720
1095
7850

Reference case
Total Quantity
(kg)
103680.00
0.00
53.29
0.00
51.50
5193.91
0.00
10416.67
17333.33

PCM case
Total Quantity
(kg)
103680.00
102.09
0.00
42809.52
367.86
0.00
708.19
10416.67
17333.33

2.2.2 Calculation with One Click LCA® tool
The calculations were performed with One Click LCA calculation tool. The
software is fully compliant with EN 15978 standard. One Click LCA has been third
party verified by ITB for compliancy with the following LCA standards: EN 15978,
ISO 21931–1 and ISO 21929, and data requirements of ISO 14040 and EN 15804. All
data in the One Click LCA ® tool undergoes a rigorous ten point verification using a
process reviewed by the Building Research Establishment [23].
The LCA study is applied for the product life stage which covers the raw
material supply (A1), the transport impacts (A2) and the production impacts (A3).
Specifically, the raw material supply (A1) includes the emissions generated when raw
materials are taken from nature, transported to industrial units for processing and
processed. Loss of raw material and energy are also taken into account. The transport
impacts (A2) include exhaust emissions resulting from the transport of all raw
materials from suppliers to the manufacturer’s production plant as well as impacts of
production of fuels, and the production impacts (A3) cover the manufacturing of the
production materials and fuels used by machines, as well as handling of waste formed
in the production processes at the manufacturer’s production plants until end-of-waste
state. The operational phase and the end-of-life or deconstruction phase as well as the
construction process phase of the office units, and the part of the use phase including
the use or application of the installed product, maintenance, repair, replacement and
refurbishment, are not taken into account in this study due to lack of available data.
The considered lifetime for the office units' materials is 50 years. Moreover, no
data is available in the One Click LCA® and in the SimaPro® databases (or in the
EcoInvent database) about PCMs. Their value is estimated based on data of embodied
energy that has been provided from Rubitherm GmbH after personal communication
[36]. The construction materials of the considered office units comprise the inventory
list needed to perform the impact assessment of the product phase. The correlation
between the office unit components used in the product phase and the One Click LCA
data base, along with a complete list of the data sources is shown in Table 2.
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Table 2: The correlation between the office unit components used in the product phase the
One Click LCA data base
Component

Full name in One Click LCA®
database

Database

EPD program /
number

Cast concrete
Expanded polystyrene-EPS

Ready mix concrete, C20/25 (IZB)
Insulation, expanded polystyrene
(EPS) for walls (MDEGD)
Extruded polystyrene (XPS)

GaBi
EcoInvent

INIES / 4064
OKOBAUDAT

GaBi

Granite paving slabs, (FCT Granito
Galicia)
Gypsum plaster
Gypsum board, 12.5 mm

GaBi

Gypsum plasterboard, Delta/Delta
Linear (KNAUF)
Brick wall, average (CTMNC)

EcoInvent

DAPc /
DAPc.004.004s
IBU/EPD-BVG20140073-IAG1-DE
INIES / 6534
EPD Norge /
NEPD00113E
INIES / 5962

Reinforcement steel

GaBi

Extruded polystyrene - XPS
Granite
Gypsum plaster
Gypsumboard
PCM -plasterboard (SP-26)
Masonry - medium weight
Reinforcement (incl. in
concrete)

GaBi
EcoInvent

EcoInvent

IBU / EPD-IZB20130411-IBG2-DE
OKOBAUDAT

The environmental impact is evaluated and expressed by means of six damage
categories in both LCA methodologies: global warming (kg CO2e), acidification (kg
SO2e), eutrophication (kg PO4e), ozone depletion potential (kg CFC11e), formation
of lower atmosphere ozone (kg Ethylene) and embodied energy (MJ). Lower results
mean reduced impact on the environment, and thus indicate that the product
associated with these results is more environmental friendly. The main purpose of this
study is to compare relative differences between construction alternatives, as well as
between the two LCA methodologies, thus the absolute value of the results is not
strictly relevant.
2.2.3 Calculation with SimaPro® tool
Necessary input data, namely raw materials and energy flows, were acquired
through an extensive survey with the participation of major industrial producers. For
the output data, namely emissions from mining, production, packaging, storage and
transportation at the inventory phase, the SimaPro LCA software was used [24–26].
At the environmental impact assessment phase (normalization and weighting) two set
of indicators were used, one derived from CML 2 baseline 2000 m method [37] and
the other from Eco Indicator 95 method [38]. The functional unit selected for the
materials’ environmental evaluation is kg emission/kg building material and MJ/kg
building material for the embodied energy.
The system boundaries for each construction material studied, consisted of two
main subsystems: production processes of the material, including the extraction of
raw materials and energy use, auxiliary activities (for instance resin production which
is required in the manufacturing of stone-wool), product’s packaging, storage and
transportation. The system boundaries defined a “cradle to gate” approach for the
LCA implementation [11,39] which means the use of a simplified reference system
that consists of mining, production, packaging and transport processes. The reason for
choosing a “cradle to gate” approach has to do with the quality and reliability of the
initial data used for the inventory analysis. In order to determine the electricity
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generation emission factors, the total annual electricity generation mix was taken into
account. It was based on the energy mix of the Greek electrical systems, which
consists of lignite, oil, natural gas and renewables and is published every months by
the market operator. The output data also provided information about specific air
emissions from raw materials extraction, production processes, transportation and
storage procedures such as CO2 equivalent, SO2 equivalent, PO4 equivalent, SPM
equivalent, C2H4 equivalent and environmental impacts like climate change,
acidification, eutrophication.
3

RESULTS

As recommended by the ISO 14040-44 standards [5,6] for the implementation
of LCA, the last LCA stage of improvement analysis involves discussion,
interpretation of results and suggestions for improvement. The comparison of the
LCA results as calculated from both LCA tools are thus demonstrated and discussed
in this section, along with some conclusions and possible future work opportunities.
Table 3: The materials’ environmental evaluation in kg emission / kg building material and
MJ of primary energy / kg building material, as calculated by One Click LCA® software
Component

Global warming Acidification
kg CO2e / kg
kg SO2e / kg

Cast concrete (m3)

1.91E+02

2.96E-01

Formation of
Ozone depletion
Eutrophication
ozone of lower
potential
kg PO4e / kg
atmosphere kg
kg CFC11e / kg
Ethenee / kg
4.38E-02
9.86E-07
3.40E-02

Expanded polystyrene - EPS
(kg)

4.31E+00

2.13E-02

4.52E-03

8.11E-09

1.18E-02

Primary energy
MJ / kg
3.83E-01
2.68E+01

Extruded polystyrene - XPS (kg) 5.16E+00

1.04E-02

9.55E-04

4.50E-10

4.52E-03

6.14E+01

Granite (kg)

2.10E-01

1.62E-03

4.20E-04

8.04E-09

1.30E-04

1.81E+01

Gypsum plaster (kg)

1.40E-01

2.12E-04

2.61E-05

3.29E-11

2.10E-05

2.28E+00

Gypsumboard (kg)
PCM -plasterboard (SP-26)
(kg)
Masonry - medium weight (kg)

2.30E-01

4.20E-04

4.23E-04

1.50E-08

3.45E-05

3.63E+00

2.59E+00

1.33E-02

1.22E-03

1.15E-07

9.96E-04

3.66E+01

1.20E-01

5.48E-04

6.62E-05

3.82E-09

4.69E-05

1.12E+00

Reinforcement (incl. in concrete)
7.50E-01
(kg)

1.81E-03

1.75E-04

7.15E-11

1.73E-04

1.23E+01

Specifically, tables 3 and 4 present the materials’ environmental evaluation in
kg emission / kg building material and MJ of primary energy / kg building material, as
calculated by One Click LCA® software and SimaPro® software respectively. It is
observed from the comparison of the two tables that the various impacts as calculated
from the two software tools are in the same order of magnitude, with the results
calculated by SimaPro® being a little higher than those by One Click LCA®. This is
can be partly due to the fact that the SimaPro® calculation is based on input data
specifically gathered from the local production and conditions, while the One Click
LCA® calculation is based on foreign input data compensated to the local conditions.
This compensation is based on energy emissions intensity ratio of material
manufacturing countries and target country, and share of energy intensity of
construction materials [23]. It is also worth mentioning that the ozone depletion
potential (kg CFC11e / kg material) is significantly higher when calculated by
SimaPro®.

133

Table 5 shows the total environmental impact of the construction materials of
the two construction scenarios respectively, comparing the results calculated by One
Click LCA® and SimaPro® software. One issue noticeable in the results of both LCA
tools is the high environmental impact of the construction stage of the PCM case. This
has stimulated increasing research on bio-based PCMs made from underused
feedstock, such as soybean oil which are significantly less flammable than paraffins,
while their manufacture is more environmentally friendly [40–42].
Table 4: The materials’ environmental evaluation in kg emission / kg building material and
MJ of embodied energy / kg building material, as calculated by SimaPro® software
Component

Ozone depletion
Global warming Acidification Eutrophication
potential
kg CO2e / kg
kg SO2e / kg kg PO4e / kg
kg CFC11e / kg

Formation of ozone
Εmbodied Energy
of lower atmosphere
MJ/kg
kg Ethenee / kg

Cast concrete (m3)

3.41E+02

9.07E-01

8.97E-02

8.92E-06

3.60E-02

4.80E-01

Expanded polystyrene - EPS
(kg)

3.24E+00

1.27E-02

9.60E-04

3.45E-06

5.40E-04

9.24E+01

Extruded polystyrene - XPS (kg) 4.04E+00

1.65E-02

1.25E-03

8.79E-07

8.80E-04

7.62E+01

Granite (kg)

2.20E-01

4.90E-04

8.00E-05

6.55E-08

3.00E-05

1.54E+00

Gypsum plaster (kg)

2.21E-01

5.00E-04

5.00E-06

3.29E-11

2.03E-05

6.03E+00

Gypsumboard (kg)

3.90E-01

1.67E-03

1.90E-04

5.78E-07

7.00E-05

3.63E+00

PCM -plasterboard (SP-26)
(kg)
Masonry - medium weight (kg)

2.59E+00

1.33E-02

1.22E-03

1.15E-07

9.96E-04

3.66E+01

2.40E-01

7.00E-04

7.00E-05

6.78E-06

5.00E-05

1.96E+00

Reinforcement (incl. in concrete)
6.38E-01
(kg)

3.95E-03

1.80E-04

7.60E-06

1.60E-04

9.76E+00

Apart from the effect of PCM production on the various environmental impacts,
the difference regarding the total environmental impact of the construction materials
as calculated by the two software tools is more evident. It is interesting that even
though there are small differences in the results depending on the used tool, the
relative differences between construction alternatives are in most cases very similar.
As mentioned earlier in this work, the main purpose of an LCA study is to compare
relative differences between construction alternatives, thus the absolute value of the
results is not strictly relevant.
Table 5: Comparison of the results regarding the total environmental impact of the
construction materials of the two construction scenarios respectively, as calculated by One
Click LCA® and SimaPro® software
Formation of
Ozone depletion
Eutrophication
ozone of lower
Embodied
potential
kg PO4e / kg
atmosphere kg energy MJ / kg
kg CFC11e / kg
Ethenee / kg

Scenario

Global warming Acidification
kg CO2e / kg
kg SO2e / kg

One Click LCA

2.42E+04

5.27E+01

7.87E+00

1.62E-04

5.38E+00

2.88E+05

SimaPro

2.92E+04

1.21E+02

8.42E+00

1.65E-01

4.99E+00

2.51E+05

Reference case -construction materials total impact

PCM case - construction materials total impact
One Click LCA

3.40E+04

1.31E+02

2.49E+01

5.10E-04

1.24E+01

1.07E+06

SimaPro

3.83E+04

1.41E+02

1.17E+01

1.64E-01

6.50E+00

3.31E+05
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4

CONCLUSIONS

The present study evaluated the integration of PCMs in office buildings, based
on environmental performance criteria using Life Cycle Analysis, while also
comparing the results calculated by two different LCA software tools.
One issue noticeable from the comparison of the LCA results of the two
construction cases of the office unit is the high environmental impact of the
construction stage in the PCM case induced by the manufacture of the PCM. This is a
common conclusion in previous studies that have evaluated the manufacture and
disposal phases of PCM [18,22,32] A number of questions arise in this case. Why use
PCM instead of another, alternative technology? Can the increase in environmental
impact from the manufacturing phase of PCM be compensated by a possible reduction
of the environmental impact achieved during the operational phase from energy
savings? The positive impact of PCM has been discussed by Konstantinidou et. al
[35] who aimed to provide an optimal compromise among several envelope solutions
involving thermal insulation and building thermal mass, with either conventional
materials or PCMs.
Regarding the comparison of the two LCA software tools, there is a difference
in the results calculated by the two software tools. This can be partly due to the fact
that the SimaPro® calculation is based on input data specifically gathered from the
local production and conditions, while the One Click LCA® calculation is based on
foreign input data compensated to the local conditions. This compensation is based on
energy emissions intensity ratio of material manufacturing countries and target
country, and share of energy intensity of construction materials [23]. Moreover, it
should be mentioned that even though there are small differences in the results
depending on the used tool, the relative differences between construction alternatives
are in most cases very similar.
Considering the building materials’ environmental impact, it resulted that the
use of resources lies in the heart of this impact. It is therefore necessary to promote
the use of best techniques available and to promote innovative solutions in the
production processes, in order to reduce the depletion of the natural, finite resources.
Another interesting point is the need to minimise the transport of raw materials, which
is responsible for significant environmental burden. In that sense promoting the use of
resources locally available is one of the most important measures to reduce transport
emissions and, not to forget, costs. Still, the promotion of best available energy
efficiency technologies as well as the use of renewable energy sources should be
considered. Eventually, further research focusing on the life cycle of PCMs is needed,
to produce more accurate and reliable results for practical applications, especially
considering the complex structural and operational nature of contemporary
commercial buildings. In parallel, research has to focus on new materials, with lower
environmental impact and production costs. Last but not least, it has to be mentioned
that there is still an absence of national or international standards to test and certify
thermal energy storage products.
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ABSTRACT
It is generally accepted that access to daylight and sunlight can have a positive impact on
people’s health and well-being. This study aims to carry out a research on natural lighting
performance of the most common typologies used for in-patient units. A preliminary investigation
identifies the typical in-patient rooms in a number of healthcare premises in Cyprus. At the same
time, the current study presents a review of the existing literature on lighting assessment in
healthcare facilities with an emphasis on the impact of daylighting on patients’ health. Moreover,
natural lighting analysis simulations were conducted with advanced software tools, i.e. Radiance
IES implemented in IES-VE 2017. The research study aims to evaluate the correlations between the
room’s orientation and geometrical parameters, (i.e., dimensions, height, window to floor ratio), and
the daylighting performance in the spaces under study. For the daylighting assessment of the inpatient spaces, a number of widely used indicators were employed including Daylight Factor (DF),
Uniformity Daylight Factor (UDF), Spatial Daylight Autonomy (sDA), Annual Sunlight Exposure
(ASE) and Useful Daylight Illuminance (UDI). The research study discloses significant differences
in the levels of natural lighting metrics for different geometrical configurations and for different
orientations, thus indicating the importance of the appropriate architectural design in achieving high
daylighting performance of the spaces under study, as well as the need for further systematic
research in the field.
1. INTRODUCTION
It is widely known that people in developed countries spend on average 80 – 90% of their
time in an indoor environment [1] which makes it even more important to consider the influence
this could have on people’s health and wellbeing. Some of the factors that could affect people’s
health and wellbeing are indoor air quality, thermal conditions, while also acoustic and visual
comfort [2]. Policy-makers and researchers have shown little attention to hospitals’ building design,
even though this is an important component of a country’s healthcare system [3]. A hospital’s
building design can be characterized as one of the most demanding projects since certain rules must
be followed in order to obtain health safety for the medical staff and visitors, while also provide
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optimum comfort conditions for patients. In Cyprus, these facilities are managed by the public or
private sector. According to the World Health Organization (WHO), Cyprus had registered a total
of 84 facilities in 2014. This includes general hospitals, mental health and substance abuse hospitals
and specialty hospitals [4].
2. LITERATURE REVIEW
2.1.

Natural lighting and human biology

In order to understand why natural lighting levels could have an impact on people’s health
and wellbeing, it is important to know about lighting physics and how natural lighting reacts with
the human body. Firstly, we have the light before it enters a building, which could have different
properties according to the latitude of the location and the atmospheric conditions such as solar
radiation, cloud thickness and more. When light enters a building, its properties can be altered based
on the type of glass it had to go through, such as single or double glazing or if the glass contained
any gases other than air, such as argon, xenon or krypton. A more important procedure is how light
reacts with human biology. When light enters the human eye, it meets photosensitive cells in the
retina. Rods and cones send signals to the visual cortex in order to form the surrounding
environment. Other important cells are the so-called “intrinsically photosensitive retinal ganglion
cells” (ipRGCs). ipPGCs send light information to the suprachiasmatic nuclei (SCN), in the
hypothalamus, placed above the optic chiasm. The SCN then sends information to the pineal gland
which is responsible to produce melatonin. Melatonin is a hormone that regulates the sleep-wake
cycle. This complex procedure is connected to the human circadian rhythm [5, 6, 7]. The human
circadian clock can control physiological processes such as hormone secretion, metabolism, cardiac
function, changes in the core body temperature, sleep-wake cycle and more [8]. Based on the above
knowledge we realize how important access to natural lighting can be for human health. However,
it is well known that excessive exposure to sunlight can have a negative impact on people. One of
the problems can be glare which can cause eyestrain, headaches and visual discomfort [8, 9].
Moreover, low quality lighting has been connected to a higher risk of breast cancer in shift workers
and airplane cabin crew since their circadian rhythm is disrupted [8].
2.2.

Previous studies about natural lighting in educational buildings, office buildings,
and healthcare facilities

Based on the above context, several studies have been carried out in the last 40 years on how
natural lighting affects human health and wellbeing [9]. Most of this research focuses on schools
and office buildings and study how lighting could affect students’ and employees’ performance.
Studies show that daylit classrooms in schools can improve students’ vision, due to higher
illumination levels and reduction of flicker effect, better student and teacher morale and
performance, while also improve memory retention [10]. A study carried out at the Endrup school
in Copenhagen, Denmark, suggests that by using roof windows, therefore improving illuminance
levels, the students’ overall satisfaction increased [11]. Another research involving elementary
schools in three different locations (California, Washington, and Colorado) used statistical analysis
and found out that access to daylight is related to increased student test scores [12]. Moreover, they
state that “students with the most daylighting in their classrooms progressed 20% faster on math
tests and 26% on reading tests in one year than those with the least”[12]. More research on natural
lighting in office buildings has been done to find correlations with employees’ productivity. The
California Energy Commission conducted a research at the Sacramento Municipal Utility District
and suggested that an increase of 20 footcandles in illuminance levels could result to 13% of better
working performance and the ability to instantly recall information [13]. Furthermore, another
research studied employees in a software development company in New York and found that
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workers in offices with windows spent more time on computer tasks; they talk less time to other
coworkers and on the telephone, than the employees working in offices without windows [14].
It is clear that research continually finds ways to correlate access to daylight and sunlight in
buildings with the improvement of people’s health and wellbeing. This was first suggested in 1863
by Florence Nightingale, founder of modern nursing, who noticed that direct sunlight and daylight
can speed up the recovery of patients in hospitals [15]. Researchers in the health science field have
been studying how natural lighting can have an impact on patients’ length of stay, medication used
and improvement in mood. A research by Bauchemin and Hays (1996) studied the length of stay of
depressed patients with seasonal affective disorder in sunny rooms and dull rooms of a psychiatric
inpatient unit. Findings showed that patients in sunny rooms stayed for an average of 16.9 days
compared to 19.5 days for patients in dull rooms, a difference of 2.6 days [16]. Walch et. al. (2005)
evaluated whether sunlight exposure can modify the psychological health of a patient, the analgesic
medication taken, and the cost of pain medication. The study focused on patients undergoing
elective cervical and lumbar spinal surgery. The findings showed that when patients were staying
on the bright side of the hospital they were exposed to 46% higher-intensity sunlight. At the end,
the study showed that patients exposed to increased intensity of sunlight, experienced less perceived
stress, marginally less pain, they used 22% less analgesic medication per hour which reduced the
medication costs by 21% [17].
Overall, access to natural lighting in schools, office buildings, and healthcare facilities has
been widely researched. From the above review of studies, it can be accepted that increased lighting
levels can contribute to health and well-being improvement. However, most of the research done
presents qualitative results. Therefore, more quantitative research needs to be done in order to
quantify daylight levels that can provide the optimum results for each type of building.
2.3.

Assessment criteria for natural design in healthcare facilities

There are many standards and benchmarks used for environmental design in general,
however, only a few of them propose guidelines on daylight and sunlight design for healthcare
facilities. This paper will mention only three of the most widely used ones which are the Building
Research Establishment Environmental Assessment Method (BREEAM), the Leadership in Energy
and Environmental Design (LEED), and the WELL Building Standard. BREEAM and LEED
provide guidelines for the sustainable design of buildings such as energy, water, material use and
more. The WELL Building Standard focuses on using best practices in features that impact human
health and wellbeing in the built environment including air, water, nourishment, light, fitness,
comfort and mind.
BREEAM requires that occupied patients’ areas such as dayrooms, wards and consulting
rooms have a Daylight Factor (DF) of at least 3% to comply with a minimum area of 80% and a
uniformity ratio of at least 0.3, while for educational buildings is 2% DF and 0.4 uniformity ratio.
Moreover, it suggests having at least 300 lux for 2650 hours per year or more, while also the ratio
of window to wall must be equal to or more than 20% [18]. According to the LEED, Spatial
Daylight Autonomy (sDA) of a least 300 lux for 50% of the operating hours should comply with at
least 55% of the rooms’ area. Another requirement is that the Annual Sunlight Exposure (ASE)
metric should not exceed 10% of the regularly occupied space that has 1000 lux or more for 250
hours per year. LEED also proposes an illuminance analysis to find out how much of the rooms’
area has lighting levels between 300 and 3000 lux [19]. The WELL Standard suggests the same
criteria for sDA and ASE analysis like LEED. In addition to that, it proposes a new section on
circadian lighting design by recommending using the metric of Equivalent Melanopic Lux (EML).
EML is a metric that can be used to support the circadian function of people [20].
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This paper focuses on studying one of the factors that can have an impact on people’s health
and wellbeing which is the visual comfort, by researching lighting levels in patient’s rooms in
healthcare facilities. This research constitutes a relatively new area, especially in the architecture
field. Studies on how daylight and sunlight can improve people’s health have been studied by
psychologists, neuroscientists, and others.
3. METHODOLOGY
3.1.

Typical in-patient rooms in healthcare facilities

A survey of different hospitals in Southern Europe showed that they can be divided into
small, medium and large-scale complexes based on the locations’ needs. While in the past wards
were designed to have up to 12 or 24 patients, now it is preferred to have 1, 2 or 4 beds [21]. Based
on the above, this study focuses on analyzing lighting levels for three typical rooms: one-bed room
(3.50m width x 3.20 length), two-bed room (3.50m width x 5.50m length), four-bed room (7.00m
width x 5.50 length) figure1. Even though room dimensions can be fairly typical in all healthcare
facilities with inpatient units, window dimensions can vary. For this reason, three sizes of windows
are analyzed for each type of room which are small size windows (1.40m height x 1.60m width),
medium size windows (1.40m height x 2.00m width) and large size windows (1.40m height x
2.40m width) figure 1. Moreover, it was important to observe all these configurations in different
orientations; North, South, East, and West.
3.2.

Evaluation of natural lighting levels with computer simulation

For the purposes of this study, simulation software was used. It was preferred to use
RadianceIES software implemented in Integrated Environmental Solutions (IES) software, a widely
used software among lighting designers and engineers. RadianceIES uses the backward ray-tracing
technique and provides a potentiality to use static lighting metrics such as daylight factor while also
dynamic metrics such as climate-based daylight modeling. This provides the opportunity to the user
to compare these two types of quantitative metrics.

Figure 1. Typical in-patient rooms as case studies (a-i: one-bed room, a-ii: two-bed room, a-iii: four-bed room, bi: small size window, b-ii: medium size window, b-iii: large size window)
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For the evaluation of daylighting performance for all the configurations mentioned before,
static and dynamic lighting metrics were used. One of the most widely used daylight metrics is
Daylight Factor (DF) which was first proposed by Alexander Pelham Trotter in 1895 [22]. DF is
“defined as the ratio of the internal horizontal illuminance to the unobstructed external horizontal
illuminance, usually expressed as a percentage”[22]. DF can provide information to compare only
the amount of lighting inside the room, which means that different results are expected for the
window sizes used and each room. It is important to mention that DF uses the CIE overcast sky for
lighting calculations and does not take into account the location, climate conditions and orientation
of the room.
Climate-based daylight modeling (CBDM) was developed by John Mardadjevic and
Christoph Reinhart in the late 1990s[22]. The use of CBDM was considered important due to the
fact that these metrics predict radiance, irradiance, luminance, and illuminance by using data of sun
and sky conditions from standard meteorological datasets [22]. These predictions are dependent on
the location and building orientation. CBDM produces various metrics which are Useful Daylight
Illuminance (UDI), Spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE). UDI
is the percentage of time that daylight levels are considered as useful for the occupants and is
presented in three parts: UDI less than 300 lux (too dark), UDI between 300 and 3000 lux (useful
daylight levels) and UDI more than 3000 lux (too bright). sDA is defined as the percentage of the
rooms’ area that meets or exceeds daylight requirements (300 lux) for 50% of the occupied hours.
ASE presents the percentage of the rooms’ area that exceeds 1000 lux for 250 hours during the
occupied hours. Comparison between DF and other dynamic metrics is important since they use
different sky conditions. Daylight factor uses the CIE overcast sky while climate-based daylight
modeling uses the Perez Sky Model [23].
A large number of case studies, i.e., 36, were designed for the typical rooms in healthcare
facilities, derived from the combination of four orientations, three typical rooms and three sizes of
windows. Special attention was paid to design the wall thickness of 0.20m and the window frame
(offset of 0.10m) for more accurate results. For the simulation, single glazed windows were used
with visible transmittance at 0.78. Reflectance values for interior surfaces were set at 0.85 for the
white walls and the ceiling, at 0.75 for the floor (beige-colored gloss marble) and the exterior
ground at 0.20. The selected analysis grid was at 0.20m in both directions for more detailed results.
For the climate data, the Larnaca Airport (latitude: 34.87° N, longitude: 33.62° E; i.e. climate zone
1) weather file was used. The simulation was carried out for a full year and the time range for the
occupied hours, from 4:00 AM until 22:00 PM (total of 18 hours per day) based on the usual
operating hours of hospitals inside the in-patient units.
3.3.

Natural lighting measurements in a case study for validation purposes

Evaluation of field measurements for natural lighting levels was conducted to verify
RadianceIES software simulation. A validation process was also conducted in order to identify if
the in-situ lighting levels and distribution match the simulation results. A private clinic in Paralimni
– Cyprus with latitude 35.04° N and longitude 33.98° E i.e. coastal regions, climate zone 1, was
investigated and considered as a typical hospital design. Furthermore, the orientation of the building
which is perpendicular to the south and north axes was regarded as important to compare two
different orientations in future studies. Lighting measurements for the case study were taken in
March 21st (Spring Equinox) at 9:00 AM and 12:00 PM (local time GMT +2) using TESTO 545
light meter. Sky conditions were considered as representative ones for this time of the year
(intermediate sky with sun) Table 1. Measurements were taken at specific points in the room by
using a grid of 0.60m in both directions. Lighting measurements were taken at a height of 0.80m
above finished floor level, which is the usual height of the bed. During in-situ measurements the
room was free from users, blinds were wide open and no artificial lighting was used.
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In order to achieve the closest simulation results to the in-situ measurements, corrections were
made in wall thickness, reflectance values, light ambiances, sky used and correct room orientation
(200˚). The validation of a single room with south orientation is shown in figure2 for illustration
purposes. The best representation for 9:00 AM was given by using intermediate sky with sun as
well as for 12:00 PM by using sunny sky.

Figure 2. Simulation results and in-situ measurements. a.i: 9:00 AM simulation with intermediate sky with sun, a.ii:
in-situ measurements for 9:00 AM, b.i: 12:00 PM simulation with sunny sky, b.ii: in-situ measurements for 12:00 PM

4. RESULTS
4.1.

Static natural lighting metrics

Table 1 presents the results of the computer simulation for static daylight metrics. These
include the average Daylight Factor (DF), the minimum and maximum DF at a certain place, the
percentage of the room’s area that has DF more or equal to 3% and the Uniformity Daylight Factor
(UDF). Overall, it seems that all typical rooms with all three window sizes have an average DF
more than 3%. This indicates that all rooms could have satisfactory lighting levels under an overcast
sky.
Table 1. Simulation results of static natural lighting metrics.

One-bed room with a small window has a DF of 4.87% with 93% of the rooms’ area having
DF more than 3%. The UDF is at 0.37. Meanwhile, the medium window provides an average DF of
5.82% and the large window 7.53%. The percentage of the area that has more than 3% DF is at
97.82% and 100% accordingly. The two-bed room has an average DF of 3.11% with a small
window, 3.98% with a medium window and 4.82% with a large window. The percentage of the area
that has more than 3% DF is 33.65%, 46.63% and 57.93% for each window size respectively. The
uniformity ratio ranges from 0.43 up to 0.45. The four-bed room has slightly better results than the
two-bed room. Average DF with small window is at 3.46%, with medium window at 4.45% and
with large window at 5.42%. The percentage of the area having an average DF more than 3% is at
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40.84% for a small window and increases up to 95.59% with a large window. While the
aforementioned variables have a great variability for each window size, the UDF is at 0.52 for all
window sizes.
4.2.

Dynamic natural lighting metrics

For the Useful Daylight Illuminance (UDI), Spatial Daylight Autonomy (sDA) and Annual
Sunlight Exposure (ASE) analysis, climate-based daylight modeling (CBDM) was used. This type
of simulation provides results that present differences between the three typical rooms, three sizes
of windows and four different orientations. Table 2 shows the simulation results for CBDM.
Useful Daylight Illuminance presenting the percentage of time that the room has 300 - 3000
lux gives promising results. Figure 3 shows that almost all types of rooms, with all sizes of
windows and all four orientations have more than 40% i.e. 2650hours lighting levels between 300
and 3000 lux, as suggested in BREEAM.
Table 2. Simulation results of dynamic natural lighting metrics - CBDM
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The one-bed room has about 70% (4500 hours) up to 85% (5500 hours) of the occupied time
lighting levels of 300 – 3000 lux for all window sizes and all four orientations. Lighting levels for
the one-bed room (including all windows and orientations) below 300 lux range from 13%, i.e.
1000 hours, up to 28%, i.e. 1900 hours while UDI more than 3000 lux is about 6 – 9% (about 250 –
500 hours), excluding the north orientation which is never more than 3000 lux, as expected (figure
3). sDA presents the percentage of the rooms’ area that can be autonomous only with natural
lighting. The one-bed room shows the best findings which are from 35% of the area when the small
window is used, increasing up to 72% when large windows are used (figure 4). All orientations
show fairly similar results. ASE presents the area of the room that is exposed to sunlight and
according to LEED and WELL standards, this should not exceed 10%, otherwise it indicates
possible glare issues or solar heat gains. The one-bed room has more than 10% for all options
including different windows and orientations, probably due to lower window to floor ratio. The
north orientation has 12.50% for a small window, 18.30% for a medium window and 26.79% for a
large size window. The south, east and west orientations have higher results ranging from about
42% for the small window up to 76% for the large window (figure 4).
The two-bed room and four-bed room show similar behaviors in all dynamic lighting metrics,
therefore more detailed analysis will be explained for the two-bed room. UDI of 300 – 3000 lux for
the north orientation is 39.40% when a small window is used, 54.90% for a medium window and
64.80% for a large window. The south, east and west orientations have quite identical findings for
UDI 300-3000 lux, with about 50%, 60% and 67% for each size of window respectively. Moreover,
the percentage of time that UDI is less than 300 lux is at 60.60% for a north oriented small window,
reducing down to 45.10% and 35.20% for medium and large window accordingly. Once more,
south, east and west orientations have similar data. When small windows are used the percentage of
time that lighting levels are less than 300 lux is about 48%, and reduces to about 35% and 25% for
medium and large windows respectively. Natural lighting levels more than 3000 lux are shown for
approximately 3 – 6.5% of the occupied hours, with the higher percentage of time for large
windows. The north orientation never exceeds this amount of lighting (figure 3). The two-bed room
combined with a small window has an sDA of 15.20% for the north orientation, increasing to
21.30% with a medium window and 28.10% with a large window. The south, east and west
orientations indicate better results with an sDA of about 25% for small windows, 34% for medium
windows and 42% for large windows (figure 4). However, the ASE metric for south, east and west
orientations has significantly higher results than the north orientation, i.e. about 25% for a small
window, about 32% for medium window and up to 40% for a large window, indicating the high risk
of glare issues and solar heat gains. The two-bed room with north orientation has ASE of 6.73%
combined with small window, 10.58% with medium and 14.42% with large window (figure 4).

Figure 3. CBDM Simulation results for Useful Daylight Illuminance
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Figure 4. CBDM Simulation results for Spatial Daylight Autonomy and Annual Sunlight Exposure

It is important to note, that the simulation results show data for three typical rooms, three
sizes of windows and four orientations without any shading, such as overhangs or blinds. Therefore,
results presented for ASE can be defined as the worst-case scenarios. Moreover, the extended
occupied time used from 4:00 AM until 22:00 PM provides reduced data for sDA since this time
range includes night hours.
5. CONCLUSION
The research study presented herein aims to evaluate the correlations between the room’s
orientation and geometrical parameters, and the daylighting performance in the spaces under study.
More specifically, the analysis shows data that can be influenced based on three different typical inpatient rooms, three sizes of windows and four orientations. The research study discloses significant
differences in the levels of natural lighting metrics for different geometrical configurations and for
different orientations. All metrics used, static and dynamic, are important to compare daylight
performance for each option. However, CBDM seems to provide more reliable findings since it
takes into account the orientation of the rooms and the locations’ sky and sun conditions, which are
two of the most important factors that affect lighting levels.
The research findings indicated the importance of the appropriate architectural design in
achieving high daylighting performance of the spaces under study, as well as the need for further
systematic research in the field. More specifically, the natural lighting analysis can be considered as
a very important part during the process of building design, since this indicates if more study should
be carried out for shading devices to improve lighting uniformity, reduce glare probability and
control solar heat gains. It was considered particularly interesting to study daylight levels for case
studies in Cyprus, a South-Eastern European location, due to the high levels of solar radiation and
extended cooling period. Results provided by this research could be generalized for locations with
similar climate conditions.
In conclusion, this study tried to ignite research on quantifying daylight levels for typical
healthcare rooms. Further research needs to be done on analyzing the performance of shading
devices to reduce glare effects or heat gains where it is needed, as well as studying different
window glazing options and more. An interesting following research could be done on connecting
all the lighting metrics presented, to biological factors that can be affected by daylight to improve
human health and wellbeing.
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Abstract – Life cycle cost analysis and life cycle assessment have been performed on eight
conventional, and hybrid solar cooling systems implemented in six different types of buildings.
The eight different systems feature conventional, solar assisted, standalone solar thermal and
standalone solar hybrid chiller systems. Each of the eight systems is implemented in a
government building, an industrial factory, a hospital, a university campus, a shopping mall,
and a mosque. The aim of the study is to investigate the total life cycle cost, energy and
environmental impacts of each system in each building. The energy and environmental impacts
were assessed by the use of impact categories, which include, global energy requirement,
global warming potential, ozone depletion potential, primary energy savings, emission
reductions, payback times, and return ratios. Solar assisted and standalone hybrid systems
achieved the best results, in terms of life cycle cost, energy and environmental impacts.

1. Introduction
Electricity consumption in the United Arab Emirates has been increasing significantly in the
past decade due to population and commercial high growth rates. UAE utility companies satisfy
this rapidly growing demand for electricity by increasing its generation capacities, which are
mostly equipped with gas and steam turbine power generators. However, these fossil-fuelbased power sources produce greenhouse gas emissions and harmful air pollutants that
contribute to global warming. A significant impact on the country’s electricity consumption,
and thus on the emissions of these greenhouse gases is associated with the conventional airconditioning systems installed in buildings. While 75% of UAE’s annual electricity is consumed
in buildings, almost 40% of this consumption is directly related to air conditioning [1]. This
high electricity consumption of air conditioning systems in UAE is expected due to its hot
climate and high cooling loads required in order to achieve thermal comfort in buildings.
UAE has been implementing new regulations for improving energy conservation in buildings
as well as gradually pursuing to reduce its dependence on fossil fuels by increasing the
percentage of electricity generated from renewable energy sources. Solar energy in particular
holds a great potential for electricity generation in UAE. Other than being a clean energy source
and naturally available, UAE’s climate is mostly rainless and its average solar insolation
exceeds 8.5 GJ/m2 per annum [2].
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Solar cooling technology is therefore believed to be the future of air conditioning and to be
superior to conventional systems. However, conventional vapor compression systems are
generally more matured compared to solar systems that are still being developed and tested.
Various solar cooling system configurations can be used based on initial cost, energy
requirements, and the ability to reduce operating costs, as well as many other factors.
Therefore, deciding which system is better in terms of improving environmental quality and
costs requires profound scientific analysis, which is best achieved through the application of
the Life Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) methodologies.
In the scientific literature, many studies investigated the performances of solar cooling
technologies using the LCA methodology. However, LCCA studies on the subject are not
extensively available yet. Among the various present LCA studies, very little explored how the
different solar cooling systems configurations may perform against different building load
profiles. Moreover, an LCA of integrating both thermal and electrical solar systems into a single
system is still not fully investigated in the scientific literature. Furthermore, most studies are
more focused on small capacity installations and very few on large scale applications. More
focus should be drawn into large-scale systems by now as cost savings and environmental
performance can only be gained more effectively through the application on large-scale
systems. Finally, countries that are characterized with hot climates and high solar insolation,
such as the UAE, hold a great potential for solar cooling technologies, and therefore, require a
dedicated study and exploration.
The purpose of this study is to apply the LCA and LCCA methodologies to various proposed
solar cooling system configurations featuring conventional and thermally driven refrigeration
systems working in various buildings in UAE and the assessment of their economical, energy
and environmental performances. The benefits in terms of total costs, primary energy savings
and emission reductions will be measured for each of the systems configurations at different
buildings with various cooling load profiles. The concluding objective is to evaluate and
compare the economical, energy and environmental performances of the proposed solar
cooling system configurations and study their feasibility and suitability in general and with
each of the different building loads profiles.

2. Description of Considered Buildings
Six types of buildings with different applications, cooling demands and profiles, yet with ideal
spaces for integrating solar modules are considered in this study. The considered buildings are
a government building, an industrial factory, a hospital building, a university campus, a
shopping mall and a mosque.
Different cooling demands are considered in order to investigate the performance of different
solar cooling systems sizes. Since solar energy is intermittent, some of the buildings are
selected with 24 hours operation and others with limited operation periods, in order to show
the effect of the size of storage systems on the performance of the whole system. Different
operating times and building applications result in diverse cooling demands, which will allow
for further exploration on the effects on the performance of the solar cooling systems. Table 1
summarizes some of the important aspects in the considered buildings.
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Table [1]: Summary of all considered buildings
Parameters
Plot Area
Floor Area
Days Operation
Hours Operation
Occupancy
Electrical Load
Operating Hours
Cooling Demand

Government
36,109 m2
24,155 m2
SAT – THU
7:00 - 19:00
2,850
410 kW
3,900
714 RT

Factory
39,052 m2
15,794 m2
SAT - THU
6:00 - 20:00
250
1,325 kW
4,069
808 RT

Hospital
130,220 m2
33,445 m2
All Week
24 Hrs.
4,550
1,350 kW
8,760
1,290 RT

University
435,685 m2
49,099 m2
All Week
24 Hrs.
6,570
1,507 kW
8,760
1,454 RT

Mall
227,493 m2
59,922 m2
All Week
7:00 - 2:00
12,000
1,317 kW
7,300
2,170 RT

Mosque
134,419 m2
16,258 m2
All Week
24 Hrs.
3,000
52.5 kW
8,760
458 RT

MILLIONS

All considered buildings are based on actual constructions in Dubai. Brief surveys of buildings
were conducted in order to collect important aspects required for load estimation. Buildings
were divided into zones, and then, the orientation, operation, and physical dimensions of
floors, walls, doors and windows were all noted. Assumptions were taken to estimate
occupancy, electrical loads, lighting and other miscellaneous loads. Buildings’ construction
materials, ventilation requirements and design set-point temperatures were assumed as well
based on each buildings’ application. Afterwards, all the obtained data were used with Carrier’s
Hourly Analysis Program (HAP) to estimate the cooling load for each one of the buildings.
Figure 1 plots the average hourly load profiles for each building.
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Figure [1]: Average hourly load profile (Btu/hr) for each building

3. System Configurations
Eight different system configurations were investigated for each of the considered buildings.
The first two systems consist of conventional, grid-connected, air-cooled (CRE), and watercooled (CWE) chiller plants. The second pair of systems include conventional water-cooled
chillers assisting single-effect absorption chillers, powered by hot water generated by either
evacuated tube collectors (AWT), or hybrid parabolic trough collectors with PV receivers
(AWH). The third pair of systems is with similar configuration to that of the second pair, yet
with standalone single-effect absorption chillers, powered by either thermal (BST), or hybrid
(BSH) solar systems. The final pair include standalone double-effect absorption chillers
powered by steam, generated by parabolic trough collectors with high temperature receivers,
either alone (BDT), or with photovoltaic solar panels (BDH).
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A distinct three-letters code has been assigned to each of the eight different systems for the
ease of referral and comparison as described in Table 2.
Table [2]: System configurations with assigned coding system
1
2
3
4
5
6
7
8

System Description
Conventional Air-Cooled
Conventional Water-Cooled
Water-Cooled Assisted Thermal Solar
Water-Cooled Assisted Hybrid Solar
Absorption Single-Effect Thermal Solar
Absorption Single-Effect Hybrid Solar
Absorption Double-Effect Thermal Solar
Absorption Double-Effect Hybrid Solar

C
C
A
A
B
B
B
B

Code
R
W
W
W
S
S
D
D

E
E
T
H
T
H
T
H

System Type
Compression
Compression
Assisted
Assisted
Absorption
Absorption
Absorption
Absorption

Chiller Type
Air-Cooled
Water-Cooled
Water-Cooled
Water-Cooled
Single-Effect
Single-Effect
Double-Effect
Double-Effect

Powered by
Electrical Grid
Electrical Grid
Thermal Solar
Hybrid Solar
Thermal Solar
Hybrid Solar
Thermal Solar
Hybrid Solar

For all systems, the design return and supply chilled water temperatures are 12.2°C and 6.7°C,
respectively, and the design ambient temperature is 46.1°C. For cooling towers, the design wetbulb temperature is 30.0°C, while return and supply condenser water temperatures are 36.7°C
and 32.8°C, respectively. For hot water solar systems driving single-effect absorption chillers,
the design hot water supply is 93.3°C. Conventional air-cooled and water-cooled chillers are
equipped with Variable Speed Drive (VSD), which provides capacity control for chillers and
substantially reduce operating costs during part-load operations.

4. Methodology
LCCA and LCA are aimed at evaluating the described systems with the intention of investigating
the systems’ economical, energy and environmental impacts throughout the specified study
life of 25 years. Each of the proposed systems is selected entirely as a Functional Unit (fU),
which shall produce a unique global performance for each of the systems and allowing them to
be compared entirely with the alternative systems. The established life cycle boundary
incorporates the production phase, which includes equipment production, transportation from
factory to building site, installation, testing and commissioning. Then, the use-phase, which
include electricity consumption, water consumption, service and maintenance, and finally, the
end-of-life phase, which includes transportation to disposal site, and selling-off for recycling.
All systems are set to operate in various buildings located in Dubai, UAE. However, the
geographical boundary of the study extends to other countries where most of the major
components of the systems are produced and then transported to building sites in Dubai.
Data sources related to equipment manufacturing, installation, and disposal phases are
generally complex, and unavailable in certain cases. For this reason, a hybrid life cycle
assessment is used, in which an input-output LCA is used to model the impacts related to
phases that suffer from unavailable or unreliable data sources, while a process-based LCA is
used to for the remaining phases. Using a hybrid LCA model combine the advantages of both
input-output and process-based LCA without the need for omitting important phases or
compromising the accuracy of the study. The input-output LCA method is used to model the
phases of equipment and spare parts manufacturing, installation and disposal, while
transportation and all stages of the use-phase are modeled using a process-based LCA.
During the inventory analysis, primary energy and greenhouse gas emissions are obtained for
each material and activity throughout the specified time boundary. Total energy is measured
in Tera-Joules and accounts for energy uses related to coal, natural gas, petrol, bio-waste, and
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non-fossil fuels. Whereas greenhouse gases are measured in metric ton of CO 2-equivalent
within a time horizon of 100 years, and accounts for Carbon Dioxide (CO 2), Methane (CH4),
Nitrous Oxide (N2O), Hydrofluorocarbons (HFC), and Perfluorocarbons (PFC) emissions.
Emissions are converted into CO2-equivalanet using the conversion factors issued by the
Intergovernmental Panel on Climate Change (IPCC) fifth assessment report [56].
The main energy and environmental impact categories to be investigated in this study include
Global Energy Requirement (GER), Global Warming Potential (GWP), and Ozone Depletion
Potential (ODP). Additional impact categories that concentrate on specific phases in the life
cycle and compare innovative and reference systems are acquired as well, which include
Primary Energy Savings (PES), Emission Reductions (EMR), Energy Payback Time (EPT),
Emission Payback Time (EMPT), Energy Return Ratio (ERR), Emission Return Ratio (EMRR),
and finally, Money Return Ratio (MRR).

5. Results & Discussion
Results of LCCA and LCA, which include cost, energy and environmental impacts, for all
systems in each of the buildings are presented in the following sections.
5.1 Results of Life Cycle Cost Analysis:
The outcome of the LCCA is presented in Table 3 and plotted in Figure 2, which represent the
total life cycle cost of each system with respect to considered buildings. A comparison between
the calculated total life cycle costs, the AWH system performed the best in all buildings, except
in shopping mall, while CRE system performed the worst in all cases. The AWH system
achieved an average of 54% reduction in total life cycle costs compared with CRE system in
each building, and an average of 31% compared with CWE system. In addition, the AWH system
reduced electricity cost by an average of 84% and 73% compared to CRE and CWE systems,
respectively. Although the cost of production is approximately 7-10 times higher than the CRE
system and 5-8 times higher than the CWE system, the generated reductions during the usephase were sufficient to improve the total life cycle costs of the system.
In general, all hybrid solar systems, whether in standalone or assisted configuration, including
AWH, BSH and BDH systems, had consistently good results ranging between best and second
best in terms of total life cycle costs compared with conventional, and solar thermal-powered
systems. The BSH and BDH systems achieved an average reduction in total life cycle costs of
50% and 44%, respectively, compared with CRE system, and an average of 24% and 16%,
respectively, compared with CWE system.
Systems with solar thermal features performed better than conventional air-cooled systems,
but slightly worse than water-cooled in all cases. Compared with the CRE system, AWT, BST,
and BDT achieved an average reduction in total life costs of approximately 27%, 23%, and 21%,
respectively. However, compared with the CWE system, solar thermal systems obtained higher
total life cycle costs by 10%, 16%, and 18%, respectively.
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Table [3]: LCCA results of all system with respect to each building
Systems / Buildings
CRE
CWE
AWT
AWH
BST
BSH
BDT
BDH

Government
$11,633,063
$7,247,114
$7,695,808
$5,313,215
$8,395,795
$6,883,351
$8,376,003
$6,629,156

Εκατομμύρια

CRE

Factory
$16,280,036
$10,291,464
$11,425,455
$7,499,526
$12,692,452
$7,460,425
$10,502,726
$7,457,064
CWE

AWT

AWH

Hospital
$35,908,505
$22,775,116
$23,896,993
$14,676,116
$24,380,619
$18,103,948
$29,493,589
$21,163,282
BST

BSH

University
$39,440,790
$27,919,621
$33,610,739
$18,207,388
$36,058,520
$18,927,738
$36,020,229
$24,250,808
BDT

Mall
$64,614,341
$43,170,902
$48,477,367
$33,949,733
$51,068,046
$28,156,077
$46,382,147
$30,342,067

Mosque
$11,960,782
$8,626,779
$8,924,221
$5,013,296
$8,929,965
$6,559,890
$10,987,585
$7,645,515

BDH

$70
$60
$50
$40
$30

$20
$10
$0
Government

Factory

Hospital

University

Mall

Mosque

Figure [2]: Total life cycle cost for each system with respect to buildings
5.2 Results of Life Cycle Assessment:
Amongst all systems, BSH and BDH systems consume the least primary energy throughout the
complete life cycle as illustrated by the calculated GER values in Figure 3. This is mostly due to
the high energy requirment associated with electricity cosumption for conventional and
assisted systems. In fact, the energy requirement associated with electrcity consumption is
almost 99% of the total energy during the complete life cycle for CRE systems, while it is
approximately 97% for CWE systems.
CRE

CWE

AWT

AWH

BST

BSH

BDT

BDH

7000
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0
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Factory

Hospital

University

Mall

Mosque

Figure [3]: Global energy requirement in (TJ) for all systems in all buildings
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In terms of primary energy savings, hybrid solar cooling systems, AWH, BSH, and BDH, scored
the highest amount of savings in primary energy in all buildings with relative averages of 77%,
87%, and 87%, respectively, compared to CRE systems, and 63%, 80%, and 80%, respectively,
compared with CWE systems. In addition, for the hybrid systems installed in hospital building,
university campus and shopping mall, it is found that the relative primary energy savings
indices are increasing proportionally with increasing system sizes. On the other hand, solar
thermal cooling systems, AWT, BST, and BDT, scored less amount of savings compared to CRE
systems with relative averages of 40%, 45%, and 54%, respectively. However, compared to
CWE systems, the solar-thermal powered systems scored only 2%, 10%, and 25%,
respectively. Unlike, hybrid solar systems, it is observed that average relative primary energy
savings of solar thermal systems decrease with increasing system sizes.
Similar to the results obtained for GER indices, amongst all systems, the BSH and BDH systems
contribute the least to global warming throughout their complete life cycles as illustrated in
Figure 4. It is also noted that electricity consumption is the most significant contributor to GWP
out of all other stages of the life cycle, which is evident in conventional, assisted and solar
thermal powered cooling systems. On the other hand, GWP indices associated with the
production stages of hybrid solar cooling systems are higher compared to other systems. For
instance, the GWP indices of the BSH and BDH systems during the production phase alone are
28 and 32 times, respectively, compared to CRE systems. Nevertheless, the substantial
reductions in GHG emissions during the use-phase of these systems contribute to an overall
lower GWP compared with other systems.
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Figure [4]: Global warming potential in (tCO2e) for all systems in all buildings
GWP indices include the effects of ODP as well. However, ODP values are obtained individually
in order to exclusively evaluate their impacts in association with hybrid solar systems in
particular. It is noted that the ODP associated with the production phase of hybrid solar
systems is the major contributor to total ODP for these systems. On the other hand, solar
thermal powered systems performed well compared to all other systems in terms of ODP. In
addition, it is observed that the BDH systems installed in hospital building, university campus
and shopping mall, which are associated with large solar PV systems, scored the highest ODP
indices compared with other systems in other buildings. Compared with CRE systems, the ODP
index related to the production phases of AWH, BSH and BDH increased by an average of 10,
21, and 32 times, respectively. ODP indices are plotted for all systems in Figure 5.
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Figure [5]: Ozone depletion potential in (tCO2e) for all systems in all buildings
In terms of emission reductions, AWH, BSH, and BDH systems achieved the highest values in
all buildings with relative averages of 78%, 88%, and 87%, respectively, compared to CRE
systems and 63%, 80%, and 78% compared with CWE systems. On the other hand, AWT, BST,
and BDT systems scored less amount of savings compared to CRE systems with averages of
40%, 45%, and 54%, respectively. However, compared to CWE systems, the solar-thermal
powered systems scored only 2%, 10%, and 24%, respectively.
Regarding energy payback time, and considering CWE as the reference system, solar hybrid
systems, including AWH, BSH, and BDH, achieved the best payback times with averages of 2.6,
3.9, and 4.2 years, respectively. On the other hand, AWT system, which achieved the best
payback time of 1.4 years compared with CRE system, achieved an average of 10.2 years, and
failed to cope up with the reference CWE system in university campus and shopping mall. EPT
indices are plotted in Figure 6, with respect to the CWE system.
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Figure [6]: Energy payback time in (years) for all systems with respect to CWE system
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In terms of emission payback time, and considering CWE system as a reference, solar hybrid
systems, including AWH, BSH, and BDH, achieved the best EMPT indices with averages of 3.0,
4.5, and 5.0 years, respectively. While, solar thermal systems, including AWT, BST, and BDT,
achieved longer EMPT indices of 11.6, 13.6, and 12.0 years, respectively.
With respect to CWE system, standalone hybrid solar systems, achieved the highest ERR and
EMRR indices, of 15.7 and 50.7, respectively, for BSH system, and 23.2 and 69.1, respectively
for BDH system. However, solar assisted, AWH system, achieved an average ERR and EMRR of
only 3.3 and 4.3, respectively.

6. Conclusion
LCCA and LCA have been performed on eight conventional, and thermal/hybrid solar cooling
systems implemented in six different building types with the aim of investigating the total life
cycle cost, energy and environmental impacts of each system corresponding to each building.
In terms of total life cycle costs, solar hybrid assisted and stand-alone systems achieved the
best results in all buildings with average reductions in total costs of 31% for solar hybrid
assisted systems, and 20% for stand-alone solar hybrid systems, compared with conventional
water-cooled system. In addition, total cost reductions increased proportionally with
increasing building loads and solar system sizes, as the increase in production costs of the solar
system is marginal compared to high costs of electricity consumption related with
conventional systems.
Stand-alone solar hybrid systems achieved the highest saving in primary energy throughout
the total life cycle with an average of 87% compared with conventional air-cooled system, and
80% compared with water-cooled systems. On the other hand, solar hybrid assisted achieved
good performance, as well, with 77% and 63% reduction in primary energy compared with
air-cooled and water-cooled systems, respectively.
Considering environmental impacts, stand-alone solar hybrid systems achieved the highest
emission reductions with an average of 88% compared with conventional air-cooled system,
and 79% compared with water-cooled systems. However, hybrid solar cooling systems
contributed high ODP values, which is mostly associated with the production phase of solar
systems. Assisted and standalone solar hybrid assisted scored an ODP values between 10-32
times higher than conventional air-cooled systems. On the other hand, stand-alone solar
thermal systems achieved an average of 36% reductions in terms of ODP.
Certain design considerations were taken during systems setup that may have affected the
outcomes of the study. Future works shall include sensitivity analysis to capture the energy
and environmental effects related to changing chillers sequencing for assisted systems, and
using electrical energy storage.
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ABSTRACT
The continuing increase in global energy needs and consequently the CO2 gases emitted from
the use of fossil fuels lead to severe environmental problems. One important way to deal with this
catastrophic situation is to find effective energy-saving methods for households. Managing
household electricity consumption plays an important role in the overall energy management
spectrum. In order to manage properly electricity consumption, we must analyse and understand the
factors that explain the way consumption of electricity occurs. In particular, the paper analyses
factors such as how the owners / tenants use their dwellings, their demographic characteristics, their
attitudes and perception on environmental issues, technical characteristics and type of equipment
The statistical analysis presented in this paper is based on data collected via a representative sample
of 100 households in Cyprus. Although, there is high complexity as to what influences household
electricity consumption as it is rather a social phenomenon, there are some clear findings on the
positive effects of photovoltaic systems.
1

INTRODUCTION

One of the most important activities of any modern society is the use of energy. An area that
is multidimensional, with direct or indirect impact on a number of industrial sectors and generally
on the economy of each country and the way we live. Production and consumption of electricity is
the main facilitator on energy use but at the same time it is also a modern global energy issue. The
continuing increase in global energy needs, the limited availability of fossil fuel stocks and the
emission of gases from the use of conventional fuels and especially the so called greenhouse gas
emissions are linked to serious environmental problems such as global warming [1], which is
believed to be manifested by the recent presence of extreme weather phenomena. It is worth noting
that 80% of greenhouse gas emissions come from the energy sector and that for every kilowatt-hour
saved it is equivalent to one kg of less CO2 in the atmosphere [2]. This vicious circle of destruction
calls for remedies that can significantly be provided by innovative energy management techniques
both on the harnessing and effective use of energy, especially in effective electricity management.
Managing electricity generation and consumption is a major part of the overall energy
management spectrum with a lot of potential for more efficient methods to save energy. Electricity
consumption can be divided into different sectors based on the final consumer. Thus electricity
consumption can be domestic, commercial, industrial and transport based. In a study by
Papageorgiou et al. (2018) [3] energy management methods are assessed for the hotel industry of
Cyprus, revealing also the tremendous potential for saving energy. In the present study we focus on
household electricity consumption, which holds a large share of total electricity consumption both
in Cyprus and globally. Based on a survey conducted in the Netherlands, the domestic sector
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accounts for one fifth of local and global electricity consumption, taking into account the electricity
required for heating, air conditioning and lighting of residential buildings [4]. This is one fifth ratio
is approximately true also for Cyprus.
The main objective of this paper is an in-depth analysis of the factors contributing to the
consumption of electricity in the domestic sector. The factors that are analysed cover the following:
•

The way electricity is used by occupants / homeowners, such as switching off the
appliances after use and adjusting the appropriate temperature of the air conditioning
units.

•

The demographic characteristics of tenants / owners such as family size and total
income.

•

The technical characteristics of the electrical and mechanical equipment of each
residence. That is, the existence and type of insulation, the type of electrical
appliances and the type of heating and air conditioning units.

•

The behaviour / attitude of the inhabitants and, more generally, their perception on
environmental protection, energy saving and the use of green energy.

The ultimate goal is to identify correlations between the elements of the factors. We examine
whether there is a link between the factors that contribute to the consumption of electricity in the
domestic sector and how they interact with each other. That is, for example, if the income of the
family belonging to the demographic characteristics of the family is related to the application or the
proper use of electricity.
The results would be useful in identifying ways to reduce and save electricity consumption in the
domestic sector, as we identify and explain the factors that contribute to the consumption of
electricity. Further on, companies that deal with energy-saving solutions and products can be
properly informed when designing and constructing new or renovating existing buildings, making
them low or even zero energy buildings.
2

LITERATURE REVIEW

In recent years, there has been strong research interest in the field of electricity generation and
consumption, both on energy-saving issues and on energy efficiency improvement. This is mainly
due to worldwide interest to combat climate change. Particularly the European Commission was
among the first regions of the world to adopt an integrated approach to climate and energy policy to
combat climate change, by reducing CO2 emissions and increase energy efficiency in EU countries.
European Parliament (2017) [5] goals to be achieved by 2020 include a 20% reduction in
greenhouse gas emissions, 20% of energy consumption coming from renewable energy sources and
20% improvement in energy efficiency.
Household electricity consumption, holds a large share of total electricity consumption both
locally and globally. According to data and forecasts made by the European Commission, electricity
consumption in the domestic sector in Europe tends to remain the same as years are passing by.
Further, according to Lombard et al. (2008) [6], the household sector will account for 26% of
electricity consumption in 2050. The main reason that consumption remains at about the same level
in the domestic sector although the number of devices used tends to increase is the prediction for
use of more energy-efficient appliances, the upgrading of energy features of buildings and the
implementation of energy saving legislation.
Household electricity consumption also accounts for a large share of total US consumption. In
particular, domestic electricity accounts for 22% of total electricity consumption [6]. We also see
the increase in electricity consumption in the household sector, but we also see the increase in direct
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consumption from Renewable Energy Sources (RES) such as photovoltaic systems. This leads to
the conclusion that in the future the level of penetration of RES in the domestic sector will increase.
Examining the local level of Cyprus, the following graph shown in Figure 1 was prepared
from data by the Cyprus Statistical Service [7]. Figure 1 shows the total electricity consumption
and the electricity consumption in the domestic sector for 10 years. We see that domestic electricity
consumption is constantly a significant proportion of total electricity consumption.

Figure 1: Electricity consumption in Cyprus
Also, in Figure 1 we see a slight decrease in total electricity consumption in 2013 probably
due to the economic crisis. We observe that the domestic electricity consumption in Cyprus
accounts for around one fifth of the share of total consumption. The energy situation of the vast
majority of homes in Cyprus can be characterized as very poor or moderate since the owners of the
buildings have not previously taken any energy saving measures during the construction of the
building. According to data available from the Statistical Service of Cyprus [8], 14.2% of the
houses have some kind of thermal insulation and only 43.2% of the houses have installed double
glasses. We can say that there is a lot of potential for energy savings and energy efficiency for
household electricity, which in turn will have a significant impact on the total electricity
consumption.
Electricity consumption in the domestic sector is an issue that has engage researchers
intensely in recent years. A central theme of research efforts is to identify all the relevant factors
and determine the degree to which each factor contributes separately to electricity consumption.
The ultimate goal is through these factors to explain as much as possible how electricity
consumption occurs.
Based on a survey [9], conducted in 924 households in the United Kingdom they showed that
a large proportion of electricity consumption in these households could not be explained even when
they used a wide range of different factors. Specifically, the findings of this research suggest that
39% of the electricity consumption is related to the technical characteristics of the house with most
important the size and type of the building and 24% comes from the demographic characteristics of
the inhabitants, most importantly being the size of the family. Also, 14% is due to the behaviour of
the tenants / owners on the heating of their internal spaces and 5% comes from the attitudes and
behaviours of the residents in terms of energy saving. It is noteworthy that in this study the
consumption of electricity resulting from the heating of indoor households has been taken into
account, which is why a large percentage of the consumption is related to the technical
characteristics of the dwelling.
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Another survey [9], a year later by the same researchers showed different results, without
taking into account the electricity consumption resulting from household indoor heating. In
particular, they showed that 34% of electricity consumption is associated with home equipment
such as electrical appliances and lighting, and 21% is derived from the population's demographic
characteristics, most notably the size of the family. Very small percentage is due to the technical
characteristics of the dwelling with the most important being the size of the building. This shows
the dynamic nature of household electricity consumption, which adds to the high complexity of the
identified factors.
Following a study of existing literature and research, a group of researchers [10], incorporated
their various ideas and views and resulted in three broad categories of factors explaining the
variability in electricity consumption. The first category includes socio-demographic factors such as
income, family size, level of education, stage of the family cycle. The second category includes
psychological factors such as values, motivations, attitudes of consumers. Finally, the third category
includes external factors such as legislation, technology, socio-political-economic environment.
Another view [11], expressed by the International Energy Bureau is that there are six factors
that affect the consumption of electricity in the buildings: the climate, the shell of the building, the
building's interior design criteria, the operation and maintenance of the home equipment, equipment
for services such as heating and cooling and the behaviour of tenants / owners. Although much
progress has been made in quantification of the above factors, there are still no reliable methods to
determine the extent to which households' behaviour in the energy consumption is affected.
According to the bibliographic review of articles and other sources published between 1996
and 2012, Nguyen and Aiello (2013) [12] have come to the conclusion that a large proportion of
electricity is required for heating and cooling homes. In particular, 43% of household electricity
consumption in the US is due to heating and cooling, 61% in Canada and the United Kingdom due
to the colder climate they have. Also, landlords / tenants have an important role to play with their
behaviour and the way they use heating and cooling [12].
Another group of researchers surveyed 300,000 households in the Netherlands, concluding
that the consumption of electricity is more closely related to household composition, especially
income and family size [13]. Also, seeing an earlier study using data from the US Department of
Energy, which concludes that household electricity consumption is directly influenced by its
climate, building and equipment. These factors, in turn, influence the behaviour of the inhabitants.
Further, according to Brounen et al. [13] who have thoroughly studied how owners/tenants use
electricity, they found that regulating the temperature of central heating is related to their
demographic characteristics, namely age and their income. Older and those with relatively high
incomes choose a higher temperature for heating and are willing to pay to have that comfort.
Steemers & Yun (2009) [14] also expresses the same view in their research. Continuing with
the same research, we see the correlation of the behaviour / attitude of the inhabitants towards the
use of green energy and the protection of the environment and their demographic characteristics. In
particular, older people are less likely to use ecological products and generally care about energy
saving. On the other hand, eco-conscious consumers are more likely to reflect this behaviour in both
their product selection and the way they live. [13]. considering the correlation of the technical
characteristics of the buildings with the demographic characteristics of the inhabitants, we see that
there is a direct correlation. In particular, income has a positive dependence on the number of rooms
and the surface of the covered areas of the dwelling. Also, the higher the income, the more houses
are heated or climbed depending on the season and the climate [14]
As we see in the above literature review existing research efforts focus on analysing each
factor separately and determining the degree of its correlation with the total consumption of
electricity. There is no particular emphasis on how the various factors interact with each other,
perhaps because it is more complicated to measure and identify these relationships and because of
the lack of measurable data.
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3

METHODOLOGY

A quantitative survey was carried out to collect data on the factors analysed in the literature
review and the extent to which they contribute to the consumption of electricity in the residential
sector. Specifically, for the purpose of this research data is collected on the consumption of
electricity in relation to the demographic characteristics of households in Cyprus, the characteristics
of the dwelling, heating and air conditioning approaches of the dwellings, electrical appliances and
lighting, how electricity is used by households and their attitudes and behaviour in terms of
environmental issues, energy saving and the use of renewable energy sources.
A national sample of 100 households was used for this survey. Coverage of the survey was
conducted on owners or tenants of dwellings or flats and the questioner was answered by the head
of the household who was familiar with the basic technical characteristics and the annual electricity
consumption of his home. The period for collecting the information was during the first months of
the year 2018. Data collection was carried out using questionnaires that included closed type
questions such as dichotomous and Likert scale. The questionnaires were handed to respondents for
completion (self-completion) or sent by e-mail.
It is important to note that a pilot survey (mini-survey) was conducted prior to the start of the
questionnaire distribution, where few questionnaires were provided to test the questions. So, we
could see as researchers if the questions we included in the questionnaire meant for everyone the
same thing, they were understandable and we noted any comments and changes to do in our
questionnaire. In this way, we tried to avoid mistakes and omissions that could lead us to the wrong
results of the misunderstanding of the questions. After the data were collected, they were grouped
according to the factor under consideration. Grouping data means separating them into tables for
easier comprehension and easier processing. Frequency tables and graphs were prepared in Excel
and the statistical analysis was done in the SPSS v.21 software package.
4

RESULTS

This section analyses the data gathered from the questionnaire. The statistical analysis made
involved descriptive statistics and correlational analysis. Initially, the questionnaire's reliability was
investigated by computing the Cronbach's alpha internal consistency index. This index controls the
credibility with which the respondent answers. Specifically, this is investigated on questions
concerning the extent of use of the heating / air conditioner, the degree of use of electrical
appliances, the questions that express the usage of equipment (thermostat, natural lighting,
appliances, lighting, washing machine and dishwasher) and questions on the behaviour / attitude of
the household towards the ways of saving energy. These 40 questions gave an acceptable total
Cronbach's a = 0.788. Questions about the degree of use of household appliances (n = 25) gave an
internal consistency index of a = 0.79.
The survey involved 100 households as we have mentioned in the methodology, the survey
was covered by owners or tenants of flats or flats and the questionnaire was answered by the
household leader who was familiar with the basic technical characteristics and the annual electricity
consumption of the household.
The average age of the head of the family was 43.4 ± 13 years. The majority of respondents to
the questionnaire were men (68%). Also, the majority were private employees (77%) and university
graduates with postgraduate degrees. (38%) A high percentage of university graduates with a degree
(29%) and high school graduates (26%). In addition, the 45 households were families with children
under the age of 18 and the 55 households were families without children. The 50 households
consisted of 2-3 people and 41 households of 4-5 people. In terms of income, 22 households have
annual income of € 35.001-45.000 and 20 households have an annual income of € 15.001-25.000.
The majority of the respondents live in a permanent home (90%) which is privately owned (87%)
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and detached (64%). The year of completion of the residence varies considerably among the
participants. The majority of homes have roof / roof insulation (62%) and 33% have no insulation.
Several households had more than one kind of insulation. Also, note that the majority of households
have solar panels (92%) something expected for Cyprus and only 13% have a photovoltaic system.
The annual electricity consumption of the participants is shown in Figure 4-1. We see that
22% of the households pay annually € 901-1150 for electricity, 20% of the households pay an
annual € 401-650 and 18% of the households pay € 1151-1400. Generally, we observe that the
annual electricity consumption in the participants' homes varies considerably.

Figure 2: Annual electricity consumption of the participants in Euros
Further, we have studied the correlation between each factor (demographic characteristics,
mode of use, housing characteristics, attitude / behaviour) with the consumption of electric energy
as well as between some elements of the factors with the consumption of electricity.
We have examined how the use of electricity by the tenants / owners of the dwellings is
related, for example by switching off the lights when not needed and by adjusting the appropriate
air condition or heating temperature to the annual electricity consumption. This analysis was done
using the Spearman correlation coefficient due to the ordinal nature of the variables. The analysis
showed that electricity consumption is not correlated with the habit of turning off the lights when
leaving the house (r = -0.082, p = 0.415), nor with the customary rate of filling the washing
machine (r = -0.008, p = 0.94) and the degree of use of the thermostat if present (r = 0.001, p =
0.998). In contrast, the degree of exploitation of natural light has a low positive correlation with
annual electricity consumption. (r = 0.255, p = 0.011).
Further we have studied the relationship of some of the demographic characteristics with the
level of electricity consumption. The analysis is done using the Spearman correlation coefficient.
The analysis showed that the annual household income has a low positive correlation with the
annual electricity consumption (r = 0.289, p = 0.004). In particular, higher income is associated
with higher energy consumption. Also, household size has a low positive correlation with annual
energy consumption (r = 0.254, p = 0.011) where a larger household size is associated with higher
consumption. Also, there is a statistically significant correlation of the age of the head of household
with annual electricity consumption in the household (r = 0.312, p = 0.002), where the older age of
the leader is associated with higher energy consumption. It is also noticed that in households where
energy consumption is high, the average age of the head of household is higher.
For analysing the age composition of the household, the Pearson chi sq. statistical test was
used where the participants were divided into two groups - households where there are people under
the age of 18 (children) and households where only adults live. The results show that there is a
statistically significant correlation of household composition with annual energy consumption (chi
sq. = 10.142, p = 0.038). In particular, 46.7% of households with children have a consumption of
more than 1150 € per year, as opposed to 30.9% of households without children.
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Further on, we examined how some of the technical characteristics of the home and its
equipment are related to the consumption of electricity. The Pearson chi sq. test was used to analyze
thermal insulation. According to the sample 67 participants are having some kind of insulation in
their home, 7.5% have less than 400 € annual consumption and 40.3% more than 1150 €
consumption. Out of the 33 participants who do not retain some kind of insulation, 3% have a
consumption of less than 400 € per year, while 33.3% have consumption over 1150 € per year.
However, there was no statistically significant difference between the distribution of electricity over
time and the presence of insulation in the home (chi sq. = 2,196, p = 0, 7). Regarding the kind of
building and electricity consumption the Pearson chi sq. test was again used for our analysis. There
was no statistically significant correlation with the annual electricity consumption. (Chi sq. =
12.085, p = 0.174) What we can say is that the majority are single-family homes (N = 64) and there
are large differences in electricity consumption in single-family homes, apartments or flats.
With respect to the completion year of the building, a low negative correlation with annual
electricity consumption was observed. (r = -0.289, p = 0.004). It seems that older constructed
buildings consume more electricity. Regarding the number of floors in case the dwelling is in a
block of flats and on which floor is, the analysis showed no statistically significant correlation with
consumption. (r = -0.264, p = 0.203). Looking at the existing literature, we see similar results.
Proceeding with the heating and air conditioning system, the Spearman correlation coefficient
was used for analysis. The degree of use of the primary heating system is not correlated with the
annual energy consumption (r = 0.138, p = 0.171). However, the degree of use of the air
conditioning has a low positive correlation with annual energy consumption (r = 0.225 p = 0.04)
where higher usage is associated with higher consumption.
In addition, the study has considered correlation analysis on the energy consumption in
relation to the type of use of each surface area. Results show that the way of use of each space has
a low positive correlation with the energy consumption during the heating and cooling of the space
respectively. (r = 0.277, p = 0.023 for heating) and (r = 0.253, p = 0.012 for cooling). Larger spaces
are associated with higher energy consumption.
Looking at the correlation between the degree of use of household appliances and the
electricity consumption we conclude that the level of use of devices is positively correlated to the
annual energy consumption. The correlation level for the dishwasher is (r = 0.204, p = 0.02), for
the washing machine (r = 0.280, p = 0.005), the vacuum cleaner (r = 0.305, p = 0.002), the air
conditioning units (r = 0.252, p = 0.012) and the printer (r = 0.226, p = 0.024).
Finally we have analyzed the correlation of the behavior of the owners / occupants with the
consumption of electricity. In order to analyze the degree of application of energy saving methods,
we used the Spearman correlation coefficient. The coclusion is that electricity consumption is not
correlated with the degree of application of energy saving measures (r = -0.113, p = 0.261) Also we
looked up in identifying the relationship between the use of renewable energy measures and the
electricity consumption. In detail the results show that the use of solar collectors is not associated
with annual energy consumption (chi sq. = 1.73, p = 0.785), nor with the use of a heat pump
systems (chi sq. = 3.33, p = 0.504).

166

Figure 3: Annual Energy Savings from the presence of a photovoltaic system
However, the use of photovoltaic systems is clearly correlated with annual energy
consumption (chi sq. = 29.57, p <0.001). Results presented in figure 3 shows that households with
photovoltaic systems experience significant savings on their electricity bill. Specifically 38.5% of
respondents with a photovoltaic system have a bill of less than 400 € on their annual energy
consumption, while only 1.1% have a bill of less than 400 € looking at the respondents without a
photovoltaic system. Clearly the presence of photovoltaic system makes a big difference on the
household electricity bills, but also on the carbon footprint, which is greatly reduced.
5

CONCLUSIONS

The purpose of this paper was to provide an in-depth analysis of the factors that contribute to
the consumption of electricity in the residential sector. Factors examined included the owner /
tenant behaviour, demographic characteristics, attitudes and environmental concerns, as well as
energy savings and the technical characteristics and equipment of each residence.
By correlating each factor with consumption, the research concluded that for the "mode of
use" factor, and the “degree of exploitation of natural lighting” has a low positive correlation with
annual electricity consumption. Also, for the "demographic characteristics" factor, we concluded
that annual income and household size have a low positive correlation with annual electricity
consumption. A statistically significant positive correlation arose between the age of the head of
household and household composition with the annual electricity consumption in the household.
Studying the "house and equipment features" factor, it was concluded that the year of completion of
the building has a low negative correlation with the annual electricity consumption. The degree of
use of the air conditioning systems, the type of use of each area have a low positive correlation with
the annual electricity consumption (for heating and air conditioning). Finally, the electrical
appliances that appeared through the research to be positively correlated with the annual energy
consumption are the dishwashers, the washing machines, the electric irons, the vacuum cleaners, the
air conditioning units and the printer. Examining the behaviour of the owners / occupiers, we have
come to the conclusion that the extent to which a household applies energy-saving methods is not
clearly related to the attitude or behaviour of the household. Regarding RES, and in particular the
use of a photovoltaic system, there was a clear negative correlation with the annual energy
consumption.
Examining the findings of this research paper and considering the literature and previous
findings, we conclude that a large proportion of household electricity consumption cannot be
explained even when a wide range of factor analysis has been carried out. Also, it is very likely in
each study that there are data that have not been included in the research for the specific factor. In
particular, the 'house characteristics and equipment' factor is a complicated factor with many other
individual factors that need to be studied individually and in separate research. Also, the "way of
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using electricity" by consumers is a complicated factor since human use is variable and in any case
separate and difficult to measure and model it with respect to electricity consumption. Finally, as far
as the attitudes of people on energy saving and environmental protection are concerned, no concrete
conclusion has come up out of this research or any other research studies according to the literature.
Further research is needed with regard to this factor, which is complicated as it involves the
psychological world of people.
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ABSTRACT
Airports are typically purpose-dedicated pieces of infrastructure, which serve the arrival,
departure and movement of aircrafts, their passengers as well as the respective cargo. They include
buildings, run- and taxiways, handling facilities, installations and equipment to serve the overall
variety of tasks required by contemporary logistics services, but also quite extensive retail and
leisure services. In that sense, they have to satisfy commercial as well as entrainment services for
passengers and visitors. For these reasons airports, especially big ones, show an enormous demand
for energy. Except for the energy needed for transportation the energy demand can be split into
electricity, space cooling and heating, steam and hot water provision. Given this high energy
requirements, but also it's quite significant variation on a daily and seasonal basis depending
especially on the local climatic conditions, energy conservation measures as well as the
implementation of renewables and state of the art energy management can contribute to reduce the
energy demand by increasing energy efficiency, by optimizing the overall environmental
performance, by lowering operational cost and by improving the level of services provided to Greek
airports. Against this background the main goal of this paper is to identify the optimization potential
for energy supply of such complex systems economically or environmentally. The successful
operation of this complex optimization approach will be demonstrated to a Greek regional airport,
taking into consideration that airports are very important energy consumers typically show a
significant optimization potential. Moreover, within the paper green certification schemes and
practices implemented to airports in Europe will be identify and register.
1

INTRODUCTION

Aviation is one of the fastest growing sectors of the global economy and is being looked as a
sector which could help in building the nation and economy. Airport sustainability is a holistic
approach to manage an airport to ensure economic viability, operational efficiency, natural resource
conservation and social responsibility. Many airports have stepped towards the energy savings and
using the renewable sources in airport facilities to reduce the operating costs and also contributing
in reduction of the carbon footprint.[1] This paper focus on the energy and environmental
management at airports, the steps taken towards sustainable energy in balancing the environment
profile, the growing challenges in the aviation sector and the probable solutions. Energy
management in complex and large commercial buildings with strongly varying heat/cold and/or
electricity loads, such as airports or big urban hotels, requires a holistic optimization approach in
order to ensure economic, environmental and operational efficiency as well as natural resource
conservation.[2]
Airports are typically purpose-dedicated pieces of infrastructure which serve the arrival,
departure and movement of aircrafts, their passengers as well as the respective cargo. They include
buildings, run- and taxiways, handling facilities, installations and equipment to serve the overall
variety of tasks required by contemporary logistics services, but also quite extensive retail and
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leisure services. In that sense, they have to satisfy commercial as well as entrainment services for
passengers and visitors. For these reasons airports, especially the bigger one, show an enormous
demand for energy. Except for the energy needed for air transportation (i.e. kerosene) the energy
demand is composed of electricity, space cooling and heating, steam and hot water provision. Given
these energy requirements, but also it's quite significant variation on a daily and seasonal basis
depending especially on the local climatic conditions, travel seasons, energy conservation measures
as well as the implementation of renewables, state of the art energy management can contribute to
reduce the energy demand by increasing energy efficiency, by optimizing the overall environmental
performance (e.g. reduction of GHG emissions), by lower operational cost and by improving the
level of services provided.[3]
This energy demand can be partly shifted within certain time windows if the overall energy
provision system or parts of it allow this and/or if storage facilities are included within the energy
provision system. Furthermore, due to the size of the energy consumption of airports – but in a
figurative sense also for large hotel, large shopping malls etc. – the procurement of electricity and
gas from the respective grid is more and more done by an active participation within the national
and international energy markets resp. energy stock exchange instead of engaging interposed energy
suppliers to do so.
We can actually assume that an airport has two type of customers the passengers/visitors and
the aircraft. The customers define the activities and consequently the energy consumption. The
major energy consumer related to the passenger is the terminal building and the auxiliaries’
buildings of the airport. The buildings’ function is related to significant energy consumption as a
large number of facilities are required for its operation. The airfield is connected with landing and
taking off activities of the aircraft. Within the auxiliary buildings and equipment, are buildings
which are related to aircrafts’ operations such as the control tower, air traffic control and navigation
facilities.
Based on the system studied several parameters determine the energy consumption. The
terminal building is the major energy consumer of the airport system and has to be audited in
accordance to EN 16247 requirements. This includes assessing the facilities and equipment
responsible for energy consumption including HVAC, lighting, information and communication
systems’ (ICT) equipment etc. Within the energy audit building characteristics such as orientation,
building materials, passive systems, shape factor will be examined. Another key parameter which
will be taken into consideration is the climate conditions (temperature, humidity and wind), thermal
and visual comfort, indoor air quality and building services (operation hours, energy management
systems and occupant’s behavior).[4]

Figure 1: System and subsystems studied
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The energy consumption related to aircrafts servicing (passengers’ transfer and luggage and
freight transport) as well as aircraft movement (shunting) has to be considered, in line with
operating hours of the auxiliary buildings, major equipment (navigator systems) and out-doors
lighting.
Within the energy audit, energy conservation and energy efficiency measures will be
discussed taking into consideration operational and economic efficiency as well as environmental
sustainability. The intensive energy consumers will be defined and measures will be classified in
terms of renewable energy technologies, improvements in HVAC systems, lighting, management
and maintenance systems. Energy conservation actions could focus on four main categories: i)
energy management and operational procedures (training and awareness actions, environmental
initiatives based on BREEAM and ISO 50001 guidelines), ii) building’s envelope iii) lighting, iv)
HVAC systems and v) Renewable Energy Technologies. The important issue is to reduce energy
use without sacrificing thermal comfort or indoor air quality.
In order to ensure continual energy improvement and sustainability as well as compliance
with national and European legislation framework the environmental and energy monitoring and
reporting is necessary. This task can be achieved by adopting the approach used by BREEAM
certification scheme and ISO 50001 standard for energy management. Probable measures towards
sustainability to be implemented by airports operators include, amongst others, advertising the
sustainable practices, increasing awareness of passengers towards energy and environmental
management and taking feedback from passengers.
Considering all these and further aspects for an exemplary energy system leads to a very
complex concept, which can’t be optimized manually. This is especially true because it is expected
that the electricity price created at the energy stock exchange will be more and more influenced by
the local / regional weather conditions determining the electricity generation from wind mills and
PV systems. This in turn influences the operation of the gas fired power plants which again will
influence the price for natural gas created at the energy exchange. Additionally the demand for
electricity is also largely influenced by the local weather conditions; i.e. the weather determines the
energy demand as well as the energy supply.
Beside this, there are several additional factors which have an impact on e.g. an airports’
energy consumption such as the airport’s size, the terminal buildings’ size, the location and climate,
the operation hours, the buildings’ characteristics (envelope, HVAC systems, lighting), the level of
thermal comfort, indoor air quality and visual comfort provided and, of course, the maintenance
schedule and the operational control of the facility. Additionally other influencing aspects might be
given (e.g. economic situation, travel seasons).
2

ENERGY AND ENVIRONMENTAL CERTIFICATION SCHEMES TOWRARDS
ENERGY EFFICIENT AIRPORTS

The terminal building is typically the major energy consumer and has to be audited in
accordance to EN 16 247 requirements. This includes assessing the facilities and equipment
responsible for energy consumption including HVAC, lighting, information and communication
systems’ (ICT) equipment etc. Within the energy audit building characteristics such as e.g.
orientation and building materials will be examined. Additionally other key parameters are taken
into consideration; this is true for e.g. the climate conditions (temperature, humidity and wind),
desired thermal and visual comfort, required indoor air quality and necessary building services
(operation hours, energy management systems and occupant’s behavior). The energy consumption
related to aircraft service (passengers transfer and luggage and freight transport) as well as aircraft
movement (shunting) has to be considered, in line with operating hours of the auxiliary buildings,
major equipment (navigator systems) and outdoor lighting.
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The result of the part of the overall optimization approach is the information about the most
important energy consumers, the given possibilities to shift their energy demand without changing
the predefined comfort level (e.g. temperature level, air change ratio), the method how to
summarize the overall energy demand on a yearly basis as well as the respective balance of the
environmental performance (e.g. overall emissions in greenhouse gases).
Energy saving measures include environmental and energy focused certification towards
sustainable and efficient energy and environmental management. For instance, Amsterdam Schiphol
Airport (AMS) has office buildings with platinum rating in LEED that achieved more than 50%
reduction to energy consumption based on underground heating and cooling storage systems and
pumps. In Frankfurt airport new airport building set thermal energy consumption target at 85
kWh/m2. Airport Carbon Accreditation was launched in Europe in June 2009 and by the end of its
inaugural year (2009-2010), 17 airports had entered the programme. Airport Carbon Accreditation
is owned by ACI EUROPE and managed jointly by all ACI regions. An independent Advisory
Board determines policy direction, oversees the programme Administrator and encourages external
recognition and support. The Advisory Board is comprised of experts from the fields of aviation and
the environment. [5]
Participation worldwide now stands at 189 airports covering 38.1% of global air passenger
traffic, compared to 156 airports last year. A net increase in programme participation of 21% has
thus been observed. 3 airports have withdrawn (compared to 4 last year), which points to a very low
drop-out rate. Of the 189 accredited airports, 64% have renewed their certification at the same level
as the previous year, with 19% having joined the programme for the first time and 16% having
upgraded. The Airport Carbon Accreditation programme was launched by the Airports Council
International Europe in 2009 and has now expanded globally. It provides a common framework and
standard for carbon and energy management with the primary objective to encourage and enable
airports to implement best practices, and gain recognition for subsequent achievements. All data
submitted by airport companies via Airport Carbon Accreditation have to be externally and
independently verified. The programme is structured around four levels of certification (Level 1:
Mapping, Level 2: Reduction, Level 3: Optimisation, and Level 3+: Neutrality) with increasing
scope (emissions under airport control / emissions by other companies operating at the airport) and
obligations for carbon emissions management.[6]
It is obvious that airports energy management systems is a really complicated task. Based on
the literature review, that has already analysed the more important steps for evaluating airports in
terms of energy and environment are:
- Identify and record the operations within an airport which consume energy
- Collect energy performance data
- Propose energy saving measures
- Report the evaluation and the results derived form the integrated energy analysis.
Table 1 Title of Example Table
Environmental rating systems and
standards

Αirports
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LEED

M.Polo, Venice, Italy (Gold)
Ιzmir Αdnan Μenderes, Izmir, Turkey (Silver)
Frankfurt Airport Center 1, Frankfurt, Germany (Platinum)
Element Frankfurt Airport, Frankfurt, Germany (Silver)
Cathay Pacific CDG Airport Lounge, Paris, France (Silver)

BREEAM

Heathrow Terminal 2B, Heathrow, United Kingdom
Oslo Terminal 2, Oslo, Norway (under construction)

GC-Mark “Green Airport”
Airport Carbon Accreditation

Athens International Airport, Athens, Greece
Brussels Airport, Brussels, Belgium (Neutrality)
Leonardo da Vinci-Fiumicino Airport, Rome, Italy (Neutrality)
Athens International Airport, Athens, Greece (Neutrality)
Manchester Airport, Manchester, United Kingdom (Neutrality)
Copenhagen Airport, Copenhagen, Denmark (Optimization)
Hamburg Airport, Hamburg, Germany (Optimization)
Bologna Airport, Bologna, Italy (Reduction)
Lisbon Airport, Lisbon, Portugal (Reduction)

ISO 50001:2011

Brussels Airport, Brussels, Belgium
Ile-de-France, Paris, France
Hermes Airports, Cyprus
Zvartnots Terminal, Yerevan, Armenia
Heathrow Airport, Heathrow, United Kingdom (in progress)

ISO 14001:2011

Athens International Airport, Athens, Greece
Brussels Airport, Brussels, Belgium
Vinci Airports, Italy

DGNB

Berlin Brandenburg Airport Center, Berlin, Germany

Moreover and within energy management parameters such as water consumption, waste
management, and environmental friendly approach towards material use, labelling should also be
considered. Building rating systems are environmental and management tools that aid in focusing
on the construction sector and aiming at sustainability, as well as at economic and social benefits.
Rating systems for buildings have incorporated the expertise and knowledge from environmental
methodologies, decision making and management tools, which have been used in other productive
sectors and were therefore influenced by those. It is therefore only reasonable that a majority of the
rating systems are based on the concept of life cycle analysis (LCA) methodology and demonstrate
similarities with the Environmental Management Systems. They also include the energy audit part
and extend this philosophy to other environmental issues, such as water conservation, indoor air
quality, materials’ selection and waste management. In this sense, rating systems are scoring
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systems designed to evaluate new and existing buildings based on a selected standard of assessing
environmental performance. The most popular certification schemes based on the number of
certifications accredited are Building Research Establishment Environmental Assessment Method
(BREEAM), U.S. Green Building Council (LEED), Deutsche Gesellschaft fur Nachhaltiges Bauen
(DGNB), High Environmental Quality (HQE). [7]
Based on the preceding brief presentation of the assessment methods, it becomes clear that,
despite their differences in structure and rating procedure, all methods emphasize the evaluation of
the same environmental aspects, considering energy consumption, water thriftiness, indoor
environmental quality, materials’ and resources’ use and the building’s operational management
[10]. The differences mainly focus on the importance that each method attaches to the selective
evaluation criteria. For instance, BREEAM considers transport and pollution as separate
environmental aspects and evaluates them respectively, while LEED incorporates them into the
energy efficiency and sustainable site management parameters. Nevertheless, energy efficiency in
all rating systems accounts for more than 20% of the total certification score. BREEAM’s energy
criteria are linked to the European legislation, namely the Energy Performance of Buildings
Directive (2010/31/EC), while LEED’s energy criteria are based on the standards ASHRAE 90.1
and 189.1. Both schemes have been modified for international applications and their requirements
can therefore become compatible with national pieces of legislation and standards. Moreover, the
assessment methods can be compared based on the types of the buildings examined, the
certification benchmarking, the life cycle phases covered during the evaluation procedure and the
audit reviews before the certification. It is also important to mention that a majority of the
environmental assessment methods discussed, BREEAM, LEED, HQE, DGNB, are commercial
tools, developed within an academic framework and supported by government agencies or
authorities, and by industrial associations.
Therefore, and apart from the ultimate goal which is fostering sustainability in the building
sector, all these tools focus on economic and financial motivation as means of achieving increased
energy efficiency. For instance, lower and off-peak energy consumption, water thriftiness or
optimized waste management, contribute to lower operational costs, while the building’s market
value increases, due to building’s certified environmental sustainable profile. Finally, but not the
least important, the certification also assesses indoor air quality and thermal comfort aspects. In that
sense green certification aims to improve the quality of living and the productivity of the buildings’
users, having an indirect but very specific impact on financial and social issues. [8,9]
A final remark should be made considering the refurbishment on a neighbourhood level, as the
surrounding area of a building is part of it: the use of cool materials is becoming widely accepted
and can contribute substantially both to reducing a building’s cooling loads and improving the
thermal comfort conditions perceived by people in the area around the building.
Benchmarking is also a useful monitoring tool for complicated energy and environmental
systems. Setting indicators is used from the majority of European airports in order to measure,
monitor and improve environmental aspects such as CO2 emissions, water consumption, rainwater
exploitation, energy systems used (percentage of renewable energy systems, low carbon
technologies used), waste management (percentage of recycled material used). More specific and
within an environmental certification scheme implementation there is a variety of indicators that
can be used per category for instance: for energy consumption energy consumption/ passenger or
/m2, energy reduction/ passenger or/m2, CO2 emissions/ passenger or/ m2, CP2 emissions/ unit of
energy, waste management kg of waste/ passenger or / m2.
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3

CASE STUDY: ENVIRONMENTAL EVALUATION OF A GREEK LOCAL
AIRPORT

Based on the environmental approaches followed by the biggest and most popular airports in
Europe an attempt has been made to evaluate a Greek local airport in Greece “Kavala International
Airport”. Recently the airport was upgraded and renovated fact that contributed significantly to
improving the overall customer travel experience, while responding to the expected increase in
passenger traffic.

Figure 2: Kavala’s airport [11]
Table 2 Passengers statistics for the years 2016-2017 [11]

For this evaluation the BREEAM In-Use International Technical Manual (SD221 - 2.0: 2015)
is applied. The procedure followed is one described below: For each of BREEAM In-Use
International’s environmental sections the number of ‘credits’ awarded is determined by the
BREEAM In-Use Assessor in accordance with the criteria of each assessment issue (as detailed in
the technical sections of this document). The percentage of ‘credits’ achieved is then calculated for
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each section and then multiplied by the corresponding section weighting. This gives the overall
environmental section score. The section scores were then added together to give the overall
BREEAM In-Use International score for the Part against which the asset has been assessed. The
overall score is then compared to the BREEAM In-Use International rating benchmark levels in
order to view the relevant BREEAM rating that has been achieved.[9]
Table 3 BREEAM evaluation for Part 1
Part1:
Environmental
Aspect
Management
Health and
wellbeing
Energy
Transport
Water
Materials
Waste
Land use and
ecology
Pollution
Total BREEAM
Score
BREEAM
Rating

Credits achieved

Credits available

12
30
4
11
16

33
108
18
40
26
4

3
4

6
22

% of
credits
achieved

Section weighting

Section Score

0,364
0,278
0,222
0,275
0,615

0,17
0,265
0,115
0,08
0,085
0,05

6,182
7,361
2,555
2,2
5,23

0,5
0,182

0,095
0,14

4,75
2,54
30,825
Pass

Based on BREEAM In-Use International Technical Manual (SD221 - 2.0: 2015) the evaluation is
divided to two Parts. Part 1 refers to buildings efficiency based on the type of building, the
equipment, processes included to the building evaluated. Part 2 refers to building management.
Table 4 BREEAM evalaution for Part 2
Part2:
Environmental
Aspect
Management
Health and
wellbeing
Energy
Transport
Water
Materials
Waste
Land use and
ecology
Pollution
Total
BREEAM
Score
BREEAM
Rating

Credits achieved
12

Credits available
46

% of
credits
achieved
0,261

17
27

37
60

0,459
0,45

0,15
0,315

6,892
14,175

9
10

26
20

0,351
0,5

0,055
0,075

1,903
3,75

0
12

10
24

0
0,5

0,125
0,13

6,5

Section weighting
0,15

Section Score
3,913

37,133
Pass
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The application of BREEAM for the International Airport of Kavala was carried out, giving
the building a "Pass" rating of 30% for the first part and 37% for the second. The classification,
although inaccurate due to incomplete data, is relatively satisfactory considering the age of the
building as well as the old electromechanical equipment.
Still, the rather low BREEAM score estimated is due to very specific reasons, including the
need to improve the energy efficiency of the terminal’s building envelope, of its HVAC and
facilities equipment and also to modernize the lighting system. Furthermore, there is no water
saving policy and respective measures, there is insufficient waste management applied and,
although admittedly this does not fall within the responsibility of the airport, there is a considerable
difficulty of the trtavellers to access the airport building due to the poor connectivity of the area to
the public transportation system.

Figure 2: BREEAM evaluation for Part 1

Figure 3: BREEAM evaluation for Part 2
In both parts, the final classification of the examined building is "Pass" and as it was
expected, there is a significant difference between the maximum credits possible and the credits
achieved. This difference is also a measure of the potential for improvement.
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4

CONCLUSIONS

From the analysis presented, it can be easily deduced that airports are intensive energy
consumers. The energy consumed is mainly attributed to the operation of terminal buildings;
nevertheless energy issues can be divided to airside and landside energy consumers. Airside energy
consumers are mainly airfield lighting and radio navigation systems. Landside energy consumers
are the buildings’ HVAC, lighting, ICT systems as well as the facilities. Energy reduction is a top
priority issue especially if we take into consideration the origin of the energy used. For instance,
electricity as a dominant energy source provides airports with high carbon footprint energy. It is
necessary to provide airport with clean, renewable energy systems, improved HVAC systems,
lighting and new advanced operational management systems. In conclusion, there is an increasing
trend in the application of environmental certifications to high-consumption buildings, such as
airports, in recent years. This is due to global awareness of environmental and sustainable
development issues and because their application has multiple socio-economic benefits for the
buildings and their users. These systems aim at optimizing the environmental performance of the
examined building by saving energy and improving its services. Consequently, it would be useful to
implement these systems at the Greek airports in order to upgrade them, increase their
competitiveness and align them with European standards.
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ABSTRACT
The energy problem is today one of the most important concerns of the world community.
Energy is a commodity with increasing demand and the impacts of its use on the environment are
crucial. In this context, the European Union (EU) introduced the Energy Efficiency 2020 program
on the Common European Energy Strategy for the period 2011-2020. The aim of the program is to
achieve the "20-20-20" targets, namely 20% share in its gross final energy consumption from
renewable sources, 20% reduction in CO2 emissions compared to 1990 levels, and 20% increase in
energy efficiency. In September 2015, the EU adopted the Energy-related Products (ErP) Directive,
concerning the eco-design and the energy labeling of energy-related products and appliances. With
the implementation of the Directive, conventional high temperature hydronic heating systems will
be gradually replaced with low temperature ones. Heat pumps (HPs), and in particular air-to-water
heat pumps (AWHPs), are therefore expected to be widely used in low temperature heating systems
as replacement systems for existing commercial oil or gas boilers. AWHPs provide either heating or
cooling, by operating in reverse, and represent a valid alternative to conventional systems because
they use less primary energy. Although they require high-cost and high-carbon electricity to
operate, the majority of the energy pumped is renewable heat drawn from the environment. HPs are
a mature and effective technology for reducing energy consumption in buildings and with the
decarbonization of the electricity sector the greenhouse gas emissions from HPs operation will be
reduced to very low levels.
The aim of this paper is to present a comparative analysis of the Coefficient of Performance
(COP) and the Energy Efficiency Ratio (EER) of AWHPs available in the Greek market by various
manufacturers over the last 5 years. The comparative analysis is based on the data of 114 different
models given in the datasheets of 8 manufacturing companies, and on the correlation of the COP
and EER, given in the technical manuals, with the nominal capacity, the ambient air temperature,
and the temperature rise along the HP. The results are presented in graphical form, while
polynomial regression analysis is performed as well. The HPs under consideration are of low,
medium and high heating and cooling capacity, and may be installed in various types of buildings,
mostly in thermal comfort applications. Additionally, results from the seasonal performance during
the heating season of certain domestic AWHPs, installed in a typical apartment located at
representative cities of the four Greek climatic zones, are presented as well. These data derive from
an energy analysis performed according to the bin method, and from the calculation procedure for
seasonal coefficient of performance (SCOP) according to EN 14825:2016. The data presented in
this paper can be useful in a decision making process for selecting an AWHP in a system’s design
project, for estimating its final energy consumption, and for taking investment decisions in a
techno-economic analysis.
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1

INTRODUCTION

One of the most important issues for the global community, especially in the last 20 years, is
the increasing consumption of energy due to population and economic growth. Building sector is
one of the major consumers of total final energy consumption. In Europe (EU-28), according to
2015 annual energy data, buildings accounted for 38.9% of the total final energy consumption
(25.4% for residential and 13.5% for the non-residential buildings), followed by the transport sector
with 33.1 %, and the industry sector with 25.3%. Similarly, for the same year, the percentage of
electricity consumption in buildings amounted to 59.5% (29% for residential and 30.5% for nonresidential buildings) [1]. In 2013, space heating in the EU-28 accounted for 69% of total household
production, followed by domestic hot water for 11% [2]. Particularly, in Greece, building sector
was responsible for 38.8% of the total final energy consumption and 69.8% of the total electricity
consumption respectively [1].
The significant energy consumption in buildings compelled most countries to prioritize
energy saving strategies in their energy policy. At European level, the EU has set up the Energy
2020 program, which forms the Common European Energy Strategy for the period 2011-2020. The
main three objectives of this strategy are the 20-20-20 goals, namely the achievement of three
objectives: (a) a 20% increase in the share of renewable energy in final energy consumption, (b) a
20% decrease of greenhouse gases compared to 1990 levels, and (c) 20% improvement in energy
efficiency (i.e. 20% reduction in final energy consumption). For improving energy efficiency, a
number of directives, codes and regulations have been adopted by the EU, focusing in the
improvement of the buildings energy efficiency. Directive 2010/31/EU [3] promotes the
improvement of the energy performance of buildings and indicates the target of the transition to
Nearly Zero Energy Buildings (NZEB) within 2020. The Energy-related Products (ErP) directive,
which was introduced in September 2015, applies to energy related products. According to this
directive, all appliances for space heating, production and storage of hot water, as well as systems
incorporating such devices, must meet certain energy-efficiency standards laid down by the EU and
be consistent with the 20-20-20 objectives. The ErP Directive consists of two important parts: 1) the
Ecodesign Directive [4] and Commission Regulation 813/2013 [5], which set minimum acceptable
levels of energy efficiency and environmental requirements for water heaters with renewable energy
sources, electric heaters, heat pumps and boilers with a rated thermal input ≤400 kW, and 2) the
Energy Labeling Directive [6] and Commission Regulation 811/2013 [7], which impose a
mandatory classification of each energy-related product in terms of energy consumption, noise level
and other product-specific information. All products have to be sorted from A (higher efficiency) to
G (lower efficiency). However, there are additional categories (A +, A ++ and A +++) that will be
used for high efficiency products such as HPs. One of the impacts from the implementation of the
ERPs directive is the conversion of high-temperature hydronic heating systems to low-temperature
systems and the replacement of all conventional low efficiency boilers with condensing boilers or
HPs. AWHPs work most efficiently when heating water to a lower temperature and can help to
achieve the targets of the European energy strategy, because Directive 28/2009/CE [8] recognizes
aero-thermal, geothermal and hydrothermal energy as renewable energy sources.
The scope of this paper is to record and compare the coefficient of performance (COP) and
the energy efficiency ratio (EER) of AWHPs available in Greece over the past 5 years. More
specifically, this comparative analysis concerns 114 AWHP models from 8 manufacturers, which
alphabetically are: Carrier [9], Climaveneta [10], Daikin [11], Hitachi [12], LG [13], Mitsubishi
[14], Trane [15] and York [16].
Additionally, data concerning the seasonal performance during the heating season of certain
domestic AWHPs, installed in a typical apartment located at representative cities of the four Greek
climate zones, are presented as well. These results arise by performing an energy analysis according
to the bin method, following the calculation procedure for seasonal coefficient of performance
(SCOP) described in EN 14825:2016 [17].
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2

A BRIEF DESCRIPTION OF HEAT PUMPS

The term "heat pump" refers to a system that draws heat from the natural environment, i.e. air,
water or ground, and transfers it to buildings, by inversion of the physical flow of heat from lower
to higher temperature with the use of mechanical work. Reversible HPs can also transfer heat from
a building to the natural environment [18]. Depending on the heat source and the heat sink, HPs are
classified as: air-source HPs (air-to-water and air-to-air depending on whether the heat distribution
system in the building uses air or water), water source HPs (water-to-air and water-to-water) and
ground (brine) source HPs (ground-to-water and ground-to-air).
HPs are a promising technology for heating and cooling in buildings in both residential and
commercial applications. Although they use electricity with high cost and high carbon footprint,
most of the energy they provide can be derived from environmental energy sources that are
considered inexhaustible and zero carbon footprint. Additionally, HPs have generally increased
performance over fossil-fueled appliances and are able to supply much more heat just with the same
amount of electric input used for conventional heaters.
The efficiency of a HP is the crucial factor in determining the savings that is capable to offer
and can be represented by a number of measures. The most common are the Coefficient of
Performance (COP) in heating mode and the Energy Efficiency Ratio (EER) in cooling mode,
which give the heat output divided by the electrical input, both expressed in W. COP and EER
represent the HPs steady-state performance, at a given set of temperature conditions, and are
determined by the following formulas:
𝐶𝑂𝑃 =
𝐸𝐸𝑅 =

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [𝑊]
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐼𝑛𝑝𝑢𝑡 [𝑊]
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [𝑊]
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐼𝑛𝑝𝑢𝑡 [𝑊]

(1)
(2)

A different type of measures for performance are the Seasonal Coefficient of Performance
(SCOP) and the Seasonal Energy Efficiency Ratio (SEER) for heating and cooling mode
respectively, which represent the annual average performance on a seasonal basis and are calculated
by taking into account the climate data of a given location and the building energy needs. SCOP is
the ratio of output heating energy (expressed in thermal Wh) to input electrical energy (expressed in
Wh of electricity), while SEER is the ratio of output cooling energy to input electrical energy. The
estimation of these performance measures are necessary because performances of AWHP are
strongly dependent by a series of external factors, like the ambient air temperature, which
continuously varies with time during the heating and cooling season, the building thermal load, and
the control system of the HP and of the heating system. The SCOP and SEER are determined by the
following formulas:
𝑆𝐶𝑂𝑃 =
𝑆𝐸𝐸𝑅 =

𝐴𝑛𝑛𝑢𝑎𝑙 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑 [Whth ]
𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛[𝑊ℎ𝑒𝑙 ]
𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑 [Whth ]
𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑊ℎ𝑒𝑙 ]

(3)
(4)

The SCOP is an index of how much of the energy generated by heat pumps can be
considered renewable. For example, the average needs for space heating and domestic hot water
production of a household in Greece is about 12 MWh of thermal energy [2, 22]. A HP with a
SCOP slightly higher than 3, can produce these 12 MWh of thermal energy with approximately
3.9MWh electric energy consumption. Since the primary energy ratio (PER) for electricity in
Greece is given equal to 2.9 [19], the production of these 3.9 MWh of electrical energy requires
about 11MWh of primary energy. So, if a heat pump’s SCOP is higher than 3, then the ratio of
energy generated to the required primary energy is greater than 1 and therefore more heat is
recovered from the environment than it is consumed for electricity production.
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Regarding the compressor technology, the basic type of HPs features a fixed-capacity
compressor which can only operate at full power, and so it must regularly switch on and off in order
to maintain a given internal temperature. This basic type has undergone successive improvements
with the introduction of rotary, scroll, screw, two-stage or progressive inverter compressors, which
gradually improved the efficiency of HPs. In particular, the fully modulated inverter driven
technology gives the ability to reduce power output to any desire level and thus control precisely
output temperatures, resulting in 30-45% energy savings compare to fixed-capacity models [20].
In central hydronic heating and cooling systems, with hot or cold water distribution (e.g.
hydronic heating / cooling systems with either fan-coil units or underfloor piping) or in central airconditioning systems with air handling units, the most common type of HP used in Greece is the
AWHP. AWHPs have advantages such as high efficiency and low operating cost in low water
temperature heating systems [21, 22], less maintenance and space requirements than the combustion
heating systems, environment-friendly operation in local scale, and high efficient use of electricity
produced from renewable energy sources. The drawbacks of the use of AWHPs are the high initial
investment cost and the low efficiency in extreme outdoor temperatures. Additionally, when they
are integrated to conventional radiator systems, the radiator’s size may need to be increased due to
the low water temperature.
3

DESCRIPTION OF THE SAMPLE

Data which are analyzed and presented in this work are the nominal heating and cooling
capacity (kW), the electrical power input (kW) and the efficiency ratio in heating and cooling mode
(COP and EER respectively, calculated according to EN14511-3 [23]). These data were collected
from manufacturer’s data books, available either at the companies’ websites or from their
commercial sales offices in Greece. The 114 different models of AWHPs, along with the
corresponding manufacturing company, are listed in table 1.
Table 1 Heat pumps manufacturers and models
COMPANY
CARRIER
CLIMAVENETA
LG
DAIKIN

4

MODEL
38AW 50 ÷ 150
30RQ 017 ÷ 040
30RQS 039 ÷ 160
AWRMTD2XE 011 ÷ 091
NECS-N/B 0202T ÷ 612T
AHUW 036 ÷ 168 A2
ACHH 020 ÷ 060 LBAA
ERHQBW1 011 ÷ 016
EWYQBA 016 ÷ 064

COMPANY
TRANE

MITSUBISHI
YORK
HITACHI

MODEL
CXA 040 ÷ 115
FLEX 140Z ÷ 190Z
FLEX 1105Z ÷ 1150Z
PUHZW 50 ÷ 120
SUHZSW 45 ÷ 200
PUHZSHW 112 ÷ 230
YLHA PLUS 5 ÷ 27
YLHA 40 ÷ 150
RHUE 3 ÷ 6

CORRELATION OF COP AND EER WITH HEATING AND COOLING CAPACITY

Based on the available data from the manufacturers’ data books, the COP and EER for each of
the 114 models were recorded or calculated by dividing the declared heating and cooling capacity
respectively by the rated power input. In order to have common operating conditions, heating
capacity (kW) and COP refer to an ambient air temperature of 7°C and a hot water outlet
temperature to the heating system of 45°C (temperature rise across the heat pump ΔT = 5K), while
cooling capacity (kW) and EER refer to an ambient air temperature of 35°C and a cold water outlet
temperature to the cooling system of 7°C (temperature rise across the heat pump ΔT = 5K).
Figure 1 plots the COP of all the HPs in the sample against the heating capacity. In figure 1a
the data of each of the 8 manufacturers are demonstrated with a different marker on the diagram,
while figure 2b shows the COP values of all models along with the regression line of the sample. It
can easily be seen that at low heating capacities (up to 25kW) the COP is high for most of the
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models in sample, ranging from 3.0 to 3.7. As heating capacity increases, COP tends to decrease to
a minimum (in approximately 100kW heating capacity) and then increases again, at a value range
between 3 and 3.4, with a few exceptions. Nevertheless, not any strong correlation is observed
among the two quantities (R2=0.262).
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Figure 1: Correlation between COP and HP’s heating capacity a) for each manufacturer separately
b) for all models in sample with regression line
Correspondingly, figure 2 plots the EER of all the HPs in the sample against the cooling
capacity. Figure 2a demonstrates the data of each of the 8 manufacturers with a different marker on
the diagram, while figure 2b shows the EER values for of all models along with the regression line
of the sample. EER values, when correlated to cooling capacity, show a higher scattering as
compared to the COP values, the resulting regression line is quite similar to that of Figure 1b but
the coefficient of determination is lower (R2=0.078). The highest values of EER are observed at
cooling capacities below 25 kW, while EER values (as expected) are lower than COP values,
ranging between 2.5 and 3.0 in most models.

(a)

(b)

Figure 2: Correlation between EER and HP’s cooling capacity a) for each manufacturer separately
b) for all models in sample with regression line
The heating capacity range differs among the HPs offered by each company, i.e. in some
manufacturers this range does not exceed 15 or 25kW while in others the range increases up to
200kW. By examining the correlation of COP with the heating capacity for the HPs of each
company separately, it is observed there is not any consistent correlation between COP and the
heating capacity. In some cases, COP increases as the heating capacity increases, while in other
cases COP increases with the drop of heating capacity. By examining the behavior of EER against
the cooling capacity for the HPs of each manufacturer separately, it can be seen that generally EER
decreases as cooling capacity increases, or in some cases it remains almost constant.
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5

CORRELATION OF COP AND EER WITH TEMPERATURE RISE ACROSS THE
HEAT PUMP

The performance of AWHP is highly dependent on the temperature rise across the HP,
namely the temperature difference ΔΤ between the water outlet (Twater outlet) and ambient air (Toutdoor
air) temperature. COP and EER decrease as this temperature difference increases, so, for
maximizing efficiency the temperature difference ΔΤ must be as small as possible. This can be
more easily accomplished with underfloor systems or by installing large area radiators or fan-coil
units.
In the following, maximum, average and minimum COP and EER values against a range of
temperature differences between the water outlet and the ambient temperature are given in diagram
form. The range of ΔΤ is not the same for all the AWHPs models of the sample, since the maximum
and minimum outdoor operating temperatures are different in every manufacturer’s data book. The
marks on the diagrams are the average values of all the HPs in the sample.
Figure 3a plots the maximum, average and minimum COP against the temperature rise ΔΤ, in
a range of 5K to 70K. The average value (COPaver) is the average COP of all the 114 commercial
models while minimum and maximum values are the absolute minimum and maximum COP
corresponding to each ΔΤ. In figure 3b the average COP values corresponding to the models of each
manufacturer are shown. COP extents from a minimum value of 1.2 to a maximum of 8.1,
highlighting the dependence on the temperature rise ΔΤ. The maximum COP of 8.1 is completely
theoretical, because this could never be experienced in practical usage due to the very low
temperature difference required. The usual temperature differences ΔΤ, appearing during operation
conditions of HP heating systems in Greece, vary from 20K (e.g. 35°C water outlet temperature and
15°C outdoor air temperature) to 60K (e.g. 50°C water outlet temperature and -10°C outdoor air
temperature). Typical water outlet temperatures for underfloor heating are 30÷45°C, for large
surface area radiators 45÷55°C, and 40÷50°C for fan-coil units. Domestic hot water (DHW)
temperatures tend to be around 50÷60°C.

(a)

(b)

Figure 3: Correlation between minimum, average, maximum COP and temperature rise across the
HP a) for all models in sample with regression line b) for each manufacturer separately
It is clear from figure 3 that as ΔΤ increases, due either to the decrease of the outdoor air
temperature or to the increase of the water outlet temperature, the performance of the HP decreases.
In fact, for low ΔΤ values COPaver drops by 1÷1.5 for every 10K temperature rise. As ΔΤ increases,
the reduction of COPaver is smaller, but performances are dropping. For a temperature rise of 20K
the COPaver is 4.75 and falls to 2.2 as the temperature difference ΔΤ reaches 50K. From figure 3b, it
can easily be seen that there are differences in the average COP values among the models of the
different manufacturers. This is also observed for the maximum and minimum COP values, which
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correspond to each temperature rise across the HP, but due to space limitations these differences
cannot be presented in this work.
Figure 4a plots the maximum, average and minimum EER against the temperature rise ΔΤ, in
a range of 0K to 40K. The average value (EERaver) is the average EER of all the 114 commercial
models while minimum and maximum values are the absolute minimum and maximum EER
corresponding to each ΔΤ. In figure 4b, the average EER values corresponding to the models of
each manufacturer are shown. EERaver values extent from 1.9 to 5.7, although an efficiency ratio of
5.7 is theoretical, because in this case a zero temperature difference between ambient air and water
temperature is required. The usual temperature differences ΔΤ, appearing during operation of HP
cooling systems in Greece, vary from 10K (e.g. 18°C water outlet temperature and 28°C outdoor air
temperature) up to 35K (e.g. 7°C water outlet temperature and 42°C outdoor air temperature).
Typical water outlet temperatures for underfloor sensible cooling are 16÷18°C, and for fan-coil
units 7÷10°C.
As ΔΤ increases, due either to the increase of the outdoor air temperature or to the decrease of
the water outlet temperature, the performance of the HP decreases. In low temperature difference
values EERaver drops by 1 for every 10K temperature rise. As ΔΤ increases, the reduction of EERaver
is smaller, but performances are dropping. For a temperature rise of 10K the average EER is 4.5 and
falls to 1.9 as the temperature difference ΔΤ reaches 40K. The average EER values differ among the
models of the different manufacturers (figure 4b). This is also observed for the maximum and
minimum EER values, which correspond to each temperature rise, but these differences are not
presented in this work.
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Figure 4: Correlation between minimum, average, maximum EER and temperature rise across the
HP a) for all models in sample with regression line b) for each manufacturer separately
6

EVALUATION OF SEASONAL COEFFICIENT OF PERFORMANCE IN GREECE

The COP and EER values of AWHPs, displayed in figures 1÷4, represent the efficiency of the
HPs for specific “lift”, i.e. a specific temperature difference between the ambient temperature and
the water output temperature to the building. The COP and EER can be easily compared among the
models of the various companies nevertheless they represent steady-state conditions. Yet, both
external and water temperatures change over the course of the year, meaning the lift provided by the
HP is constantly changing. The average seasonal performance and efficiency of a HP in a certain
location is represented by the seasonal coefficient of performance (SCOP) and the Seasonal Energy
Efficiency Ratio (SEER), given by Eq. (3) and (4). Particularly, SCOP represents the yearly average
performance of a HP in heating operation and it is strongly influenced by various factors such as the
climate of the location [24, 25], the building design thermal load (which is related to the building
quality and insulation levels), the hot water output temperature, the oversizing or downsizing of the
HP with respect to the thermal load of the building (which affects the on-off cycling and the use of
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immersion heaters [26]), the control system of the HP and of the heating system [25], and the heat
pump compressor technology [27]. Given the disparity between the COP values published by
manufacturers, the estimation of the performance that is expected from a particular HP system
installed at a given location, is very important because this is the main indicator of energy
consumption and correspondingly of greenhouse gas emissions and operating cost.
The method for the evaluation of the SCOP is given in the European standard EN14825 [17].
The bin-method is suggested in order the variation of outdoor conditions to be considered. This
method consists of performing instantaneous energy calculations at various different outdoor dry
bulb temperature conditions and multiplying the results by the number of hours of occurrence of
each condition. Usually, the outdoor temperature is the midrange value of equal sized temperature
intervals, which are called “bins”. This procedure can account for the part load performance of the
HPs. The standard EN14825 introduces three winter climate zones in Europe (colder, average and
warmer with a design temperature of -220C, -100C and 20C respectively) and directly gives the bin
seasonal (heating / cooling period) values for each climate. Greece, according to EN14825, is
classified in the “warmer” zone and the bin data given in the standard for this zone are supposed to
be used for the calculation of SCOP in all country locations.
The Greek Regulation on Energy Performance in the Building Sector (KENAK) [18] divides
Greece into four climatic zones (A to D). In order to take into account the particular climatic
conditions of each zone, in this work SCOP values were not calculated with the bin data values of
the “warmer” zone, but by using bin profiles of four representative cities [28], [29], one for each
zone. These are: Heraklion (35.34 N, 25.14 E, in zone A), Athens (37.98 N, 23.72 E, in zone B),
Thessaloniki (40.64 N, 22.94 E, in zone C), and Florina (40.72 N, 21.57 E, in zone D). The bin
profiles and the number of hours in each bin during the heating season for each of these four Greek
cities are shown in figure 5. The winter design outdoor temperatures (Tdes) are specified according
to [30] and are 7°C, 2°C, -2°C, and -7.5°C for Heraklion, Athens, Thessaloniki, and Florina
respectively. By observing the data shown in figure 5, the difference in terms of weather conditions
among the selected cities is clear. Florina has a minimum ambient air temperature of -17°C, while
in Thessaloniki, in Athens and in Heraklion the statistically lowest observed ambient air
temperatures are -5°C, -3°C and 1°C respectively [28, 29].
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Figure 5: Bin distribution for the heating season in Florina, Thessaloniki, Athens and Heraklion
(Greece)
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The thermal characteristics of the building are indicated by the total heat loss coefficient of
building HB, expressed in W/K, which is defined as the thermal power required by the building per
unit of temperature difference. The coefficient HB was calculated according to EN12831 [31] for a
typical apartment in a residential building, considered with three different types of thermal
characteristics: a) insulated according to the Greek Regulation for Energy Performance in Buildings
of 2010 (KENAK) [18], b) insulated according to the Greek Regulation for Buildings Insulation of
1979 (RBI)), and c) with no thermal insulation (NI) (buildings constructed before 1979). The results
are shown in table 2.
Table 2 Total heat loss coefficient of the building HB (W/K)
ΚΕΝΑΚ

RBI

NI

184,7

226,7

523,8

Another important parameter, is the balance-point temperature Tbal, which is defined as the
outdoor temperature at which, for a given internal building temperature Tint, the total thermal losses
of the building are equal to its thermal gains, namely as the outdoor temperature at which the
building requires neither heating nor cooling. Although in EN14825 the Tbal is given at the fixed
value of 16°C, in this work it was calculated analytically by taking into account the coefficient HB,
and the heat gains by occupants, lights, devices and solar radiation. The calculation results are
shown in table 3, for the three cases of building insulation. It is quite clear that only for the case of
building insulated according to KENAK the Tbal approaches the value of 16°C, while in the other
two cases Tbal is about 17°C and 18.5°C. This fact influences the energy demands for heating of the
building.
Table 3 Balance-point temperature Tbal (0C) for the three cases of building insulation
ΚΕΝΑΚ

RBI

NI

16

16,7

18,6

November

16,1

16,8

18,6

December

16,3

17

18,7

January

16,4

17,1

18,7

February

16,2

16,9

18,6

March

16,2

16,9

18,5

April

16

16,8

18,5

October

The heating demand of the building for a corresponding outdoor air temperature Toa (i) at the
i-th bin, expressed in W, can be evaluated through equation (5):
𝑇

− 𝑇 (𝑖)

𝑃ℎ (𝑖) = 𝑃𝑑𝑒𝑠 ∙ [ 𝑇𝑏𝑎𝑙 − 𝑇𝑜𝑎 ]
𝑏𝑎𝑙

𝑑𝑒𝑠

(5)

where, Tdes is the design outdoor temperature (ºC), Tbal the balance-point temperature (ºC),
and Pdes is the design heating load of the building (W), calculated according to EN12831.
The building thermal energy demand corresponding to the i-th bin, expressed in Wh, can be
evaluated as:
𝑄ℎ = 𝑃ℎ (𝑖) ∙ 𝑡𝑏𝑖𝑛 (𝑖)

(6)

where, tbin(i) is the occurrence in hours of the i-th bin.
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In figure 6, the load curve of a building (BHL) with a Pdes of 30kW at a design outdoor
temperature Tdes of -2ºC and a balance-point temperature Tbal of 16ºC, is presented with the red line
drawn.

Figure 6: Building heating load and HP’s heating capacity curves
The blue curve represents the heating capacity of a typical mono-compressor on-off AWHP,
at a fixed water outlet temperature from the HP to the heating system. In the case of multicompressor or inverter driven HP, the heating capacity is represented by a number of curves, which
in fact correspond to the number of the activated compressors or to the inverter frequencies
respectively. In figure 6 for example, the blue and the green curves (HPmax, HPmin) may represent
the capacities of a two-compressor HP or the maximum and minimum capacity for an inverter
driven HP at maximum and minimum frequency respectively.
The curves stop at a certain minimum temperature, below which the declared capacity of the
HP is equal to zero (temperature operational limit – TOL). The intersection between the load curve
and the HP’s heating capacity curve (point G in figure 6) is the point where the HP has a heating
capacity able to meet the 100% of the building heating load, without any back-up heater whether it
is integrated in the unit or not. The outdoor air temperature corresponding to this point is called
bivalent temperature (Tbiv). When Toa is below Tbiv, the heating capacity of the HP cannot cover the
heating demand of the building, and the back-up heater (usually an electric heater) must be
activated. On the contrary, when Toa is higher than Tbiv, the capacity of the HP exceeds the heating
demand of the building and HP is forced to operate in partial load. In order to match the energy
demand, HP reacts with different way depending mainly on the compressor technology. More
specifically, in case of a HP with a fixed capacity compressor, the partial load is achieved by
starting on-off cycles, while in the case of multi compressor or inverter driven HP, the partial load
operation is achieved by reducing the number of the activated compressors or the working
frequency respectively. Multi compressor or inverter driven HPs start the on-off cycles only when
the outdoor temperature is higher than the corresponding at point C in figure 6, i.e. when the heating
demand of the building is lower than the HP’s heating capacity at the lowest capacity curve.
Concerning the selection of the HP’s size at a heating system, the most common method is to
choose a HP with a declared heating capacity (Php) at Tdes, equal to the design load (Pdes) of the
building. Namely, a HP that is able to meet the design heating load of the building without the use
of any back-up heater (monovalent system). In this case, the bivalent temperature (Tbiv) is equal to
design temperature (Tdes). In some other cases the HP is selected having a declared capacity at Tdes
slightly lower than the design load (Pdes). The bivalent temperature (Tbiv) is then higher than the
design temperature (Tdes) and a back-up heater is needed when the HP operates in temperatures
below Tbiv (monoenergetic system).
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In this paper an energy analysis was conducted, according to the EN14825, for evaluating the
seasonal performance of AWHPs installed in a typical apartment in the four climatic zones of
Greece. The analysis includes the calculation of: a) the total heating demand of the apartment (QH),
b) the total electricity consumption of the HP (EHP), c) the total electricity consumption of the backup heater (Ebu), and d) the total electricity consumption of the HP when it is in nonoperational mode
(EOFF), namely in thermostat-off, in stand-by, in crankcase heater or in off mode. According to EN
14825 the seasonal coefficient of performance (SCOP) and the active mode seasonal coefficient of
performance (SCOPon) are calculated according to formulas (7) and (8):
𝑆𝐶𝑂𝑃𝑜𝑛 =
𝑆𝐶𝑂𝑃 =

𝑄𝐻

(7)

𝐸𝐻𝑃 + 𝐸𝑏𝑢
𝑄𝐻

(8)

𝐸𝐻𝑃 + 𝐸𝑏𝑢 + 𝐸𝑂𝐹𝐹

The variables of this analysis are: a) the location of the building (Heraklion, Athens,
Thessaloniki and Florina), b) the thermal characteristics of the building (thermal insulation either
according to KENAK or RBU or NI), c) the water temperature produced by the HP (35°C, 45°C
and 55°C) and d) the water outlet temperature variance, namely fixed water temperature (FWT) or
variable water temperature (VWT). Six models (sizes) of inverter driven AWHP of a certain
manufacturer were selected with a declared capacity equal to the design load of the apartment in
each study case. Table 4 shows the minimum and maximum declared heating capacity along with
the COP of one of the selected HPs, corresponding to 35ºC and 45°C water outlet temperature (Tw).
Table 4: Heating capacity in kW and COP of a selected heat pump
Heating Capacity in kW and COP (in brackets)
Tw = 35 0C

Tw = 45 0C

Toa (0C)

Min

Max

Min

Max

TOL (-20)

0.59 (2.40)

2.34 (2.40)

0.51 (1.90)

1.37 (1.90)

-7

0.82 (2.88)

4.50 (2.27)

0.72 (2.35)

3.93 (1.85)

2

1.07 (3.43)

5.95 (2.78)

0.94 (2.79)

5.21 (2.27)

7

1.40 (4.28)

8.00 (3.53)

1.23 (3.49)

7.20 (2.87)

12

1.60 (4.93)

9.38 (4.10)

1.41 (4.02)

8.39 (3.32)

The numerical results are reported in figure 7. Some considerations concluded from the
results are the following:
(1) The estimated SCOP and SCOPon values are higher than 3 in all study cases for 35ºC water
outlet temperature while in some cases (Heraklion and Athens) exceed the value of 4, either for
FWT or VWT. For 45°C water outlet temperature the estimated values are between 3 and 4,
with the exception of Florina in the case of a FWT outlet from the HP. The SCOP and SCOPon
values for 55ºC water outlet temperature are dropping below 3 in all cases with FWT outlet
from the HP. In heating systems with VWT outlet from the HP, performances are above or equal
to 3, with the exception again of Florina.
(2) All HPs show higher SCOP when operating with a variable water outlet temperature (VWT)
instead of a fixed water temperature (FWT). The average rate of SCOP increase ranges from 5%
to 35%, according to the case, with the highest increase being observed in the case of 55°C.
(3) The oversizing of the HP plays an important role in the value of SCOP and may decrease the
seasonal performance of the HP. This is the explanation why in some cases the SCOP values in
the non-insulated apartments are higher than in apartments with thermal insulation, either
according to RBI or KENAK. In insulated apartments, the declared capacity even of the smallest
HP size is greater than the design load of the apartment, leading to an oversized HP. On the
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contrary, the design heat load of NI apartments is quite high and it is easy to find a HP’s size
with capacity equal to this load.
(4) The results by applying the bin data of the Warmer zone given in EN14825, are very similar to
the SCOP results for the city of Athens and quite similar to the results for the city of Heraklion,
but they show smaller or greater differences from the corresponding results for Thessaloniki and
Florina respectively. This fact shows how important is for the accuracy of the results the climate
data of the region where the building is situated.
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Figure 7: SCOPon and SCOP values with bin data of the Greek cities Heraklion, Athens,
Thessaloniki, Florina and of the Warmer zone as defined in EN14825
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7

CONCLUSION

In the first part of the present work, a comparative analysis of the coefficient of performance
(COP) and of the energy efficiency ratio (EER) of AWHPs available in the Greek market by various
manufacturers over the last 5 years was performed. The comparative analysis of COP and EER was
based on the data of 114 different models, given in the datasheets of 8 manufacturing companies, at
certain conditions of ambient air temperature and water outlet from the HP temperatures. The COP
and EER values were plotted against the heating and cooling capacity of the HPs respectively, and
against the temperature rise across the HP. The COP and EER values presented, at the certain
steady-state conditions, are helpful for a comparison among the models of the various companies.
In the second part, estimated values of the seasonal performance factors for heating SCOP and
SCOPon were presented for domestic AWHPs, installed at a typical apartment of a residential
building with three scenarios of thermal insulation. The seasonal performance factors were
calculated with the climate data of four cities of Greece, each belonging at a different climatic zone,
and with the climate data of the warmer zone as defined in EN14825. The results show that the HPs
have different seasonal performances among the four cities, which at the coldest city (Florina) are
quite remarkable. Also, all HPs showed higher SCOP in operation mode with variable water outlet
temperature from the HP instead of fixed water temperature, especially in high water temperature
applications. Additionally, it was proved that the oversizing of the HP plays an important role in the
value of SCOP and may decrease the seasonal performance of the HP. The numerical results also
showed the importance of climate data for the accuracy of seasonal performance estimation.
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ABSTRACT
The urban population has reached the highest number ever recorded. Based on recent studies,
this number is going to increase even further, with strong consequences for the urban microclimate.
In this perspective, the analysis of microclimatic conditions in the urban environment is getting
more significant. This study analyzes microclimatic conditions in a real urban area. The real
compact inhomogeneous urban area under study is located in Nicosia old town, in Cyprus. Highresolution Computational Fluid Dynamics (CFD) simulations are performed based on the 3D
unsteady Reynolds-Averaged Navier-Stokes equations to assess the air temperature, surface
temperatures and wind speed distributions. The CFD results are compared with on-site
measurements for the same area. The results show that CFD can predict air temperatures in compact
real urban areas, with an average deviation of approximately 7%. Based on the results, conclusions
are going to be made regarding microclimatic conditions in the case study area.
1

INTRODUCTION

Because of the rapid trend toward urbanization around 54% of the world’s population
currently live in urban areas [1]. The urbanized population is projected to increase and reach up to
66% by 2050 [2]. In addition, due to climatic changes phenomena like the Urban Heat Island (UHI)
effect and heat waves are becoming more severe, with dramatic consequences for the urban
population [3], [4]. In this perspective, the analysis of microclimatic conditions in urban areas is
getting more significant. A detailed review of the literature indicates that a vast majority of studies
on urban microclimate in complex urban areas has been performed using on-site measurements
since data provided with this method can capture the real complexity of the microclimatic
conditions. Nevertheless, a well-known problem of on-site measurements is that there is no or only
very limited control over the boundary conditions. This is, however, very important given the wide
range of parameters influencing microclimate conditions, which are not easily varied independently.
Numerical simulation with CFD, as opposed to on-site experiments, provides whole-flow field data,
i.e. data on the relevant parameters in all points of the computational domain. Similar to on-site
experiments, CFD does not suffer from potentially incompatible similarity requirements because
simulations can be conducted at full scale. This study, therefore, presents high-resolution CFD
simulations using the 3D unsteady Reynolds-Averaged Navier-Stokes equations to assess urban
microclimate in a real compact inhomogeneous urban area. The validation of the results is based on
on-site measurements of air temperature performed by [5] for the same area.
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2

CASE STUDY AREA

The selected urban area covers 0.247 km2 and is composed mainly of low-rise and mediumrise buildings (Fig. 1). The average and maximum building height are about 8.1 m and 45.5 m
(Shakolas Tower), respectively. The plan area density λp is 0.40, as derived from European
Research Project TOPEUM (Towards Optimization of Urban Planning and Architectural
Parameters for Energy Use Minimization in Mediterranean Cities, Neophytou et al. 2011). The
urban canopy is composed of narrow streets forming an organic, non-orthogonal structure. The
street widths are ranging from 6 m to 10 m, where the aspect ratio of the street canyons (width to
height) ranges from 0.5 to 1. Streets are covered with asphalt and buildings are constructed with
concrete and bricks. There is a lack of green areas, which is considered a possible reason for
increased temperatures inside the street canyons during the summer period.
3

FIELD MEASUREMENTS

A series of on-site measurements took place inside the case study area, under the field
measurement campaign, which occurred in July 2010, within the TOPEUM project [5]. The air
temperature was measured using four sensors. One sensor was located on top of a high rise
building at the height of 26.8 m from the ground (point 2 in Fig. 1a), while the other three sensors
were located inside the street canyons at the height of 5 m from the ground (points 1, 3, 4 in Fig.
1a). The measurements occurred from 7th to 21st of July 2010, taken every 30 minutes. Aerial
thermographic images were also taken from a helicopter on 12th of July 2010, at 08:00, 15:00 and
22:00 using a FLIR -P640 thermographic camera. In addition, a satellite thermographic image was
obtained from LST Landsat for 10th of July at 11:00, with a resolution of 30 m  30 m.
4

CFD SIMULATIONS

4.1

Computational domain and grid

The computational domain consists of a subdomain containing the explicitly modelled
buildings (i.e. those included in the computational domain with their actual main dimensions) (Fig.
1c) and an additional downstream subdomain (not shown in this paper). The dimensions are
selected based on the best practice guidelines [6], [7]. The computational grid is created using the
surface-grid extrusion technique by van Hooff and Blocken (2010). The procedure is executed with
the aid of the pre-processor Gambit 2.4.6, resulting in a grid with 14,670,517 hexahedral cells. The
computational grid is shown in Fig. 1d.

Figure 1.

(a) Top view and (b) aerial view of the case study. (c) high-resolution computational grid
on the building surfaces (14,670,517 hexahedral cells).
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4.2

Computational settings and parameters

The commercial CFD code ANSYS/Fluent 15.0 is used to perform the simulations. The 3D
unsteady Reynolds-averaged Navier-Stokes equations are solved (URANS) in combination with the
realizable k-ε turbulence model by Shih et al. (1995). The simulations are performed for four
consequent days (9th to 12th of July 2010), with time steps of 1 hour. Meteorological data used in
this study are obtained from the national meteorological station of Athalassa, which is located
approximately 5 km away from the area of interest. Velocity inlets and pressure outlets are set to the
four vertical sides of the domain, depending on the wind direction. Symmetry conditions are set to
the top of the domain. The ground and the building surfaces are set as walls. At the inlets, a
logarithmic mean speed profile (Eq. 1) is imposed with z0 = 0.25 m to 0.4 m, depending on the
wind direction and with reference wind speed (U(z)) at 10 m height. The turbulence kinetic energy
(k) and turbulence dissipation rate () at height z from the ground is given by (Eq. 1 and Eq. 2),
where
is the atmospheric boundary layer friction velocity, κ is the von Karman constant (=
0.42), z0 is the surface roughness length (m), and z is the height coordinate (m).

(1)
(2)
(3)
The standard wall functions by Launder and Spalding (1974) are used to the wall boundaries with
roughness modifications by Cebeci and Bradshaw (1977). The values of the roughness parameters,
i.e. the sand-grain roughness height (ks) and the roughness constant (Cs) are determined using their
consistency relationship with the aerodynamic roughness length z0 introduced by Blocken et al.
(2007):

(4)
The internal air temperature inside the buildings is assumed to be 26 ˚C. The building walls are
composed of brick materials with0.25 m thickness. The ground plane is modelled implicitly as a 10
m thick layer composed of a layer of concrete with 0.5 m thickness and a layer of earth with 9.5 m
thickness with a constant temperature of 10 ˚C at 10 m below ground. The roads are modelled with
a layer of asphalt with 0.2 m thickness followed by a layer of earth with 9.8 m thickness. The roofs
of the buildings are modelled as a layer of concrete with 0.25 m thickness. The total solar radiation
is calculated with the solar calculator included in ANSYS/Fluent 15.0. The P-1 radiation model [13]
is used to solve the radiative heat transfer. Buoyancy is calculated using the Boussinesq
approximation. More detailed information concerning the computational settings and parameters
will be provided in the full paper.
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5

RESULTS AND VALIDATION

Fig. 2 presents the comparison between the predicted and the measured air temperatures for
point 2, shown in Fig. 1.

Figure 2. Comparison of predicted and measured air temperatures at point 2 (Fig. 1a)
The diurnal cycle is captured well for all of the four points. The average deviation from the
measurements for points 1, 2, 3 and 4 is 7.5%, 5.9%, 6.5% and 7.4%, respectively. The maximum
deviation is observed at points 1 and 4, which are placed in very narrow street canyons close to
building walls. The best agreement is achieved at point 2 (Fig. 1a), which is located at the top of the
second highest building, at 26.8 m from the ground (Fig. 2). More information about the validation
study and the CFD results will be provided in upcoming journal paper.
6

CONCLUSION

Based on the analysis of the results, it can be concluded that 3D Unsteady RANS can be used
to predict air temperatures in a compact heterogeneous urban area. The average deviation of the
field measurements is around 7%, where the highest deviation is observed in points located in
narrow streets and the lowest deviation is observed in the location on top of the second highest
building. Possible reasons for discrepancies between measured and predicted results are the
simplification in modelled materials, the impact of green areas that has not been taken into accound
in the CFD model, and other parameters that are going to be investigated in detail in the upcoming
journal publication.
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ABSTRACT
Low or Zero Energy buildings are becoming increasing popular and the use of passive-house
principles are providing a solid foundation for achieving energy consumption targets in buildings.
However, this design methodology has found more response in central and northern Europe than in
south and the Mediterranean where people are used to houses that are open to the external
environment, a habit that is in contrast to the basic principles of passive house.
This CasaClima design protocol, of the Italian Certification body based at Bolzano
(http://www.agenziacasaclima.it) faces this issue by designing and certifying zero-energy buildings
in southern and Mediterranean climate. It balances the passive-house design requirements with the
often contradictory local ways and demands of using the buildings. Furthermore, it places much
importance on the human experience and satisfaction with the building’s architecture and user’s
experience, rather than just the temperature & humidity levels of the space. CasaClima has already
certified a significant number of projects, including works from renowned architects Renzo Piano
and Zaha Hadid. This project, “La maison du citronnier” is the first project to be materialized in
Greece or Cyprus.
1. INTRODUCTION
The CasaClima certificate is issued by the CasaClima Agency or by its partner agencies,
which are public bodies not involved in the construction process. This is one main difference
compared to other similar private institutions. It demonstrates in a clear and transparent way, the
energy and ecological performance of the building. Projects like “Le Albere” in Trento by Renzo
Piano and the Messner Museum in Corones on Kronplatz by Zaha Hadid have been certified by the
CasaClima Agency.

(left) Figure 1: Le Albere. Trento, Renzo Piano [1]
(right) Figure 1: Messner Museum, Corones on Kronplatz, Zaha Hadid [2]
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Having certified a large number of buildings in Italy, from the Alps to Syracuse, CacaClima
has developed a more flexible protocol adapted to the Mediterranean needs. Beside the more
tolerating numbers required for the classifications, it takes under consideration the mentality of the
Mediterranean people, used to live in open spaces. This habit of Mediterranean living often
contradicts with Passive House calculations which require the doors and windows to be shut. The
CasaClima protocol offers less restricted and more flexible requirements to certify the zero-energy
house rank.
2. DESCRIPTION OF THE BUILDING
The house in Aegina is about to be certified by the CasaClima protocol by the end of
November 2018 and will be the first certification in Greece. The whole project is considered as a
large-scale workshop where critical construction issues are resolved, new practical manufacturing
solutions are taken under consideration and it is an opportunity to present innovative design
principles and methodologies.
The concept of the project is to create several paths throughout open and closed spaces around
a lemon tree on the mountain of Eginitissa. The orientation of the front façade is south-west and an
emblematic wall protects the building from the east while the north-east façade is totally protected.
The north-west is giving visual area to the lemon tree surrounded by an open atrium, the master
bedroom and the house. The total area is 130 m². A drain system accumulates the rain water in a 45
m³ tank for the needs of the house while a septic tank is managing the waste.

Figures 3 & 4: Three-dimensional simulations of the building (T. Tountas). The main view of the
two levels is overlooking the Argo-Saronic gulf.
3. MATERIALS, TECHNOLOGIES AND HABBITS
A house overlooking the Mediterranean Sea cannot avoid the large open windows, balconies
and outdoor spaces linked directly to the interior. Thus, the challenge lies in controlling the energy
performance of the building without compromising the architectural design and the habits of the
users. What is the best practice, the materials and the technology applied to match the local habits in
south of Europe? Beside the well-known practices for a low energy building, the communication
and interaction with the residents is the most relevant factor to reach sustainability and low energy
buildings.
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3.1 Stone wool and insulation
Protecting the houses from sunlight and heat were always a great priority for the architectural
and construction tradition in the Greek Aegean islands but also in the rest of the Mediterranean
area. Fibrin materials such as see algae and reeds were often used on the roofs.

Figure 5: Example of a typical roof insulation made by reeds and algae on the
island of Paros. (Photo by T.S.Tountas)
Stone wool is a resistant fibrin but neglected material for the external insulation (walls or
roofs) until now in Greece, due partially to the common and unfounded fear of water infiltrations,
but mostly because of the lack of correct information. Beside its thermal performance, the most
important property is the phase shift that is the interval between the appearances of the highest
temperature on the external surface of a house until the highest temperature is reached on the inside.
This characteristic is especially important in summer to prevent overheating of attics. Phase shift of
every building material rises with its thickness. The target value for phase shift is 12 hours or
more.
In order to demonstrate this property, we proceeded to the following test: in the internal
laboratory of FUV Group we have created two boxes of the same dimensions (50cm*50cm*50cm)
and the same thickness (5cm). One out of stone wool, one out of EPS and then we applied exterior
sunlamps on both of them in order to create artificial sunlight. We measured for 12 hours the
progress of the internal heat, comparing it with the external heat. In the diagram below (Figure 6),
we can see that the internal temperature in both boxes was following symmetrically the external but
always with an almost constant difference between them.
This is a small-scale dynamic simulation that helped us to confirm the phase shift as shown on
the following diagram. This test has led us to apply a thick layer of stone wool on the building
envelope.
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Figure 6: Diagram of the temperature progress. (Elaborated by T.S.Tountas)
We have applied the dynamic simulation on the building envelope and we have reached the
conclusion that it can be protected from the heat without any energy consumption (Figures 7 & 8).
We have reached e phase shift for more than 14 hours with 20 cm of stone wool on the roof and 10
cm on the walls (figures 11 & 12). This result provides a significant advantage on the energy saving
for the cooling expenses. The dynamic simulation is a stationary test that measures the reaction of
the building with not any mechanical installation applied.
By using the dynamic simulation software of CasaClima [3] we have demonstrated that the
application of stone wool on the building envelope, during the hottest and coolest months in
Aegina, allows the internal temperature to remain in very satisfactory levels without additional need
of heat or cooling systems. The envelope protects equally against heat transfer in warm and cold
conditions.

Figures 7 & 8: Dynamic simulations provided by CasaClima software. (Elaborated by T.S.Tountas)
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Figures 9 &10: Dynamic simulations provided by CasaClima software. (Elaborated by T.S.Tountas)
For the building envelope in direct contact with the solar radiation the CasaClima Protocol
requires more than 12 hours of phase shift. This is an example of the results provided by the
CasaClima software on walls with 25 cm Ytong blocks [4], 10 cm Stone wool insulation [5] and
potassium silicate binder [6]. On the roof we used 15 cm cement and 20 cm Stone wool insulation
[7].
Final results of the calculation for the walls: Sfasamento=Phase Shift =14.9 hours. This means
that it takes 14,9 hours for the heat to reach the internal surface.
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Figure 11: Calculation of the walls by CasaClima software, 14.9 hours of Phase Shift

Figure 12: Calculation of the roof by
CasaClima software, 14.6 hours of Phase
Shift.

Detailed thermal bridges which usually
appear on the electrical joints on the
façade of the building, are avoided by the
use of special parts installed on the
thermal envelope. [8]
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Figure 13: details of insulation on electrical joints. (Photos by T.S.Tountas)
3.2

Foundation’s insulation

A very important and relevant issue is the protection of the foundations. The thermal
insulation in combination with the Penetron crystals included in the concreting works provide
excellent protection to the building, especially at surfaces in direct contact with the ground.
Beside the use of xps (extruded polystyrene) under the whole building, special attention was
given on the unification of the external insulation from the foundation and around the walls, thus
avoiding insulation gaps and thermal bridges.
During the concreting of the internal floor, parts of xps were placed on the floor in order to
continue up with the rest of the construction.

Figure 14 & 15: The positioning of the XPS boards on the floor. (Photos by T.S.Tountas)
Using the xps on foundations and around the base underground perimeter zone of the whole
construction, protects the building from the thermal losses but most importantly protects the cement
construction from humidity infiltration and erosion of the steel.

Figure 16: The positioning of the xps boards on the floor. (Photo and rendering by T.S.Tountas)
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The xps at foundations has 500 kPa Compressive strength resistance CS(10). It is 100 mm
thickness on the ground and 50-100 mm thickness on the sides of the walls underground.

Figure 17 & 18: The xps boards on the floor, around the bases and against the ground. (Photos by
T.S.Tountas)
3.3

Ventilation

One of the main differences of the Casaclima protocol compared to other similar protocols, is
its ability to adapt with the local weather conditions and accept solutions of local mechanical
ventilation. The central type of mechanical ventilation mostly used in the north of Europe can be
changed. The use of local and more flexible machines, easier to install and maintain, but mostly
easier to adapt to the day’s habits, provide a neat solution and excellent control of the internal air
quality and temperature.
3.4

Airtightness

The Blower Door Test takes under consideration the total volume of the building and the final
result indicates the air exchanges in one hour (n50) should be less than 0.6h. This is a high level of
airtightness that ensures the control of the internal temperature and air quality, when the difference
between internal and external temperature is higher than Δt =10° Celsius.
The frames are providing the best airtightness of class 4 and the Uw is 1.4 W/m²k

Figure 19: The frame, glass and window rates of insulation [9]
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3.5

Shadowing

Shadowing was an important element of the design and simulation process, especially on the
south and west sides. It was one of the biggest challenges due to the large glazed areas overlooking
this orientation, where the main view lies. The challenge was made bigger by the architectural
decision to avoid metal shutters. The solution was to use a system of mechanically movable external
curtains that can offer full shading but also retracted completely so as to not compromise the view
and the desired aesthetic result.
To demonstrate this importance, we have run the simulation in two scenarios, one without
shades and one with shades. In the first case it is obvious that the entire calculation is running out of
control by requiring 42 kWh/m² for cooling needs.

Figure 20: Results of the cooling needs without shades.
By using the external curtains in every window, the result is diminishing from 42
kWh/m²/year to 6 kWh/m²/year.

Figure 21: Results of the cooling needs with shades.
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The shadowing system is a unique solution engaged for the first time in Greece. It is inspired
from the Japanese architecture and it consist of external wall curtains made out of resistant material.
This solution provides the necessary protection from the sun and a unique architectural appearance.
At the moment the curtains are not yet installed so we provide a photo of a similar project.

Figure 22: Photos of the curtain exterior curtain wall system. [10]
3.6

Water and waste management

According to the CasaClima protocol, we have calculated the total area of the roofs where the
water is collected, the annual raining period of Aegina, the days of the building in use by the owners
and the number of the toilet basins and kitchens. After a calculation according to the data of the last
10 years raining season in Aegina, with all the above information, we measured that there can be
savings of approximately 120m³ of water each year. The Watflo system is also an innovating
solution of the water management.
In the same time a biological tank is installed and the wastes will be reduced to 0.5m³ per year
for a full-time usage of the house.
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Figures 23 & 24: The water-recycling system

4.

CASA CLIMA’S ENERGY RATING

4.1 Project La maison du citronnier’s performance
The CasaClima categories [11] annual energy consumption are:
•
•
•

CasaClima Gold: up to10kWh/m²/year. This is also called “the house of one liter of petrol per
year” because it requires one liter for each m² to cover the amount of energy for heat, cool and
hot water needs required.
CasaClima A: Less than 30 kWh/m²/year
CasaClima B: Less than 50 kWh/m²/year

With the dynamic simulation we can see the reaction of the envelope of house, without any
mechanical interference. By using the local annual temperatures, we measure the internal
temperatures in order to prognosticate the energy needs in each case, winter or summer. The aim is
to ensure that with the correct use of the materials we will not have more than 26 degrees inside the
house during the warm Greek summer and not less than 21 degrees during the winter (figures 7 &
8). This is why it is calculated that the energy need for the winter time is 3 kWh while for the
summer is 6 kWh. This demonstrates that the summer energy requirements are more difficult to
fulfill.
The total annual consumption is predicted as 9kWh/m², so if we consider that the house is a
130m², the energy needs are 1.170 kWh for heat, cooling and hot water needs. Considering that the
cost of one kWh in Greece at the moment is 0.17€ the total cost for living in this house for one year
is 198.90€
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The simulation we have completed has given the numbers above and during the next year we
will measure and confirm them.

Figure 25: state of the project as in October 2018
4.2
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5. CONCLUSION
Low or Zero energy houses are the buildings of the future. But to make this technology work,
those houses should adopt to local climate, culture, morphological and be built each time in
different way, taking consideration the needs and the culture of the specific area and users. The
presented project of “la maison du citronnier” aims at achieving the target of low energy
consumption of 9 kWh/m2/annum by applying the principles of the Casa Clima methodology at a
warm, Mediterranean location. A further aim is to prove, that by using this methodology the threat
of “heat trap” due to the heavily insulated building is avoided. The energy measurements collected
during the period of November 2018 to October 2019 will be used to compare against the
simulation and confirm or reject the forecasted performance. In order to achieve success, the
cooperation of the house’s most important component, the human, is required. We are planning
buildings for people after all, so in contrast of what happens on the north Europe where it is easier
to have a sealed building and protect it from the constant weather conditions, the Mediterranean
climate requires not just passiveness but participatory interaction and knowledge.
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ABSTRACT
Today, there is a rising interest in many countries in “traditional” (e.g. agro and forest)
biomass and waste biomass. The main reason for that is that fossil fuel combustion is a major
source of greenhouse gas emissions, which are contributing to global warming. In 2015, renewable
energy provided an estimated 19.3% of global energy production. Of this total share, traditional
biomass and waste biomass accounted for about 9.1% and modern renewables (e.g. solar,
hydropower) increased their share relative to 2014 to approximately 10.2%. Moreover, IEA
(International Energy Agency) predicts, that solar energy technology become the largest source of
low-carbon capacity by 2040, by which time the share of all renewables in total power generation
reaches 40%.
Solar energy technology development has been largely focused on electricity generation.
While solar energy is important, solar electricity does not fulfil the main advantages of high-energy
density fuels (accounting for approximately 70% of the overall energy needs) for transportation,
industrial processes, and heating. Consequently, it is important to utilize solar energy to produce
clean alternative fuels. One of the effective methods of solar thermochemical processes that
combine concentrated solar energy and waste feedstock together for converting solar energy into
chemical fuels (oil, char and gas) is solar pyrolysis. Bio-oil can be used as a combustion fuel for
transport or electricity and heat production or as a feedstock to produce chemicals. Biochar is
attractive as a substitute fuel or for the filtration and adsorption of pollutants. The gas products have
various potential applications, such as being directly used for heat or electricity production,
producing individual gas components (CH4, H2), or synthesizing liquid.
The paper presents the pyrolysis process fundamentals and assumptions for designing and
constructing of experimental solar-thermal pyrolysis reactor for the sewage sludge.
1

INTRODUCTION

With continuous economy and social growth, the global energy demand is rising while
available fossil fuels resources are slowly approaching to exhaustion. Only in 2014, the world
primary energy demand was estimated at 13,000 Megatons of oil equivalent (1 Mtoe = 41,868 GJ),
increasing by 22% and 54% respectively compared to years 2004 and 1994 [1]. This rapidly rising
demand for energy has begun the alarmingly intensive exploitation of natural environment in search
of the new renewable energy sources. What has to be noticed energy-related greenhouse gasses
(GHG) stands for over 80% of global anthropogenic emissions, so decisive action in energy sector
is needed also for mitigation of global warming [2].
With mentioned problems concerned, many policies and national regulations has been
introduced to save environment and execute sustainable energy use. Prior to Paris Agreement, the
European Union (EU) appointed the set of policies as a port of 2020 climate and energy package
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aimed to meet its 20/20/20 headline targets for wise, sustainable and inclusive growth [3]. To meet
mentioned legislations, the new renewable energy sources ought to be implemented. Considering
renewable energy sources such as solar energy, wind energy, geothermal, biomass, waste and
hydropower, crucial parameter that decides about implementation is its availability and cost of
acquisition cost. It is expected that between 2010 and 2040 final energy acquired from
biomass/waste (e.g. sewage sludge) and solar energy in EU will raise drastically [4]. The use of the
free solar energy with also free waste is especially profitable.
Sewage sludge is a by-product of the wastewater treatment plant operation. Due to the fast
urbanization and industrialization rate and the rapid growth of population, the world community has
a serious challenge associated with its disposal. For the last 50 years, world population multiplied
more rapidly than ever before, and more rapidly than it is projected to grow in the future. In 1950,
the world had 2.5 billion people; and in 2005, the world had 6.5 billion people. By 2050, this
number could rise to more than 9 billion [5]. This material is a key issue in the majority of
countries, also in the European Union (EU).
Figure 1 presents the amount of sewage sludge (in tones of dry matter (DM) produced in
chosen EU member countries in 2015 and the total amount produced in all 28 EU member
countries1.

Figure 1: The sewage sludge production in EU-28, 2015 [6]
According to the EU and other countries demographic projections the total sludge production
in EU in 2020 increase to 13 million tones DM [6]. In line with the 7th Environment Action
Programme2 the reduction of sewage sludge disposal on landfill by 50% from 2000 by 2050 must
be achieved. Based on these principles, the Landfill Directive (LD) 99/31/EC [7] prohibited
landfilling of both liquid and untreated wastes and set restrictions. Landfill or water deposition of
the sewage sludge with the indicated parameters presented in Table 1 in the European Union is
prohibited.
Table 1 Criteria for the storage of sewage sludge in a non-hazardous waste landfill [7]
Parameter
Overall organic carbon (OOC), %DM

1
2

Value limit
5.0

<http://epp.eurostat.ec.europa.eu> (accessed 09.06.2018)
<http://ec.europa.eu/environment/action-programme/> (accessed 09.06.2018).
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Loss at calcinations (LOC), %DM

8.0

The higher heating value, MJ/kgDM

Maximum 6.0

Additionally, generally the Member States are applying stricter restriction than those
determined in Sewage Sludge Directive 86/278/EEC (SSD) [8] which describes the beneficial
sludge use on soils. The majority of EU countries has set more stringent national requirements for
heavy metal concentrations in sewage sludge in comparison to SSD.
Taking into consideration those facts, it can be concluded that energy recovery is definitely
going to be an important part of modern sewage sludge management considering the limitations of
current disposal methods and the challenges in energy sustainability. Consequently, there is an
urgent need to explore low cost (e.g. solar-driven), energy efficient and sustainable solutions for the
treatment, management and future utilization of sewage sludge. There are several thermal
technologies for utilizing sewage sludge to obtain useful forms of energy through the correct pretreatment (torrefaction, slow pyrolysis, and hydrothermal carbonization processes) [9]. In Figure 2
the main processes (combustion and co-combustion, gasification and pyrolysis) used for the sewage
sludge thermo-chemical conversion, products of the processes and their applications/further
products are presented.

Sewage sludge

Hot gases

Steam, Heat,
Electricity

Pyrolysis

Gasification

Combustion
and cocombustion

Low energy
gas

Internal
Combustion
Engines

Medium
energy gas

Fuel gases,
methane

Char

Hydrocarbons

Liquid fuels,
metanol,
gasoline

Fuel oil

Sorbent
material

Figure 2: Main thermochemical processes for sewage sludge conversion [11]
Among these methods the one that stands out for the highest efficiency of waste biomass
conversion is pyrolysis. Conventional implementation of distinguished methods requires a
significant amount of heat necessary to carry out the chemical reaction, which generates
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intermediate GHG emissions, diminishing pro-ecological effect of the whole process. The idea of
solar-driven pyrolysis process is a promising way of producing high density energy from low
calorific biomass. Not only it reduces cost of necessary heat, yet it reduces significantly the
emissions of GHG and provides an original way to store solar energy in form of stable pyrolysis
products.
For efficient course of solar driven pyrolytic conversion of biomass appropriate installation
must be designed with emphasis on feedstock type, process thermodynamics, heat of reaction, solar
energy concentrator, and the flow of products.
2

PYROLYSIS CHARACTERIZATION

Biomass pyrolysis is defined as a thermal degradation of the biopolymers present in the
organic matter under an inert, oxygen-free, atmosphere [10]. Three products are always obtained
(solid, liquid and gaseous), but the proportions can be varied over a wide range by adjustment of the
process parameters [11]. Pyrolysis is a process carried out at a lower temperature in comparison to
combustion or co-combustion [12]. Thanks to it, the formation of toxic substances is limited and the
complex gas cleaning system is not necessary. There are many other important advantages of
pyrolysis in comparison to combustion, as follows: (1) Pyrolysis can be performed at relatively
small scale and at remote locations which enhance energy density of the biomass resource and
reduce transport and handling costs; (2) Due to lower temperature of the process corrosion problem
is reduced – the maintenance costs of the installation are lower; (3) Also due to the lower
temperature of the process, recovery of the selected elements (mainly non-ferrous metals) from
solid products is possible; (4) Due to the endothermic nature of the pyrolysis, control of the process
is easier in comparison to combustion; (5) Pyrolysis is characterized by high level of the fuel
flexibility; (6) The pyrolysis products can be stored and later used for energy purposes [13] so it can
fit into naturally occurring availability of solar radiation and perfectly fit into energy storage policy
trends .
2.1

Process classification

Over the years pyrolysis has been divided into three categories: slow, fast (sometimes called
intermediate or medium) and flash. The distinction can be made on heating rate base (which
determines directly time of biomass residence in the reactor and products yields). The key
parameters crucial for pyrolysis reaction course are process temperature, feedstock residence time
and heating rate, being the increase of sample temperature related to time.
Table 2 Pyrolysis types characterisation [14]
Pyrolysis type

Process conditions

Product yields

Residence time

Heating rate

Temperature

Solid

Liquid

Gaseous

Slow

5-30 min

< 50 °C·min-1

400-600 °C

<35 %

<30 %

<40 %

Fast

<5s

10-200 °C·min-1

400-600 °C

<25 %

<75 %

<20 %

Flash

< 0.1 s

~1000 °C·min-1

600-900 °C

<20 %

<20 %

<70 %

Table 2 presents the specification of main pyrolysis types along with process parameters and
estimated product yields. Slow pyrolysis, being characterized by the longest biomass residence time
and lowest heating rates results in the relatively uniform product yields. Long residence time
favours char formation and secondary reactions of tars: cracking and reforming, increasing final
solid yield. [15] Generally the lower the heating rate and the longer the residence time, the higher
the final solid products yield [16].
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Fast pyrolysis despite similar temperature range to slow pyrolysis is getting attention due to
the highest liquid yield [17]. Main reason for that is short reaction time, to short to meet char
formation, due to high amount of heat supplied to achieve heating rates up to 200 K·s- 1. High
amount of heat supplied covers endothermal requirements of condensable vapours formation, what
combined with short vapours residence time and rapid cooling maximizes the final liquid yield [18].
Flash pyrolysis, due to the most intensive heat transfer, results in highest heating rates,
denoted temperatures and shortest biomass residence time. In this method highly concentrated
radiation is directly focused on biomass sample causing almost instant decomposition. At higher
temperatures, primary vapour secondary reactions are more likely to happen, which leads to higher
gas production (up to 75%) than in fast pyrolysis [19].
Despite numerous advantages, pyrolysis has significant basic disadvantage, mainly requiring
an external energy input to reach the operating temperature [20]. This external energy input is most
commonly derived from a non-renewable source that has a negative impact on the environment. A
possible solution to this problem is to use solar radiation to heat the reactor to achieve conditions
appropriate for solar pyrolysis initialization. In such process the concentrated solar radiation
provides high temperature heat for biomass pyrolysis reaction [21]. Then biomass and solar
radiation can be converted into transportable and dispatchable solar fuel [22]. Solar processes have
the potential to produce higher calorific value products with lower CO2 emission compared with
conventional processes [23]. The biomass chemical energy is upgraded through solar energy
providing pyrolysis reaction enthalpy transferred into products. Solar pyrolysis is an endothermic
process of converting a biomass in an inert atmosphere in which the required heat is provided by
concentrated solar energy. Solar radiation is concentrated and redirected to the pyrolytic reactor and
the biomass to reach pyrolytic temperatures.
2.2

Solar pyrolysis reactors

Since no heat is generated within the pyrolysis reactor during solar-driven pyrolysis, the
efficient concentrated solar radiation transfer to the reaction site is crucial for high productivity and
favourable vapour secondary reactions.
Literature review shows that most commonly used solar concentrator are those based on
mirror with parabolic cross section. [25-27] Paper [24] presents very simple classification of all
solar concentrator technologies on these that focus radiation in a point or on a line. The first might
be divided into systems of mirrors or single parabolic dishes, in the second group can be
distinguished parabolic or flat mirror cross-section. The division proves that parabolic mirrors state
the majority of applied technologies.
Some researchers have investigated the pyrolysis of carbonaceous materials using
concentrated radiation. In the 1980s, Beatie et al. [29] obtained a maximum gas yield of 31 mmol/g
coal from direct solar pyrolysis at flux level of 1 MW/m2. Antal et al. [30] used an arc image
furnace (simulating a solar furnace with flux density up to 2 MW/m2) with a spouted bed for
biomass flash pyrolysis and obtained 63% liquid, 11% char and 26% gas yields. Tabatabaie-Raissi
et al. [33] got 6.6-8.4% char yield from pyrolysis of cellulose under radiation up to 10MW/m2 in a
TGA. Chan et al. [32, 33] investigated the pyrolysis of pinewood with concentrated lamp radiation
and found that the char, tar and gas yield were 20-26%, 33-52% and 11-27%, respectively,
depending on the flux density. Later, 21-29% char, 25-40% tar and 30-50% gas yield has been
reported since pyrolysis of different woods under concentrated lamp radiation (0.08 and 0.13
MW/m2) [36]. Lédé et al. [35-37] found that the liquid yield (approximately 62%) did not change
with the heat flux density (from 0.3 to 0.8 MW/m2), whereas the gas and char yields increased and
decreased, respectively. Recently, there were some works regarding the application of an image
furnace for biomass pyrolysis [38, 39].Further analysis of the influence of the pyrolysis parameters
on the product distribution in a real solar reactor has yet to be reported.
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3

THE ITT SOLAR PROLYSIS REACTOR CONCEPT

Study of solar biomass pyrolysis process can only be carried out on suitably constructed
apparatus, which allows monitoring and controlling reaction parameters as well as observations
while the reaction goes on. The main goal of the study is to investigate the process temperature
influence on product yields, as well as to evaluate the process kinetics and biomass energy upgrade
factor. For this purpose, efficient laboratory reactor has to be designed. The Institute of Thermal
Technology, Gliwice, Poland staff propose the solar pyrolysis reactor concept. As feedstock sludge
waste pellet was chosen. Inert atmosphere is provided by nitrogen, which flow is assumed
accordingly to the mass of feedstock and the reaction area. The idea is presented on Figure 3.

Gas to analysis

Xenon arc lamp

Manometer

Copper tube

Biomass pellets

Insulation

Temperature
Nitrogen

Pressure

Liquid fraction
condenser

Figure 3: The ITT solar pyrolysis reactor concept
The basic requirement of the reactor operation is to carry out pyrolysis reaction under
controlled conditions with simultaneous analysis of pyrolytic gas composition.
General idea of the reactor is indirect heating of the biomass via Xenon arc lamp radiation
through highly conductive reactor wall. To provide uniform temperature field in the reactor, copper
was adopted as highly conductive material. Heat losses caused by high reactor walls temperature
involved the idea of using thermal insulation on the outer reactor wall. Xenon arc lamp, due to close
match between its emissive power spectrum with natural sunlight is popular light source for solar
applications. [1,20,34,37] In the presented idea, after every single experiment pyrolysis products are
separated, so they can be easily prepared for further analysis. The volatiles, being defined as the
gaseous products with evaporated liquid, continuously flow out from the reaction zone with
nitrogen flow, then pyrolytic oil condenses while purified pyrolytic gas is directed into gas analyser.
Solid residue (char) remains in the reactor and is removed from the tube after experiment. Crucial
for the study is temperature measurement. It is to be executed by a set of thermocouples inside the
reactor. Temperature of the process is crucial to final product yields, so its control and recognition
of available range is vital for obtaining desirable process destination.
The experimental rig contains a Xenon arc lamp providing already directed and focused beam
of light. Notwithstanding the construction work, Authors decided to take additional effort of
exploring the possibilities of gathering and concentrating solar radiation that could be potentially
used in the future large-scale solutions. Most commercially available solar concentrators are based
on a mirror with curvature described by parabola equation. In atmospheric conditions, in which
most of the solar radiation reaches the Earth's surface in direct, collimated way, parabola indeed
provides the best focus of light. However, if most of the radiation is scattered and falls on the mirror
surface diffusely, parabola no longer guarantees reliable focus. Therefore, the team carried out a
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parametric analysis of the focusing ability of mirrors whose shapes are modifications of the
parabolic curve.
Different shapes of mirror were analysed using Ansys Fluent 18.2 software. The model
geometry assumptions and dimensions are shown in Figure 4. Dimensions are expressed in meters.
Curvature has being changed with the position of three points expressed by h1, h2, h3. The
middle point and two end points were fixed. All points were connected with 2nd order spline.
Heights h1, h2, h3 could be set to value “+step”, “-step” and value “0” which is determined by
parabola equation. (Value of step was assumed equal to 1 cm). So there have been 3 parameters
changed of which each has been set to 3 values. Thereby 33=27 different geometries of model were
obtained. The size of mirrors was limited by position of mathematical focus of basic parabola.
Analysis was carried out for two cases: 1) all incident solar irradiation falls directly, without any
scattering 2) a half of radiation is scattered and falls diffusively.

Figure 4: Model geometry assumptions and dimensions
As a marker of focusing ability the maximum of distribution of incident radiation
in the domain was examined for all 27 cases. Results are presented in Fig.5.

Figure 5 Maximum values of distribution of incident radiation in the domain
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Studies on the curvature of the mirrors revealed the existence of certain tendencies associated
with a specific shape changes. They also showed that at given assumptions parabola still provides
the best focus, but there are some curves that provide only slightly worse focus. The analysis
has opened the way to interesting and promising further searching for a curvature ensuring more
efficient work of solar concentrators.
4

CONCLUSION

In presented paper the pyrolysis process fundamentals and assumptions for design and
construction of experimental solar-thermal pyrolysis reactor for sewage sludge conversion has been
presented. With continuous growth in the sewage sludge production along with the alarming future
predictions, a new ways of its disposal must be implemented. For this purpose Authors face the
challenge of insightful investigation of solar pyrolysis process, with specific emphasis on process
temperature influence on the final product yields. The design of the reactor has been made on the
basis of literature review enriched with the Authors experience in the field of design and modeling
of biomass thermal conversion processes. The work on the construction of the experimental rig are
supported and corrected by numerical modeling, which improves the selection of construction and
position parameters.
In addition to work on the construction of an experimental station, the possibilities of
improving commercial solar concentrators were explored. The analyzes have demonstrated high
potential of such research and give hope for applying innovation in commonly used parabolic
concentrators.
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ABSTRACT
High ammonia concentration constitutes a common inhibitor in anaerobic digestion systems
[1]. However, soluble bio-based polymeric substances (SBO) released from alkaline hydrolysates of
municipal biowaste (MBW) compost have been reported to enhance methane (CH4) production and
reduce the ammonium (NH4+) content in the digestate by promoting its conversion to nitrogen (N2),
when added at 0.2% concentration in the fermentation slurry feed. Based on these findings, the
LIFECAB project aims to demonstrate the replicability of this technology in 3 different EU
countries (Italy, Greece and Cyprus) through production of eco-friendly cost-effective biogas and
products for the chemical industry, agriculture and animal husbandry. Thus, anaerobic digestion
experiments were carried out at 30 °C for 44 d in the presence of 0.2% SBO in order to test four
different treatments: (1) anaerobic sludge (AS) as control, (2) AS and SBO, (3) AS and food waste
(FW), (4) AS, FW and SBO. During the fermentation, gas samples were analyzed for total gas
volume, CH4 production, N2, carbon dioxide (CO2), dinitrogen monoxide (N2O), nitric oxide (NO),
nitrogen dioxide (NO2) and ammonia concentration (NH3). Each treatment was made in triplicates
and the results clearly pointed out the enhancement of biogas and CH4 production with the use of
SBO.
1

INTRODUCTION

FW is a valuable feedstock that has high carbon and nutrient composition and can be utilized
as a renewable substrate for obtaining bio-based products, through various fermentation processes
[2]. Due to the large amounts of FW discharged from various sources such as food processing
plants, kitchens, cafeterias and restaurants, but also due to significant industrial applications, the
valorisation of FW has increased interest, with biogas, hydrogen, ethanol and biodiesel as final
products [3]. Depending on the source and management process conditions of the waste, a wide
variety of products that meet specific technological requirements and consumer’s needs can be
produced. Nevertheless, the conversion of FW into biogas requires secondary treatment. This is
necessary since the process produces high concentrations of NH3 in the digestate, constituting a
common inhibitor in bio-waste anaerobic fermentation systems.
Excess NH3 can be reduced in the digestate through the use of SBO isolated from compost of
gardening residues as reported by Montoneri et al., in 2011 [4]. Many studies have shown
promising applications of SBO as chemical auxiliary in the chemical industry and in agriculture.
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Some existing examples in the relevant literature comprise the use of SBO for textile dyeing [5],
detergents manufacturing [5], hydrocarbons contaminated soil washing [6], oil in water
emulsification and metal oxides flocculation [7].
The present study aims to evaluate at pilot-scale a novel FW fermentation technology that
involves a four-step process (Figure 1), including: 1) application of FW as feedstock in two pilot
anaerobic digesters, 2) co-composting of the digestate produced with green waste, 3) chemical
hydrolysis of the compost generated to produce SBO, and 4) implementation of SBO in anaerobic
digestion for enhanced biogas formation and production of digestate with reduced NH3 content. The
project will test this technology in 3 different EU countries (Italy, Greece and Cyprus) through the
production of eco-friendly cost-effective biogas and agricultural products. Preliminary efforts
include three composting cycles of green waste, which have been already been performed
determining process parameters that include organic carbon content, pH, total solids (TS), volatile
suspended solids (VSS), ash, temperature, phytotoxicity, conductivity and moisture content, water
holding capacity, phosphorus content and heavy metals. In addition, lab-scale experiments have
been conducted to assess the fate of NH3 removed in the SBO assisted fermentation and the
composition of biogas produced. The implementation of the novel four-step process using the pilot
facilities constructed at the premises of Sewerage Board of Limassol – Amathus (SBLA) in
Limassol will be presented at the conference.

Figure 1. Anaerobic and aerobic digestion, as well as compost chemical hydrolysis for the
production of biogas, digestate with low ammonia content and added-value products (SBO) for the
chemical industry and agriculture.
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2

MATERIALS AND METHODS

The green waste used for the first three composting cycles was provided by SBLA in Moni
(Limassol, Cyprus) comprising grass clippings (which include large amounts of nitrogen), “brown”
organic material constituting dry leaves, wood sawdust and tree prunings (which contain large
amounts of carbon, but less nitrogen), as well as soil. The composting unit was custom made for the
requirements of the project consisted of 4 pallets (dimensions: 1m x 1m), which was placed
perimetrically to form a cube with a capacity of 1 m3. The bottom of the structure was open
allowing contact of the composted material to the ground, while the top was also open and exposed
to ambient conditions. The structure was placed under a shelter to protect the compost from extreme
weather conditions. The duration of each composting cycle was 110 d and 8 samples were collected
from the whole bulk during each composting run. The analytical techniques used to determine the
main parameters of the composting process included monitoring of the organic carbon content, pH,
TS, VSS, ash, temperature, phytotoxicity, conductivity and moisture content, water holding
capacity, phosphorus content and heavy metals.
Lab-scale experiments were also conducted under anaerobic conditions for the fermentation
of FW to produce biogas and digestate with low NH3 content. SBO was provided from the plant of
Acea Pinerolese Industriale located in Pinerolo, Italy. Four treatments were tested: A) AS as
control, B) AS with SBO, C) AS with FW, and D) AS with FW and SBO. Each treatment was
conducted in triplicate. The amount of SBO used in each treatment was 0.2% (w/w), the
temperature applied in fermentations was 30 °C and the experimental set-up is shown in Table 1.
More than 10 gas samples from each treatment were collected and analysed for CH4, CO2, H2, N2,
O2 and N2O using Gas Chromatography (GC) (Agilent Technologies, 7820 A) with a thermal
conductivity detector (TCD) and a ShinCarbon ST packed column (Restek Corporation, 230
Bellefonte, PA, USA). A calibration curve was also prepared for each gas determining its
concentration in the samples collected. The samples were always analysed within 24 h of collection,
while 1 ml of injection volume was used. Furthermore, the samples were passed through sorbent
tubes (DRAGER tubes) for the determination of NO, NO2 and NH3, which are commonly used for
measurement of several gases and measuring ranges. The tubes were graduated, and the ranges
employed included 0.2 - 30 ppm for NO, 0.1 - 30 ppm for NO2 and 5 - 700 ppm for NH3.
Table 1. Description of the experimental set up applied for lab-scale experiments.
Treatments

Working
volume (ml)

Temperature
(°C)

gVS

SBO (%, w/w)

Gasses analysed
using GC

Gasses
analysed using
Drager tubes

Control

150

30

1

0.2

CH4, CO2, N2,
N2O, H2, O2

NH3, NO2, NO

AS + SBO

150

30

1

0.2

CH4, CO2, N2,
N2O, H2, O2

NH3, NO2, NO

AS + FW

150

30

2

0.2

CH4, CO2, N2,
N2O, H2, O2

NH3, NO2, NO

AS + FW
+ SBO

150

30

2

0.2

CH4, CO2, N2,
N2O, H2, O2

NH3, NO2, NO
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3

RESULTS AND DISCUSSION

In this study, the effects of different parameters during the composting process (~110 d) were
investigated. The moisture of the compost was maintained at 50 – 70% and the temperature varied
between 15 – 50 °C, depending on seasonal variations. The variation of temperature during
composting followed the expected pattern, which included the initial heating phase followed by the
thermophilic and maturation phases [9]. The temperature increase was observed during the
thermophilic phase for the first 20 d of composting, indicating rapid establishment of microbial
activity in the composting pile [8]. However, the temperature of the pile subsequently decreased
over the next two phases to ambient levels indicating the end of the process. The TS content was
approximately 52.5%, 47.3% and 33% (w/w) for the first, second and third composting runs,
respectively. The germination index (GI), which constitutes a biological indicator that combines the
measurement of relative seed germination and relative root elongation of tomato seeds [8], was used
to evaluate the toxicity on compost extracts and the average values were varied from 65 - 70.5 %,
during the composting process. Overall, the C/N ratio decreased over the process, which was
attributed mainly due to the rapid decrease of the carbon content observed indicating, as expected,
partial mineralization of the organic material to CO2. Over the first composting season, low nitrogen
content was observed at the beginning of the process, leading to a high final C/N ratio that reached
a value of 35. Significantly lower final C/N ratios were obtained in the next composting seasons,
due to the higher concentrations of nitrogen existing at the starting mixture of the composting
process. In conclusion, all the results obtained during the first three seasons of composting were in
agreement with the current literature. Nevertheless, significant changes were observed during
different seasons, mainly due to the change of the nature and content of the starting materials used.
Lab-scale experiments were also conducted under anaerobic conditions for evaluation of
nitrogen’s fate in the novel SBO-based process. Four treatments were tested as described in the
previous section and the gas samples collected from each fermentation were analysed for CH4, CO2,
H2, N2, O2, N2O, NO, NO2 and NH3. The data obtained from these experiments (Figure 2)
demonstrated higher production of biogas and CH4 in SBO assisted fermentations (for both
treatments A and D). Moreover, the GC analysis performed showed a small production of N2O at
the initial stages of experiments and small concentrations of N2 at the final stages of experiments
fed with FW. However, no detection of NO, NO2 and NH3 was observed in the gas phase, excluding
the formation of the specific molecules due to the addition of SBO.

226

II

Cumulative CH4 [ml]

500
400
300

CONTROL

200

AS.SBO
AS.FW

100

AS.FW.SBO

0
0

9

18
27
Time [d]

36

45

III
Cumulative CO2 [ml]

250
200
150

CONTROL

100

AS.SBO
AS.FW

50

AS.FW.SBO

0
0

9

18
27
Time [d]

36

45

IV

Cumulative N2 [ml]

12
9
CONTROL
AS.SBO

6

AS.FW
3

AS.FW.SBO

0
0

9

18
27
Time [d]

36

45

227

V
10

N2 O [% ]

8
6

CONTROL
AS.SBO

4

AS.FW

AS.FW.SBO

2
0
0

9

18
27
Τime [d]

36

45

Figure 2. Cumulative volume analysis of gas-phase constituents during the lab-scale experiments.
Cumulative volume of: (I) Biogas, (II) CH4, (III) CO2, (IV) N2, and (V) N2O.
In addition, SBLA has designed and installed the anaerobic digestion prototypes (ADPs) at
Moni’s wastewater treatment plant (WWTP) in Limassol, Cyprus. The design of the pilot plant
constitutes a replicate of the anaerobic reactors installed at the full-scale plant of Acea Pinerolese
Industriale in Pinerolo (Italy) aiming to evaluate the replicability of the novel SBO-based process in
different countries using the biowaste available in each region. As shown in the top view of the
model replicate (Figure 3), two separate anaerobic digesters have been incorporated in two parallel
lines aiming to evaluate the effect of SBO as compared to a control.

Figure 3. Top view of the pilot plant. 1,2α: dialyzers of FW, β: Motor Control Center (MCC),
Programmable Logic Controller (PLC) panel, γ: Stairs, 1,2δ: Anaerobic digesters, 1,2ε: Heat
exchangers, 1,2κ: Digestate discharge tanks, 1,2λ: Recirculation pumps of waste water (sludge),
1,2ν: Recirculation pumps of hot water.
4

CONCLUSION

Based on the findings obtained so far, the fermentation of FW coupled to SBO constitutes a
promising technology for the production of biogas with reduced ammonia content. Further research
must be conducted to understand the exact effects of SBO in the anaerobic fermentation process, the
effect of biowaste variability, but also the replicability of this technology in 3 different EU countries
at different seasonal periods. Within the frame of the European project, LIFECAB LIFE16
ENV/IT/000179, more work is in progress. The anaerobic reactors in Cyprus are expected to be
fully functional soon. Thus, more data will be obtained for the validation of the SBO effect under
real operational conditions. Through this project, the following short-term and long-term goals are
expected:
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(A) The application of the new MBW anaerobic digestion process with SBO at low
application dose in real operational environment as well as the production of digestate
with lower ammonia content.
(B) The promotion of bio-refinery construction for SBO production at reduced entrepreneurial
risk.
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ABSTRACT
The aim of the study entitled “Energy and environmental assessment of pellets produced from
solid residues of the winery industry” was the assessment of the potential of waste by-products of
the Cypriot winery industry, to be pelletized and used as raw material for solid biofuels. In terms of
this study, two different biomass blends have been pelletized and assessed as energy source for
domestic hot water boilers. The samples were composed of Grape Pomace (P1) and Grape Pomace
& Vine Shoots Blends (P2). The raw material was sampled by a Cyprus local winery named Aes
Ambelis (Nicosia, 35°01'12.4"N 33°09'19.5"E). The raw material was dried and pelletized at the
facilities of the Agricultural Research Institute (ARI), in Cyprus. The produced pellets were
analysed to define their moisture and ash content, based on well-established standardized methods,
at the Sustainable Solid Fuels Lab of Frederick University. Combustion tests with the produced
pellets were also carried out at the Boilers Lab of Frederick University. The measurement campaign
focused on the flue gas analysis and particularly on the concentration of carbon monoxide, carbon
dioxide, oxygen, lambda, water temperature and boilers efficiency measured. The results obtained
from the analysis of the investigated samples showed that the majority of the examined pellets
satisfied the minimum requirements of the EN ISO 17225-2 and EN ISO 17225-6 standards for
woody and non-woody pellets respectively. Ash content and moisture content for both sample were
also found to be within the limits of the standards. The results of the measurement campaign were
also found to be in good agreement with results delivered by other studies conducted for similar
biomass raw material. Study results showed that grape pomace and grape pomace vine shoots blend
could potentially be used as an energy source for producing heat which could be exploited for both
the domestic and the industrial sector. The exploitation of this waste stream for energy production
purposes could offer economically and environmentally smart solutions for the winery industry in
Cyprus, satisfying the circular economy principles, which are currently at the forefront of the
European environmental policy.
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1

INTRODUCTION

1.1

Solid Waste from Wine Industry in Cyprus

Biomass is the biodegradable fraction of products, waste and residues of organic origin from
agriculture (including plant and animal substances), forestry and related industries as well as the
biodegradable fraction of industrial and urban waste. The heat produced by combustion of biomass
can be used directly for space heating, crop drying and other industrial processes. It can also be
used to generate steam for electricity generation [1]. According to the work of Christophorou &
Fokaides (2016) in Cyprus, the main resources of agricultural origin that can be exploited as
biomass are olive pomace, marc and tree pruning. Through works already carried out for
thermochemical assessment of the above resources, it is clear that in many cases these raw materials
meet the minimum composition and thermochemical behaviour requirements of EN ISO 17225-2
and EN ISO 17225-6 for woody and non-woody agglomerates respectively [2]. Cyprus has
significant potential for agricultural residues and potential biogas. According to the Cyprus National
Action Plan for the Promotion of Renewable Energy Production by 2020, the contribution of
biomass to the energy mix of Cyprus is expected to be 3.2 ktoe for heating and 13.5 ktoe for power
generation.
Biodegradable waste in Cyprus mainly consists of the biodegradable fraction of municipal
solid waste, sewage sludge, solid and liquid agricultural residues, and solid and liquid wastes from
food and beverage industries [3]. The winemaking industry, one of the most important markets in
Cyprus, produces large quantities of solid waste on an annual basis. The compacted residue
remaining after the grape juice is extracted during the wine production process consists of the bark
and the grape seed. Components of the solid residues of the winemaking process vary according to
the variety of wine (white or red), generally though they contain bark, pulp, seeds and fruit strains.
In the production of wine, about 25% of the weight of the grapes remains as a by-product / waste. In
Cyprus, according to the Corine land use database, 8892 hectares of arable land is used for vines, of
which 96.8% (8605.7 hectares) of the final fruit comes to the wine industry, while table grapes end
up with the growing crop remaining 286.3 hectares referring to areas with.
1.2

Pelletizing biomass

Biomass pelletization is considered as a standard method of mechanical treatment of solid
woody and non-biomass to produce solid biofuels. During pelletisation, the processed raw material
is compressed and condensed for more efficient combustion and easier management (storage and
transport). Through pelletization, the energy density of the biomass increases, thus making
combustion more efficient. Another important advantage of the pelletisation process is to improve
the overall quality, stability and durability of biofuels [4]. An important parameter in the
pelletisation process is the moisture content since in several cases, it is possible to avoid the
addition of binders or other additives through proper selection, thus achieving agglomerates which
satisfy the minimum mechanical properties of EN 17225 [5].
Depending on the state of the feedstock, the stages of the pelletisation process are drying,
grinding, agglomeration, cooling, sorting and packaging [6]. Pelletizing is currently considered to
be one of the most cost-effective and economical ways to convert woody and non-woody solid
biomass into a fuel of high energy density and good quality [7]. The use of aggregates for heat
production in the domestic and commercial sectors remains dominant in the renewable energy
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market in the EU. The use of solid aggregates for heat production showed an increase of 25%
between 2011 and 2014 [8].
The main technologies currently used for space heating using aggregates are two, boilers and
individual heaters. Domestic pellets are typically utilized for rated thermal inputs up to 10kW. The
heat in the case of agglomerates is transferred to the space with radiation. As for boilers, its power
starts from 20 kW for smaller ones and reaches a few hundred kW for large buildings and industrial
applications. The aggregate boilers are distinguished according to how the agglomerates are fed to
the burner in boilers with the bottom burner, horizontal feed and top feed [9]. The efficiency of the
agglomerate boilers ranges from 80 to 90%. According to the work of Miranda et al. [10], marble
aggregates show quite good thermo physical properties during the combustion process.
1.3

Biomass Aggregate Burning Processes

Irrespective of biomass heat conversion technology, the combustion process is divided into
two zones: the primary zone is the area where primary combustion takes place in three stages
(drying, pyrolysis, combustion). In the second zone, dry aggregates decompose into flammable,
volatile components and carbon. Coal is burned during primary combustion while flammable gases
are burned in the secondary zone. During biomass burning, the biomass aggregates are fed into the
main combustion zone, primary and secondary combustions are nevertheless occurring
simultaneously. The amount of excess air in the secondary zone is important for the concentration
of carbon monoxide (CO) and unburnt hydrocarbons (UHC). Insufficient air in the chamber results
in increased CO and UHC emissions, low NOx concentration, and increased micro particle
concentration in the flue gas [11].
The optimal level of excess air varies between different technologies and applications.
However, the usual practice is to regulate excess air in biomass aggregate boilers at 10%. For an
optimized air / fuel ratio, the resulting energy savings can be up to 25% [12]. The residence time of
the flue gas and the temperature in the combustion chamber are important parameters for
maintaining low carbon carbon monoxide, unburned hydrocarbons and nitrogen oxides.

2

METHODOLOGY

2.1

Sampling of raw material

In the context of this work, the raw material used was the solid waste of the wine industry,
which includes the marc (bark, pits and a small part of the fruit) as well as other solid organic
wastes from the industry (shoots, stems, leaves and branches). The raw material was collected
according to the procedures described in standards EN 14778 and EN 14780 from the Aes Ambelis
winery, 28 kilometres southwest of Nicosia. Aes Ampelis is one of the well-known wineries in
Cyprus that was founded in the early 90's and is located on the slopes of the Kali Mountain Village.
The winery harvested the endemic variety Maratheftiko as well as the imported varieties Syrah and
Chardonnay. In the context of this work, two different mixtures of raw material were analyzed: a
mixture of Maratheftiko (M1) marc, and a second mixture consisting of 70% (v / v) marathae and
30% from other solid biomass (leaves, branches, stems, etc.) (M2).
2.2

Pelletizing raw material

The raw material was pelleted at the premises of the Agricultural Research Institute of the
Ministry of Agriculture, Rural Development and the Environment at Athalassa in Nicosia. The main
parts of the pelletizing unit are the grinder used for cutting the raw material, storage silo, screw
conveyor, which transports the raw material from the storage silo to the pelletizing unit, pelleting
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press, sieve cooling unit, electric unit control panel, as well as dust filters. The raw material was
dried to reduce its moisture content to the appropriate for pelleting levels (10%) as defined in EN
ISO 17225-6: 2014. The raw biomass was milled after the drying process to obtain a powder of
uniform diameter, no larger of 6 mm. In the pelletizing process, the very high pressures and heat
generated in the pelletizer press lead to the lignin temperature rise, so that it softens and the
feedstock can be formed in the form of aggregates. During the cooling and screening of the
agglomerates, the dust and other foreign particles which potentially can fall on the aggregates
during the process are removed.
2.3

Moisture and ash analysis

The analysis of the physical properties of the produced aggregates was carried out in the
laboratories of the Sustainable Energy Research Group of the University of Frederick. In particular,
the moisture content of the study mixtures was determined according to the procedure described in
EN 14774-3: 2009. The samples were placed in a drying oven (SNOL type 20/300) and dried in
successive cycles at 105 ° C until the successive mass measurement was less than 0.2%. A KERN
ABT 220-5DM precision balance was used to measure the sample mass.
The ash content of the samples was determined using a drying oven (SNOL 4/1100)
according to the EN 14775: 2009 procedure. The furnace temperature at 250 ° C was set to 30
minutes with heating of 6 ° C / min. It was then kept at this temperature level for 60 minutes to
allow evaporation of the volatile components of the sample before ignition. The temperature was
then raised to 550 ° C over a period of 30 minutes with a heating of 10 ° C / minute and remained at
that temperature for at least 120 minutes. The results have been reported taking into account the
calculated moisture content of the samples.
2.4

Measurement of combustion emissions

The measurement of the combustion emissions of the samples was carried out at the Frederick
University boiler laboratory using a BIOPLEX-HL boiler rated 29 kW and 75% efficiency. Based
on EN 303-5, the boiler was classified based on its efficiency and rated thermal input as a class 3
boiler. The boiler has the ability to supply water at a maximum temperature of 95 ° C and is adapted
to operate in pump heating plants protected by open pressure vessel. The minimum return water
temperature in the boiler was set at 60 ° C. Exhaust gas composition was measured using a KANE
455 type analyzer. The measurement campaign focused on the composition of the exhaust gases and
in particular on the measurement of carbon monoxide and carbon dioxide concentration, excess
oxygen, exhaust temperature and boiler efficiency. The measurements were carried out over six
hours in order to allow sufficient time for the solid fuel to complete successive combustion cycles.
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3

RESULTS

3.1

Contained moisture and ash
Table 1 shows the moisture content and ash content of the two mixtures examined in this

work.
Table 1: Moisture Content and Ash Mixed Study Content
Analysis

Mixture 1

Mixture 2

The Content of Humidity (Mad) [w%]

10

9

Ash [w%]

8

10

For the determination of the moisture content, the final mass was defined as the change from
the previous measurement to not exceed 0.2% in the mass during a further heating period at 105 (±
2) ° C over a period of 60 minutes. The accuracy of the mass measurement of both samples was 0.1
mg. The required drying time was 3 hours for both samples. To determine the ash content, the
containers on which the organic matter was placed were heated for one hour at 250 ° C. After
cooling, they were placed in a desiccator for 10 minutes and weighed. After weighing the samples
and the tray, they were placed in an oven for heating for 1 hour at 250 ° C and 3 hours at 550 ° C.
After 4 hours of the heating process the samples were cooled and placed in a desiccator for 10
minutes.
3.2

Combustion emissions

The combustion experiments were performed for two types of mixtures, measuring the
emissions during the combustion boiler process. The boiler used in this study was BIOPLEX HL25
type together with the ecoMAX 250RZ control system. These measurements were compared with
the nominal limits set by the European standard CYS EN 303-5, 2012. Using the model helped
determine the boiler Suitability- and biofuel used in the context of this work, checking whether
monoxide carbon dioxide (CO) and carbon dioxide (CO2) were within the standard limits of EU
standards, as well as the relationship between these two concentrations. The boiler used for the
experimental study was classified according to the standard procedures in Class 3.
The experimental procedure consisted of removing the ash from the combustion bed and
agglomerates from burner from a previous experiment, in order not to affect measurements
emissions from raw materials used in previous experiments. Then the agglomerates whose
combustion behaviour would be determined were placed in a box in which, with the help of an
endless screw, they were led to the combustion chamber. During the process, the air supply was
also regulated to maintain the carbon monoxide concentration at low levels and the water
temperature and the degree of efficiency at higher levels. In this context, the feed rate of solid
biofuels was also regulated in the burner.
The exhaust gas measurement started after a considerable amount of time had elapsed since
the fuel started (about 2 hours) and the boiler was in thermal balance. The sensor of the exhaust gas
meter placed in the exhaust duct (chimney) in place, at a distance not exceed three diameters of the
tube after the extraction of gases from the boiler. Using the exhaust gas analyzer detector the
required emission measurements were taken at specific time intervals, in particular every 10
minutes. After a steady-state operation at constant exhaust temperatures was reached, the gas
emissions were measured using a KANE455-type exhaust gas analyzer with constant exhaust gas
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flow. Concentrations of various gases such as carbon monoxide (CO), carbon dioxide (CO2) and
oxygen (O2) were measured. Additional measurements were made, such as exhaust temperature (°
C), lambda (-) ratio and efficiency grade (%).
The results of the measurements for the first mixture are given in Table 1. Measurements
were started after the flame had reached a steady state. For the first mixture, the mean concentration
of the excess O2 was measured to be 16% and the CO concentration in ppm was on average 1407.3.
As shown in the table, carbon monoxide levels are within the acceptable limits of EN 303-5. The
emissions of carbon monoxide from the combustion of biomass depend mainly on three factors: the
temperature of the combustion, the proper mixing of fuel and oxygen and the residence time of fuel
in the combustion chamber. Higher oxygen concentrations correspond to a lower load, lowering the
temperature of the gas and thus resulting in higher CO emissions.
For the second mixture, the values of the measured parameters are given in Table 3. The
average concentration of CO (ppm) was 2190.9 ppm while with respect to the excess oxygen the
average was measured at 14.4%. As shown in the table, carbon monoxide levels are within the
acceptable limits of EN 303-5. Oxygen concentration is an important indicator of overall
performance. Excess air has led to lower adiabatic combustion temperatures and thus to a process
with lower efficiency, which is not considered to be fair.
Table 2: Combustion Emissions, Exhaust Efficiency and Temperature - Mixture 1
Time (min)

CO (ppm)

CO2 (%)

O2 (%)

TFc (C°)

Yield (%)

Water Temp. (C°)

10

1511

5

15,4

67,4

92,9

35,1

20

1352

4,8

15,7

63,4

93,1

34,7

30

1372

4,5

16

65

92,4

34,7

40

1207

3,6

16,5

50,6

94

35

50

1502

4,6

16

67,1

92,1

35

60

1433

4,4

16,1

63,8

92,5

34,7

70

1474

4,2

16,4

62,9

92,1

34

Average

1407,3

4,4

16,0

62,9

92,7

34,7

Table 3: Combustion Emissions, Exhaust Efficiency and Temperature - Mixture 2
Time (min)

CO (ppm)

CO2 (%)

O2 (%)

TFc (C°)

Yield (%)

Water Temp. (C°)

10

3641

7,5

12,7

69,2

95

30,5

20

2840

6,2

14,2

68,5

94,1

31,5

30

2781

6,4

13,9

68,4

94,3

33

40

1749

6

14,3

66,9

94,1

34

50

1516

4,9

15,2

60,9

94

34,4

60

1251

5,1

15,4

67,1

92,9

34,7

70

1558

5,4

15

67,1

93,4

34,8

Average

2190,9

5,9

14,4

66,9

94,0

33,3

For a better understanding of the relationships between the measured parameters, a correlation
analysis was performed for the combustion measurements of the two mixtures. This analysis is
considered to be probitive, since in the case of a solid biomass combustion cycle, the solid fuel is in
different combustion phases, so that it is not possible to extract documented and documented
conclusions about the interdependence of the various combustion parameters. For the carbon
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monoxide levels of blend 1 (Table 4), they were found to be positively correlated with carbon
dioxide and exhaust temperature, and negatively with the lambda number and the degree of
combustion process yield. The level of carbon dioxide was correlated with the number of lambda
and oxygen. The efficiency of the process was also negatively correlated with the temperature of
exhaust gases and carbon monoxide levels. Similar conclusions also result from the regression of
the measurements for Mixture 2 (Table 5).
Table 4: Measurement Regression Analysis - Mixture 1
CO
(ppm)

Time (min)

Time
(min)
100%

CO2
(%)

O2
(%)

TFc
(C°)

CO (ppm)

13%

100%

CO2 (%)

-53%

69%

100%

O2 (%)

77%

-48%

-93%

100%

TFc (C°)

-14%

89%

89%

-69%

100%

Yield (%)

-45%

-81%

-43%

10%

-79%

100%

Water Temp. (C°)

-63%

-16%

19%

-44%

-5%

47%

Yield (%)

Water Temp.
(C°)

100%

Table 5: Measurement Regression Analysis - Mixture 2
CO
(ppm)

Time (min)

Time
(min)
100%

CO2
(%)

O2
(%)

TFc
(C°)

CO (ppm)

-92%

100%

CO2 (%)

-86%

94%

100%

O2 (%)

88%

-94%

-99%

100%

TFc (C°)

-46%

60%

72%

-61%

100%

Yield (%)

-87%

85%

83%

-90%

23%

100%

Water Temp. (C°)

95%

-96%

-89%

89%

-56%

-81%

Yield (%)

Water Temp.
(C°)

100%
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4

CONCLUSIONS

The aim of this work was to assess the potential of the residues of the Cypriot wine industry
for pelleting and use as a raw material for solid biofuels. In the framework of this study, the
collection and pelletization of blends of marc and other solid residues from the Cyprus wine
industry, as well as measurements for moisture and ash content were carried out. The results
obtained from the analysis of the samples investigated showed that they meet the minimum
requirements of EN ISO 17225-2 and EN ISO 17225-6 for wood and non-wood biomass pellets
respectively. Exhaust and other combustion parameters were also measured by utilizing the
aggregates produced in a solid biomass boiler. The results of the study showed that the solid
residues of the Cypriot wine industry could be used as a source of energy for the production of heat
that could be used for both the heating of buildings and the industrial sector.
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ABSTRACT
The combustion of fossil fuels in transportation and stationary application produces harmful
emissions. An alternative hydrocarbon fuel is the natural gas, which consists mainly of methane
and it is considered as a cleaner fuel than gasoline and diesel fuel. The use of natural gas can be a
promising solution for the reduction of emissions and the improvement of the engine performance.
Natural gas is exploited from different reservoir sources and it is found in different chemical
compositions, consisting of methane, ethane, propane, butane and traces of other gases. It is very
important to investigate the effects on combustion and emission characteristics of different types of
natural gas fuels in internal combustion engine applications. The main objective of the present work
was to investigate the thermochemistry characteristics of different natural gas fuels and carry out
combustion simulations with natural gas fuels, in order to examine the differences on the
combustion characteristics in both constant volume chambers and direct-injection spark-ignition
internal combustion engine. For the investigations of the present work four natural gas test fuels
were examined, namely 100% methane, 96% methane + 4% ethane, 90% methane + 9% ethane +
1% propane, 86% methane + 9% ethane + 3% propane + 2% butane. For all test fuels,
stoichiometric mixtures with equivalence air fuel ratio φ equal to 1, and two lean mixtures with φ
equal to 0.9 and 0.8 were studied. From the thermochemistry calculations, the adiabatic flame
temperature and the lower heating value of the test fuels and were calculated and compared.
Finally, computational fluid dynamics (CFD) simulations were performed with the STAR-CD CFD
code, for the investigation of the combustion characteristics in a constant volume chamber and in
the cylinder of a direct-injection spark-ignition engine chamber during compression stroke close to
the engine top dead center. From the results of the present work, it was found that the different
types of natural gas fuels result in small differences in flame temperatures and emissions. However,
the best natural gas fuel was found to be the one which consisted with the maximum content of
methane. From the present work, recommendations for the application of natural gas in internal
combustion engines are provided for engine performance improvement and reduction of emissions
compared to gasoline fuel application.
1

INTRODUCTION

The utilisation of alternative fuels and especially natural gas in spark-ignition internal
combustion engines is needed for cleaner combustion and it is imposed by the strict European
Union emissions regulations. The natural gas is mainly composed by methane, and it is considered
as a promising fuel for the improvement of the performance and the reduction of harmful emissions
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of internal combustion engines. The natural gas is widely used in combustion systems for power
generation in thermal power plants and the carbon dioxide emissions are substantially decreased
compared to the power generation with the use of solid fuels including lignite or the use of heavy
fuel oil or diesel fuels. During the last decade, around one million of vehicles including buses were
fuelled with natural gas in Europe [1], which it is considered a very small percentage of all the
vehicles in Europe. Natural gas can be explored from large fossil fuel reserves similar to these
located at the exclusive economic zone of the Republic of Cyprus [2]. Natural gas can also be
produced from biomass, waste treatment and hydrogen electrolysis processes.
In vehicles, the natural gas is stored as compressed natural gas and it is used to fuel the
internal combustion engine [3]. Natural gas is mainly used in spark-ignition engines, but it was also
tested in Diesel engines where the soot production was decreased. In spark-ignition natural gas
internal combustion engines, port fuel injection and direct injection systems were developed and
applied. Direct-injection systems can inject the correct amount of fuel into the engine cylinder
depending on the engine operating conditions. Furthermore, the direct-injection system results in an
improved quality of air/fuel mixture which is considered better than the quality of the mixture that
is produced by port-fuel injection systems [4]. Compared to gasoline fuelled internal combustion
engines, the emissions of unburnt hydrocarbons produced by natural gas engine were found to be
lower [5]. The combustion of natural gas can provide reduced amount of unburnt hydrocarbons
because of the avoidance of the liquid fuel deposits on the cylinder liner and the piston crevice
volume. Since the natural gas main ingredient is methane CH 4 which has low carbon content, it is
considered as a less environmentally harmful fuel than the conventional fossil fuels including
gasoline and diesel fuels. Internal combustion engines should operate close to stoichiometric
air/fuel mixture in order to avoid unfavourable engine phenomena. From natural gas engine tests it
was found that the NOx emissions were reduced when the engine operated for a weak in fuel
mixture [6]. Variations from engine cycle-to-cycle were observed that resulted in unstable engine
operation [6], which revealed that it is preferred to operate the natural gas engines closer to
stoichiometry.
Limited research work has been carried out in natural gas internal combustion engines
processes including the injection and combustion phenomena ([7], [8], [9]). The modelling and
simulation of natural gas injection was recently studied in [7]. There is difficulty in the preparation
of the air/fuel mixture because of the low volumetric energy density of gas fuels [7] and the
required high injection pressures of the gas fuel create supersonic speeds of the gas in the cylinder
which are accompanied with the creation of a Mach disc [7]. It is noted that existing engine designs
are optimized for using liquid fossil fuels including gasoline and diesel, thus the use of natural gas
in internal combustion engines is required to be further investigated and assessed in respect to the
effect of natural gas on engine performance and emissions. To this end, the advanced combustion
strategies including direct-inject dual-fuel diesel engines [8] and the reactivity-controlled
compression-ignition engines (RCCI) [9] need to be investigated for the use of natural gas.
The main objective of the present work was to investigate the thermochemistry characteristics
of different natural gas fuels and carry out combustion simulations with natural gas fuels, in order to
examine the differences on the combustion characteristics in constant volume chambers and a
direct-injection spark-ignition internal combustion engine.
The composition of natural gas exploited from different reservoirs varies, and it is aim of the
present work to examine the effect of the fuel composition on the combustion characteristics. Table
1 presents the volume percentage composition of natural gas which is exploited from different
reservoirs. As it can be seen in Table 1, natural gas is a mixture of different hydrocarbon fuels with
main part the gas methane and other hydrocarbons including ethane, propane, butane and traces of
other gases. In the present work, based on the data presented in Table 1, four natural gas test fuels
were examined for stoichiometric mixtures with equivalence air fuel ratio φ equal to 1, and two lean
mixtures with φ equal to 0.9 and 0.8.
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Table 1 Volume composition (%) for natural gas from different reservoirs (from [10]).
Reservoir

CH4

C2H6

C3H8

C4H10

CO2

N2

Algeria, LNG

87.2

8.61

2.74

1.07

-

0.36

Netherlands

81.2

2.9

0.36

0.14

0.87

14.4

Kuwait

86.7

8.5

1.7

0.7

1.8

0.6

Libya, LNG

70

15

10

3.5

-

0.90

North Sea

93.63

3.25

0.69

0.27

0.13

1.78

The realistic modelling and prediction of flow processes and combustion phenomena in
internal combustion engines require detailed information regarding the fuel properties, the boundary
and initial conditions, along with the operating conditions and the combustion mechanisms
involved. In the present work, firstly the combustion thermochemistry of the test fuels was
investigated, and secondly the natural gas injection into a constant volume chamber was simulated,
in order to characterize the injection phenomena and the associated effects on the flow field, as well
as characterise the air-fuel mixture pattern prior to combustion. Finally, simulations of the natural
gas flow and combustion processes in a constant volume chamber (CVC) and a direct-injection
spark-ignition (DISI) engine were performed in order to assemble a complete CFD simulation
methodology for natural gas internal combustion engines.
2

METHODOLOGY

The methodology includes the equations for combustion of hydrocarbons, the equations for
the calculation of the air/fuel ratio and the equivalence ratio φ, the thermochemistry equations for
constant-volume combustion, which are used for the calculation of the adiabatic flame temperature
are described and the thermochemistry equations for the calculation of the lower heating value of
the fuels. Then, the CFD modelling methodology including the setup for the simulation of the
natural gas injection and the modelling of the combustion with the three-step eddy breakup model
for CFD simulation for a CVC and a DISI engine are described.
1.1

Combustion equation

A typical pure hydrocarbon fuel is indicated by the chemical formula CxHy, where C is the
carbon atom, x is the number of carbon atoms in the chemical compound, H is the hydrogen atom
and y is the number of hydrogen atoms contained in the chemical compound. For a typical
hydrocarbon fuel mixed with air, the combustion equation is given by:
C x H y +b( x +y / 4 )( O2 +3 . 76 N 2 )→xCO 2 +y / 2 H 2 O+( b−1)( x +y / 4 ) O2 +b ( x+y / 4 )3 . 76 N 2
(1)

where it is assumed that air is composed by 21 % by volume oxygen O2, and 79 % by volume
nitrogen N2. In Eq. (1), b is the coefficient which expresses the amount of air used for the
combustion. When b is equal to one, then the combustion is stoichiometric and when b is greater
than one the air/fuel mixture is weak in fuel, thus the combustion takes place with excess of air
compared to the amount of air required for stoichiometric combustion. The percentage of excess
amount of air when the air/fuel mixture is weak can be calculated by,
E (%)  (b  1)100

(2)

241

The air/fuel ratio that characterizes the air/fuel mixture that is contained in the ICE cylinder is
provided by:
A/ F 

ma
mf

(3)

where ma is the mass of air induced into the engine cylinder and mf is the mass of air injected for
preparing the combustible air/fuel mixture during a full engine cycle. By using the combustion
equation Eq. (1), then the air/fuel ratio derived by using relative mass balance is:
A / F=4 .76 ( x +y / 4 )b

Ma
Mf

(4)

The equivalence ratio which describes the air/fuel mixture is given by:



( A / F ) st
( A / F ) actual

(5)

where (A/F)st is the air/fuel ratio for stoichiometric mixture and (A/F)actual is the actual air/fuel
ratio that exists in the engine cylinder before combustion takes place. By using the coefficient b,
then the equivalence ratio can be written as:


1
b

(6)

The results which are presented in the next section are expressed as function of the
equivalence ratio φ, in order to compare the different test fuels.
For the test fuels examined, the molecular weight of the mixture of hydrocarbons is calculated
by Eq. (7)
n

1
Mf = ∑ Ni Mi
N i=1

(7)

where N is the number of moles of the mixture, n is the number of pure hydrocarbons in the mixture
and Ni, Mi are the number of moles and molecular weight of species i of the mixture, respectively.
1.2

Combustion thermochemistry

The combustion thermochemistry equations provide the adiabatic flame temperature in the
cylinder of ICE. For a spark-ignition engine where combustion initiates after the spark ignition
which normally takes place at around 20° crank angle (CA) before top dead center (TDC), the
combustion lasts for approximately 30° to 40° CA, it can be assumed that the combustion takes
place at almost constant volume. Using the first law of thermodynamics, for constant-volume
combustion, the adiabatic flame temperature is given by [10]:

H reac (T init , p)−H prod (T ad , p)−R u (N reac T init −N prod T ad )=0

(8)

where Hreac is the entalpy of the reactants at the initial temperature Tinit and pressure p, Hprod is
the enthalpy of products at the adiabatic flame temperature, Ru is the universal gas constant, Nreac
is the number of moles of reactants and Nprod is the number of moles of the products. The
enthalpy of species i of the products and the reactants is calculated by:
H i=N i hi

(9)

where the molar-specific enthalpy of species i at temperature T is given by:
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o

o

hi (T )=h f ,i (T ref )+Δ h s ,i (T ref )

(10)

and the sensible enthalpy at the reference temperature and pressure, 25ºC and 1 atm, respectively, is
calculated by:
o

Δ h s ,i (T ref )=c p ,i (T −298)

(11)

The enthalpy of combustion is defined as the amount of heat that is removed from a steadyflow reactor after the combustion of the reactants which result in the products. The lower heating
value (LHV) of the test fuels is calculated by the following equation,
ΔH c =H reac−H prod

1.3

(12)

CFD and combustion modelling

The CFD code STAR-CD [11] was employed for the investigations natural gas injection into
CVC and natural gas combustion. The Eulerian modelling methodology for multi-fluid flow was
adopted for the CVC natural gas injection simulations for transient-state simulations. The natural
gas was assumed to consist of methane, for which the physical properties are available from the
fuels database of the code. The conservation equations for mass, momentum and energy were
solved for the two fluids, namely methane and air, while the RNG high Reynolds number k-ε model
was used for the modelling of turbulence. For the numerical solution, the MARS differencing
scheme was employed and the SIMPLE algorithm was used. For combustion simulations, the threestep EBU model was employed. In the three-step eddy breakup model (EBU) [11], the chemical
reaction rates are calculated for three irreversible reactions. It is assumed that the chemical reaction
time scale is very small and the reaction rate controlling mechanism is the turbulence micro-mixing.
The three reactions which are used are given by the equations:
CH 4 +0.5 O2 →CO+2 H 2

(13)

CO+0.5O2 →CO 2

(14)

H 2 +0.5 O 2 →H 2 O

(15)
A typical direct-injection natural gas injector was assembled with a constant-volume chamber,
in order to estimate the gas jet initial conditions and utilise the data for CVC and DISI engine
combustion simulations. Figure 1 presents the three-dimensional mesh of natural gas injector
geometry with nozzle diameter D = 1 mm and L/D = 10, assembled with a constant volume
chamber with length, width and height, 24, 12 and 12 mm, respectively.

Figure 1: Computational mesh for natural gas injector and chamber simulations.
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Figure 2 includes the computational mesh and the boundary conditions of the CVC where
the combustion simulation of natural gas were performed. The mesh consists of 70000 tetrahedral
cells. The natural gas injector nozzle exit was located at the top surface of the constant volume
cylinder and the injected gas jet symmetry axis coincided with the symmetry axis of the CVC. At
the bottom of the CVC, the pressure boundary condition was set.

Figure 2: Computational mesh and boundary conditions for CVC simulations.
For the DISI combustion simulations, the engine cylinder and pentroof head for a four-valve
spark-ignition engine were designed and a computational mesh was generated as shown in Figure 3.
The spark plug was located at the symmetry axis of the cylinder and the injector was mounted offset
the cylinder axis at the symmetrical plane of the engine and between the two inlet valves as
presented in Figure 3. The computational mesh was composed of half million tetrahedral cells.

Figure 3: Computational mesh for DISI engine simulations.
3

RESULTS

The results from the thermochemistry calculations are presented first and are followed by the
CFD simulations results.
1.4

Combustion thermochemistry calculations

For the investigations of the present work four natural gas test fuels were examined, namely
100% methane, 96% methane + 4% ethane, 90% methane + 9% ethane + 1% propane, 86%
methane + 9% ethane + 2% propane + 1% butane. For all test fuels, stoichiometric mixtures with
equivalence air fuel ratio φ equal to 1, and two lean mixtures with φ equal to 0.9 and 0.8 were
studied. From the thermochemistry calculations, the adiabatic flame temperature and the lower
heating value of the test fuels and were calculated and compared. The volume composition
percentages of the four test fuels are included in Table 2. The first test fuel was pure methane, the
second test fuel consisted of 96% methane and 4% ethane, the third test fuel had 90% methane, 9%
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ethane and 1% propane and the fourth test fuel was composed of 86% methane, 9% ethane, 2%
propane and 1% butane.
Table 2 Volume composition (%) for natural gas test fuels.
Test Fuel

CH4

C2H6

C3H8

C4H10

1

100

0

0

0

2

96

4

0

0

3

90

9

1

0

4

86

9

3

2

The results from the thermochemistry calculations of the LHV for the four test fuels are
presented in Figure 4. As it can be seen in Figure 4, the LHV increases when the methane
percentage in fuel volume composition is increasing. The highest LHV is for pure methane and the
differences with the lowest percentage of methane in fuel composition is less than 2 %. However,
by using natural gas fuels with higher percentage of methane then it will result in engine fuel
consumption saving of approximately 1 to 2 %.

50000

ΔHc (KJ/Kg)

49500

49000

48500

48000
86

88

90

92

94

96

98

100

Methane composition (%)

Figure 4: Lower heating value of the test fuels as a function of methane composition.
The calculations of the adiabatic flame temperature for the four test fuels were performed for
three fuel/air equivalence ratios, from weak to stoichiometric mixture, for φ = 0.8, 0.9 and 1. The
results of adiabatic flame temperature for increasing φ are presented in Figure 5. For all the test
fuels, when the mixture has excess air and becomes weaker in fuel, then the flame temperature
decreases. The flame temperature decreases by approximately 8 - 10 %, when the equivalence ratio
increases from 0.8 to 0.9, and then further increases by 8 – 10 %, when φ increases from 0.9 to 1
that is stoichiometric mixture. For the four test fuels, the adiabatic flame temperature slightly
decreases when the volume composition percentage of methane is increasing as it is presented in
Figure 5. When the percentage of methane increases to maximum then the difference with the
minimum percentage of methane volume composition is around 2 %, which corresponds to 50 – 60
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K temperature degrees difference. This temperature difference is remarkable for the reduction of
the nitrogen oxides emissions, because the dissociation phenomena which take place at higher
temperatures than approximately 2300 K will be limited with even a small reduction of engine
cylinder temperature.
φ = 0.8
φ = 0.9
φ=1

3000
2900

Tad (K)

2800
2700
2600
2500
2400
86

88

90

92

94

96

98

100

Methane composition (%)

Figure 5: Adiabatic flame temperature for increasing φ of test fuels as a function of methane
composition.
1.5

CFD simulations

The test fuel 4, of pure methane, was used for the CFD simulations of flow and combustion in
the CVC and the DISI engine. The CFD simulation of the natural gas injection from the natural gas
injector into a CVC for the estimation of the injection characteristics, including jet velocity and jet
cone angle are presented first. Then, the combustion simulations with the three-step EBU model in
a CVC are illustrated. Finally the CFD simulation combustion predictions in the cylinder of the
DISI engine are presented.

Figure 6:
Natural gas injector prediction gas velocity field at 0.1 ms ASOI.
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Figure 6 includes a section plot of the velocity field predicted at 0.1 ms after the start of the
injection (ASOI). Figure 6 shows that the the gas jet has a symmetrical velocity profile and widens
downstream, emerging at an angle of approximately 15°. The estimated injection data was used for
the gas jet initial conditions for the combustion simulations in the CVC and the DISI engine.

Figure 7:
CVC simulation of the gas velocity field and temperature field for flow with combustion at 2.5 ms
ASOI.
Figure 7 illustrates a section plot at the symmetry vertical plane of the combustion chamber,
for the velocity and temperature fields. The maximum temperature in the CVC is slightly offset the
symmetry axis of the injector and is located at the region where there is the strongest gas
recirculation which is accomapnied with high levels of turbulence which promote the combustion
development.

Figure 8: DISI
engine simulation of the gas velocity field and temperature field for flow with combustion at 4.5 ms
ASOI.
Figure 8 presents a section plot at the symmetry vertical plane of the DISI, inlcuding the gas
velocity and temperature fields. As it can be observed in Figure 8, the predicted air/fuel mixture
pattern, the velocity fields and the temperature fields were affected by the injector location and the
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engine geometry. Furthermore, there are two distinct regions of high temperatures which reveal the
the combustion phenomenon is intensified therein because of the high levels of turbulence and the
appropriate mixing of air/fuel.
4

CONCLUSIONS

The thermochemistry calculations revealed the preferred natural gas fuel for internal
combustion engine use should be the fuel that has the highest volume composition in methane.
From the CFD simulations, it is essential to use the natural gas injector geometry in order to
estimate the injection conditions for engine simulations.
DISI engine simulations provided the air/gas field prior to combustion and the temperature
fields after the start of ignition. The predicted air/fuel mixture pattern, the velocity fields and the
temperature fields were affected by the injector location and the engine geometry. CVC and DISI
engine simulation results showed that the predicted temperature levels were similar, but the
temperature fields were different.
Existing combustion models treat combustion phenomena at particular conditions, and may
give varying results for different combustion applications. Combustion modelling setup
encountering the detailed chemical kinetics mechanisms, as well as validated and reduced chemical
kinetics mechanisms should be selected and used in future work
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ABSTRACT
Natural Gas (NG) is a promising alternative fuel. Historically, the slow burning velocity of NG
poses significant challenges for its utilisation in energy efficient Spark Ignited (SI) engines. It has
been experimentally observed that a binary blend of NG and gasoline has the potential to accelerate
the combustion process in an SI engine, resulting in a faster combustion even in comparison to that
of the base fuels. The mechanism of such effects remains unclear. In this work, an optical diagnosis
has been integrated with in-cylinder pressure analysis to investigate the mechanism of flame velocity
and stability with the addition of NG to gasoline in a binary Dual Fuel (DF) blend. Experiments are
performed under a sweep of engine load, quantified by the engine intake Manifold Air Pressure
(MAP) (0.44, 0.51. 0.61 Bar), and equivalence air to fuel ratio (Φ = 0.8, 0.83, 1, 1.25). NG was added
to a gasoline fuelled engine in three different energy ratios 25%, 50% and 75%. The results showed
that within the flamelet combustion regime, the effect of Markstein length is dominating the lean burn
combustion process both from a stability and velocity prospective. The effect of the laminar burning
velocity on the combustion process gradually increases as the air fuel ratio shifts from stoichiometric
to fuel rich values.
1.

INTRODUCTION

The necessity for compliance with future emission legislations has renewed the interest for the
use of alternative fuels. The low carbon content, knocking resistance, and abundance reserves have
classified Natural Gas (NG) as one of the most promising alternative fuels. Historically, the slow
burning velocity of it’s main constituent, methane, has been a major concern for its utilisation in
energy efficient combustion applications. The fundamental, unstretched laminar burning velocity
(S u 0) of the fuel-oxidizer mixture is often used as a major performance criterion. As emphasized in a
limited body of experimental literature [1] [2] [3] [4] [5], a binary blend of methane and gasoline has
the potential to accelerate the combustion process in an SI engine, resulting in a faster combustion
even in comparison to that of the base fuels. The mechanism of such effects remains unclear.
In contrast, a substantial research effort has been made to improve the understanding on the
flame behaviour of the base fuels. The combustion characteristics of NG as well as gasoline and its
surrogates have been investigated both in constant volume laminar combustion experiments [6–13]
as well as in SI engine environments [14–19].
In an SI engine environment, the flame is continuously stretched by its curved nature and its
propagation through a strained turbulent flow field. Another fundamental mixture parameter known
as the Markstein length (L b ), which quantifies the response of the flame velocity to stretch, is critically
essential to completely characterise the development of an expanding flame in an SI engine.
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Following the work of Karlovitz et al. [20] and Markstein [21], Clavin [22] developed a model
to account for the effects of flame stretch on the development of a laminar flame. The model correlates
linearly the stretched flame velocity (S b = dR f / dt) with the unstretched laminar burning velocity (S u 0)
and the effects of stretch such as for an infinitesimally thin flame [23],
𝑆𝑆𝑏𝑏 = 𝑆𝑆𝑢𝑢0 𝜎𝜎 − 𝐿𝐿𝑏𝑏 𝑎𝑎

(1)

where 𝜎𝜎 is the expansion factor defined as the ratio of unburned to burned gas density, and 𝑎𝑎 is the
flame stretch rate. The flame stretch rate is an additive contributor of the aerodynamic strain, and the
flame curvature [24] [25] [26]. For an outwardly propagating spherical flame, and a weak effect of
the tangential straining compared to the sum of normal straining and curvature, the global flame
stretch can be simply defined as below [27] [28], where R f is the flame radius
𝑎𝑎 =

2
𝑆𝑆
𝑅𝑅𝑓𝑓 𝑏𝑏

(2)

It is clear from the definition of flame stretch that peak value of stretch is expected at the very
initial stages of combustion (Small R f ). As the flame develops and flame radius increases flame
stretch is reduced.
In the context of turbulent flamelet regime, the flame front preserves the structure of a laminar
flame and is propagating with a stretched laminar flame velocity (S b ) [29]. The effect of turbulence
on combustion is solely reduced to wrinkling of the inherently laminar flame front increasing its
surface area. Under such conditions, the effect of Markstein length (L b ) is expected to be of crucial
importance to the combustion process. According to Eq.1, for a positive/negative Markstein Length,
the flame velocity will decrease/increase under flame stretch.
Constant volume laminar combustion experiments have been used throughout literature to
evaluate the values of S u 0 and L b of a fuel-oxidizer mixture. The reported values of S u 0 of methane is
consistently lower compared to that of gasoline and its surrogates when tested at elevated pressures
(>2.5 bar) [7,9,11,13] for all Air to Fuel Ratios (AFRs). As emphasized [9] [11] , these two fuels
responded to flame stretch in an opposite manner with respect to the AFR. The Markstein length of
iso-octane and PRF95 (95vol% iso-octane and 5vol% n-heptane) increases with the AFR, whereas
that of methane decreases. At lean AFRs, methane has a significantly lower Markstein length
compared to that of iso-octane and PRF95. It was only recently that Petrakides at al. [5,30] and Ballo
et al. [31,32] reported values of S u 0 and L b for binary blends of methane with PRF95 and blends of
methane with iso-octane respectively. It has been reported by Petrakides at al. [30], that for pressures
relevant to SI engine operation (>5bar) and stoichiometric to lean AFRs, there is a positive synergy
for blending methane to PRF95 due to the convergence of L b of the blended fuel towards that of pure
gas and S u 0 towards that of pure liquid.
The flame behaviour of gasoline - NG DF blends has not been adequately investigated in an SI
engine. There is still a limited understanding with regards to the mechanism of a faster DF flame in
comparison to the base fuels in an SI engine. As it has been stated by Aleiferis et al. [15] there is a
trend of lower Markstein lengths for those fuels whose flames produced faster burning velocities in
the engine environment. The aforementioned trend has been experimentally validated by the research
group of Brequigny et al. [14,33,34].
The importance of flame-stretch interactions with the ratio of gas to liquid in a DF blend at
various engine operating conditions is still a distinct research gap. The research contribution of the
current experimental study is made through the characterisation and comprehensive understanding of
the mechanism of DF combustion, and the importance of flame-stretch interactions under a sweep of
engine load, and AFR, using an optically assessed research engine.
2.

EXPERIMENTAL METHODOLOGY
2.1. Optical research engine
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A single cylinder optical research engine; Lotus SCORE, is used throughout this study to allow
optical measurement of the flame to be carried out. The engine is a flat piston, pent roof design with
a displaced volume of 0.5L, compression ratio of 10:1, 88mm bore and 82.1 stroke. The engine
features a centrally mounted spark plug. Configuration as shown in Figure 1(a), is used with a cast
iron cylinder liner to allow longer engine running duration in comparison to its usual fused silica liner
configuration [35]. Figure 1(b) shows how optical access is achieved through a 60 mm sapphire
window in the bifurcated piston, via a 45-degree mirror.

(a)

(b)

Figure 1: (a) Lotus SCORE optical research engine. (b) Optical and fuelling configurations

Both gaseous and liquid fuels are delivered to the intake port as represented in Figure 1(b). The
liquid injector, supplied with 3.5bar fuel, is placed closer to the cylinder to take advantage of heating
from the back of the intake valve, aiding fuel vaporisation. Injection timing was 45degree ABDC
(After Bottom Dead Centre). The gas injector was a Bosch NGI-2, natural gas specific injector, was
supplied with 4 bar gas from a two-stage regulator via an Omega FM mass flow meter. This pressure
was chosen to be within the linear operating region of the injector. The timing of both injectors, as
well as ignition timing is controlled using the AVL 4210 timing unit. Unless otherwise stated, the
charging duration of the ignition coil (spark dwell) was set to 1 ms.
Two data logging systems were used during the work. A low speed acquisition (1Hz) logging
intake and exhaust gas temperatures via K-type thermocouples and liner temperature, via an Omega
infrared sensor. An AVL Indiset Advanced system was used to record data at crank-angle resolution
including in-cylinder pressure, measured using a water-cooled Kistler 6043A60 transducer. Both
were recorded using the National Instruments Labview. The AFR ratio was measured via an ECM
1200 AFR recorder, which allows H/C ratio to be adjusted as required for different fuels. The intake
flow rate was recorded using a Cussons P7200 meter which has an accuracy of +/- 1%.
Optical data capture was via LaVision Nanostar intensified CCD (ICCD) camera fitted with a
105 mm Nikon UV enhanced macro lens. The CCD chip has 1280 x 1024 pixels of physical size 6.7
x 6.7 μm. In the presented work this equates to a spatial resolution of 0.07 mm. LaVision DaVis
software and the PTU9 timing unit are used for camera timing control, with inputs from the engine
timing controller to allow crank angle base time to be specified.
2.2. Duel fuel preparation
The DF ratio is defined as the energy of NG (E NG ) to the total (E TOT ) energy in a DF blend as
shown in Eq.3
DFRatio =

ENG
ENG
MNG × LHVNG
=
=
ETOT
ENG + EGasol.
MNG × LHVNG + MGasol. × LHVGasol.

(3)

Using the measured mass flow rate of air (M AF ) and natural gas (M NG ), as well as the relative
AFR (λ), the DF ratio has been derived and displayed in real time (as well as recorded) on the AVL
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Indiset system. The online display of this value allows tuning of the injection duration(s) and throttle
plate control to achieve the desired DF ratio at a specified engine load.
The hydrogen to carbon ratio (H/C) of pure gasoline has been set according to the European
certification whilst its stoichiometric AFR was set to 14.7. Due to the lack of consistent data on the
Lower Heating Value (LHV) of gasoline, its value was set to that of its common surrogate PRF95
(95vol% iso-octane and 5vol% n-heptane) and corresponds to 44.66 (MJ/kg) . The LHV of methane
corresponds to (50 MJ/kg). For the calculation of the stoichiometric AFR of a particular DF blend,
PRF95 has been used as a surrogate for gasoline and methane as a surrogate for natural gas. The
stoichiometric AFR has been calculated using the method of chemical balance and assuming products
of complete combustion. For the different DFs, the calculated H/C ratios and stoichiometric AFRs
(AFR stoich. ) are summarised in Table 1, with DF100 representing pure gas (natural gas) and DF0 pure
liquid (gasoline).
Table 1: Fuel Properties used for the derivation of DF ratio
Fuel
H/C ratio
AFR stoich.
DF100
4
17.2
DF75
3.48
16.52
DF50
3.02
15.87
DF25
2.62
15.27
DF0
1.89
14.7

2.3. Engine operating conditions
Two engine parameter sweeps were performed. These were MAP (controlled using throttle
position), and AFR. For each sweep, the parameter under consideration was varied while the other
was held constant. The experimental test matrix is summarised in Table 2.
To reveal the effect of the fuel characteristics on the combustion process, it was deemed
necessary to hold the spark timing (35oCA BTDC) as well as throttle position constant for the various
runs of the different DFs during the AFR, and engine load sweep. Even though a drop in volumetric
efficiency is expected as DF ratio is increased, the throttle position as well as ignition timing was kept
constant in order to expose all DFs to the same in-cylinder flow characteristics at the point of spark.
Engine
Parameter
Sweep
AFR
Load

3.

Table 2: Experimental Test Matrix
Equivalence Ratio
(Φ)

Engine Load

Engine Speed
(RPM)

Fuels

0.8, 0.83, 1, 1.25
0.8

MAP : 0.44 (bar)
MAP : 0.44, 0.52, 0.61 (bar)

2000
2000

All
All

DATA PROCESSING
3.1. Thermodynamic data

Post-processing of in-cylinder pressure data was carried out using in-house developed MATLAB
code integrated with the Cantera chemical kinetics tools [36]. This allowed calculation of specific
heat ratio (γ) throughout the cycle on different DF ratios. The chemical kinetics mechanism of
Jerzembeck et. al. [7] was used. The rate of heat release in the engine was derived with a single zone
model, using the measured instantaneous in-cylinder pressure (P) and volume (V) as well as the value
of the specific heat ratio (γ) of the combustible mixture as documented by Gatowski et al. [37]. For a
comparison within the same engine and similar operating conditions, models representing heat
transfer and blow-by are often omitted leading to Eq.4.
𝑑𝑑𝑄𝑄𝑐𝑐ℎ =

𝛾𝛾
1
𝑃𝑃𝑃𝑃𝑃𝑃 +
𝑉𝑉𝑉𝑉𝑉𝑉
𝛾𝛾 − 1
𝛾𝛾 − 1

(4)
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In the current study, the duration of 0-10% Mass Fraction Burned (MFB) has been used as an
indication of the overall burning rate during the flame development regime, and the duration of 1090% MFB as an indication of the overall burning rate in the developed flame regime.
3.2. Optical data
Whilst the LaVision NanoStar is capable of acquiring 8 frames per second, timing was dictated
by the engine frequency. The timing for each image was set to be a multiple of engine frequency. The
timing was equivalent to 1 image in every 3 cycles at 2000 RPM. The camera software, LaVision
DaVis 8.1 allowed imaging at a fixed crank angle during each captured cycle. In each test condition,
the software was set to step through crank angles from time of spark until TDC, taking 5 images at
each crank angle before proceeding. In each test, 250 imaging engine cycles were recorded.
The derivation of the flame evolution involves the calculation of ‘enflamed’ areas at each crank
angle. A typical chemiluminescence image is presented in Figure 2, with a superimposed outline.

Figure 2: Performance of the Flame Detection Technique on a Typical Flame Image

Each image was first binarized using a variable threshold, similar to the technique used by
Johansson et. al. [38].A variable technique is required to account for the change in luminosity between
natural gas and gasoline expanding flames.
Using the area of each binarized image, the radius of an equivalent circle is calculated; a
technique used by Aleiferis et. al. [15]. The radii of each of the 5 images per crank angle are averaged
to give the evolution of flame radius with crank angle. The variation statistics may also be calculated
using each set of 5 radius values. The CoV (Coefficient of Variation) of this radius is a strong
indicator of CoV imep within the establishment regime [39] [40].
Using the formulation of Beretta et al. [41] the MFB can be linked to the volume occupied by
a flame such as,
𝑀𝑀𝑀𝑀𝑀𝑀 = �1 +

−1
𝜌𝜌𝑢𝑢 1
� − 1��
𝜌𝜌𝑏𝑏 𝑦𝑦𝑏𝑏

(5)

where 𝑦𝑦𝑏𝑏 is the volume fraction burned evaluated based on an equivalent sphere with the same mean
flame radius, 𝜌𝜌𝑢𝑢 is the unburned gas density and 𝜌𝜌𝑏𝑏 the burned gas density. The ratio of unburned to
burned gas density is commonly called the expansion ratio. The expansion ratio was evaluated at the
point of spark for each fuel. The unburned gas temperature (T u ) was calculated using the isentropic
relationship,
𝑃𝑃
𝑇𝑇𝑢𝑢 = 𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼 �
�
𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼

𝛾𝛾−1
𝛾𝛾

(6)

For a particular fuel, Cantera was used to obtain both 𝜌𝜌𝑢𝑢 based on the calculated temperature
and measured in-cylinder pressure, as well as 𝜌𝜌𝑏𝑏 through the thermodynamic equilibrium of the
burned gases. The MFB in the flame establishment regime (0-5% MFB) has been calculated using
the optical data and Eq.5.
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4.

RESULTS
4.1. Identification of Combustion Parameters at Spark Timing

Before further discussion of the experimental work, it is useful to present the values of major
combustion parameters at the time of spark. These parameters will be necessary in the discussion of
forthcoming sections. All relevant combustion parameters are calculated at the spark timing and
presented in Table 3, for a MAP of 0.44 bar and a speed of 2000 RPM. As there is no available
chemical kinetics to predict the burning velocity of the blend fuel, only the burning velocity of the
base fuels have been evaluated. Methane has been used as a surrogate for natural gas, and PRF95 as
a surrogate for gasoline. The unstretched laminar burning velocity (S u 0) of the surrogate fuels is
calculated with the model of a freely propagating unstretched flame in the Cantera software package
using the kinetic mechanism of Jerzemberck et al. [7] assuming pure fuel-air mixtures free of exhaust
residuals. The kinetic mechanism used for the derivation of S u 0 is validated against experimental
values of burning velocities for both methane as well as PRF95 mixtures. As has been reported in
literature [11] [42], the value of Markstein length is mainly a function of pressure, fuel and AFR. The
effect of temperature and exhaust residuals can be assumed negligible compared to the mentioned
contributors. Values of the Markstein length for the selected fuels have been directly used from the
experimental study of the current research group [30] at an absolute pressure of 5 bar. An absolute
pressure of 5 bar is very close to the pressures experienced at the spark timing during the current
experimental investigation as shown in Table 3.
Table 3: Combustion parameters evaluated at spark timing
AFR
Φ =0.8
Φ =1
Φ =1.25

Fuel

T Spark
(K)

DF100
DF50
DF0
DF100
DF50
DF0
DF100
DF50
DF0

548
536
529
550
541
527
553
536
525

Abs.
P Spark
(bar)
4.1
4
3.89
4.2
4.1
3.9
4.2
4
3.9

σ

Su0
(m/s)

Lb
(mm)

3.99
4.2
4.4
4.39
4.62
4.92
4.31
4.65
5

0.494
0.548
0.658
0.72
0.523
0.649

-0.12
0.16
0.63
0.09
0.27
0.42
0.19
0.15
0.12

4.2. In-cylinder thermodynamic analysis
The duration of 0-10% MFB and 10-90% MFB was derived for all fuels and tested AFR S as
illustrated in Figure 3. It has been found that at lean conditions (Φ = 0.8, 0.83), the burning rate is
linearly increased with the DF ratio in both the development as well as the developed flame regime.
That is evident by a linear decrease in the duration of the MFBs. At stoichiometric conditions, all
DFs including natural gas are faster than gasoline in the flame development regime. However, in
the developed flame regime gasoline catches up and is marginally faster than natural gas. Although
all DFs are still faster than gasoline in the developed flame regime, the differences are reduced as
compared to the development flame regime. Similar findings with regards to the burning rate of the
base fuels at lean and stoichiometric AFRs are reported by Alreiferis et al [43].Contrary to the lean
mixtures, at a rich AFR (Φ = 1.25), the burning rate is linearly decreased with DF ratio.
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Figure 3: Burning rate in the Initial (Upper plot) and Developed Flame Regime - AFR Sweep.

There is evidence that the burning rate is altered with the DF ratio. The response of burning
rate with the DF ratio is contrary between lean and rich mixtures with DFs being faster than the
base fuels on stoichiometry. To reveal the mechanism behind the observed experimental
phenomena, the optical data from the flame establishment regime with a parallel discussion of the
fundamental combustion parameters S u 0 and L b are necessary.
4.3. Flame evolution analysis
Figure 4 presents a typical chronological sequence of combustion images for DF0, DF50 & DF100
at Φ = 0.8, based on the mean flame radii evolution for each test condition as illustrated in Figure 5.
As the DF ratio decreases the flame intensity appears to be higher and more spatially homogeneous.
There are no luminous spots over the images, and the actual flames appear reasonable circular
indicating a well-mixed fuel-air mixture absent of fuel rich zones. There is a tendency of flame
development towards the upper part of the combustion chamber where the exhaust valves are located.
The phenomenon is consisted for all tested conditions. It is believed to be attributed to the higher
temperatures exhibited by the exhaust valves.

Figure 4: Typical Flame Images at 15o, 20o, 25o, 30o, and 35o CA after ignition (Φ = 0.8, MAP: 0.44 bar, 2000 RPM)

The mean flame radii in Figure 5 illustrate the flame evolution of each DF blend at different AFRs.
Within each subplot, the shaded region represents the period at which the spark kernel is still visible
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within the image. Thus, the variation of the spark kernel within this region leads to an artificially high
CoV, and is therefore omitted from further analysis. Further, flames with radii of greater than
approximately 16 mm might not be fully visible from the optical viewing window and therefore are
also removed from further analysis. These two conditions set the extremities for optical analysis of a
lower boundary at 10 0CA after ignition and upper boundary of 25 0CA after ignition.

Figure 5: Flame evolution and stability at lean (Φ = 0.8), stoichiometric and rich (Φ = 1.25) AFRs.

At lean conditions (Φ = 0.8), even though the laminar burning velocity (S u 0) at the point of spark is
higher for gasoline compared to natural gas as shown in Table 3, the flame evolution is found to get
faster as natural gas was added to gasoline evident by a larger flame radius. The difference in flame
radius between the base fuels is preserved through the flame evolution. At stoichiometry, as the flame
develops, DF50 and DF75 are diverging from the flame evolution of natural gas, whereas DF25 and
gasoline are converging. The fastest flame evolution corresponds to DF50 and is preserved from the
very early stages of combustion. At rich conditions (Φ = 0.8), and in contrast to the lean AFR, the
flame evolution gets faster with the decrease of DF ratio although DF50 and DF75 resulted to have
about the same flame evolution.
Having illustrated and discussed the flame evolution of the various DFs in the different AFR
conditions, the mechanism behind the observed phenomena can now be analysed.
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4.4. The mechanism of flame behaviour
The location of 5% MFB is indicative of the burning rate at the very initial stages of combustion
(flame establishment). The effect of DF ratio on the burning rate within the flame establishment
regime is presented in Figure 6.

Figure 6: Burning rate versus DF ratio – AFR Sweep (AIT: After Ignition Timing).

It is apparent from Figure 6 that in the flame establishment regime, and lean burn conditions
(Φ = 0.8, 0.83), there is a linear increase in burning rate with the DF ratio (evident by a linear
reduction in the 5% MFB location). The phenomena are in contrast to the fact that natural gas (DF100)
has a lower burning velocity than gasoline at the point of spark as shown in Table 3. At Φ = 0.8, with
25% increase in DF ratio the burning rate increases by 8% in comparison to that of pure gasoline
(DF0). At spark timing, the average absolute in-cylinder pressure is 4 bar. Under similar pressure
conditions (5 bar) and Φ = 0.8, the burning velocity of all DFs has been reported to be even faster
than that of gasoline [30]. It is therefore evident that the burning velocity cannot explain the response
of the burning rate with the DF ratio at lean burn conditions. Following Eq.1, the other critical
combustion parameter influencing the flame velocity is the Markstein length. At an absolute pressure
of 5 bar and Φ = 0.8, the Markstein length decreases with DF ratio [30]. Natural gas and DF50 have
about 6.5 and 4 orders of magnitude lower Markstein length than gasoline respectively. It worth
noting that natural gas has a negative value of L b implying an increase of flame velocity under stretch.
In order to appreciate the effect of Markstein length on the flame velocity, a conceptual analysis
has been performed for the base fuels at Φ = 0.8. The model described by Eq.1, was used to derive
the ratio of the stretched flame velocity to the unstretched flame velocity (S b /S u 0σ) of the base fuels.
The unstretched flame velocity is defined as the burning velocity multiplied by the expansion factor.
The combustion parameters at spark timing conditions as reported in Table 3 were used. To facilitate
such conceptual analysis, Eq.2 was substituted to Eq.1 and the model has been solved with respect to
the stretched flame velocity such as,
𝑆𝑆𝑏𝑏 =

𝑑𝑑𝑑𝑑𝑓𝑓 𝑆𝑆𝑢𝑢0 𝜎𝜎
=
𝑅𝑅
𝑑𝑑𝑡𝑡
2𝐿𝐿𝑏𝑏 𝑓𝑓

(9)

The flame radius has been iterated from 1 mm to 20 mm and the results are depicted in Figure
7. The crosses correspond to a flame stretch of 1250 1/s. Initially as the stretch rate experienced by
the flame attains its highest value, L b has its maximum effect on the stretched flame velocity. The
stretched flame velocity of natural gas can be as much as 30% higher as compared to its unstretched
flame velocity, owning to the effect of a negative Markstein length. On the other hand, gasoline
having relatively high positive values of Markstein length can experience a stretched flame velocity
less than half of its unstretched velocity.
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Figure 7: Conceptual Analysis of the effect of Flame Stretch on the Flame Velocity.

As the flame develops and the global stretch rate is reduced, the effect of Markstein length on the
flame velocity is decaying. However, wrinkling of the flame by the turbulence will maintain the
global stretch rate to a value of ~1250 1/s. In the context of turbulent flamelet regime, the turbulent
flame front propagates with a rate equals to S b . In order to approximate the velocity of the
turbulent flame front of the base fuels, the values of S u 0 and σ are substituted in the relation S b /S u 0σ
at a stretch rate of 1250 1/s. The velocity of the turbulent flame front resulted to be 2 m/s for natural
gas and 1.6 m/s for gasoline. The velocity of the turbulent flame front is 23% faster for natural gas
than gasoline despite its lower laminar burning velocity, owning to the value of Markstein length.
The conceptual analysis reflects the mechanism of an increase in burning rate with DF ratio in lean
burn conditions.
As it has been already discussed, the effect of Markstein length dominates the flame
propagation at lean burn conditions. In an effort to correlate the burning rate of the different DFs
with their associate values of Markstein length, an extensive analysis has been performed at Φ = 0.8
and three different engine loads corresponding to a MAP = 0.44, 0.52, and 0.61 bar. The values of
Markstein length for the different DFs as reported in the fundamental study [30] at an absolute
pressure of 5 bar have been used. The peak engine load was selected to give near 5 bar absolute
pressure at the point of spark in order to be as consisted as possible to the test pressure in the
fundamental study conducted by the same research group [30]. Experiments at a medium load were
also performed to reveal the trend in the response of flame behaviour with an increase of in-cylinder
pressure manifested by a gradual increase in engine load. For a low to high engine load, the average
absolute pressure at the point of spark corresponds to 4, 4.4, and 5.1 bar. The peak in-cylinder
pressures derived with pure natural gas fuelling and corresponds to 10.5, 13, 18.7 bar. All
experiments performed at an engine speed of 2000 RPM. The results are illustrated in Figure 8. At
each MAP, the data are correlated with a suitable polynomial fit.

Figure 8 : Correlation of burning rate with Markstein length of engine load sweep.

There is a strong linear correlation of the 5% MFB location and the associate value of L b of
each fuel at all tested loads. The phenomenon implies that the stretch sensitivity of the DFs is
conserved from constant volume to the engine combustion and the burning rate in the flame
establishment regime is governed by the value of L b . The studies of Brequigny et al. [14,33] under
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similar test conditions, reported the linear correlation of the 5% MFB with the value of Lewis number
(ratio of mass to heat diffusivity) of the fuel-air mixture. The Markstein length is mainly depended
on the Lewis number of the mixture implying that the phenomena experienced in the current study
are consisted with the findings of Brequigny et al. [14,33]. Evaluated at a MAP = 0.61 bar, with a 0.2
mm decrease in L b the burning rate is increased by 5 %. The linear increase in burning rate with DF
ratio as experienced in the flame establishment regime is preserved in the initial as well as in the
developed flame regime for all test loads.
At stoichiometry (Φ = 1), DF50 and DF75 resulted to have faster burning rates compared to the
base fuels (Figure 6). Natural gas is faster than DF25 and to larger extent gasoline. As already
commended in the previous section, the fastest flame evolution of DF50 exists from the very initial
stages of the flame establishment regime where the flame propagates with a near laminar velocity as
turbulent eddies are yet able to considerably affect the flame front. Experimental findings of the DFs
being faster than the base fuels at Φ = 1 have been also observed from the current research group in
a constant volume environment under laminar conditions [30]. That was attributed to a best balance
between the two fundamental combustion parameters S u 0 and L b that allowed for a faster flame
evolution compared to the rest of the fuels. It is therefore concluded that in the current experimental
conditions, the faster burning rate of DF50 and DF75 compared to the base fuels at Φ = 1, is attributed
to the same mechanism.
At rich conditions (Φ = 1.25), with 25% increase in DF ratio the burning rate is decreased by
6% in the flame establishment regime (Figure 6). As it is clearly reported in the fundamental study
[30], in comparison to the lean conditions, as the AFR becomes richer the Markstein length of the
tested fuels are relatively converge to a single value, implying that S u 0 has a higher influence on the
combustion process. At Φ = 1.25 as DF ratio increases S u 0 is reduced [30]. In correlation with the
fundamental study, as DF ratio increases burning rate is reduced in the engine environment.
The average COV of flame radius in the range of 10 to 25 0CA after ignition has been defined
as the flame variability. The flame variability of all DFs at all tested AFRs is presented in Figure 9.
For the base fuels, and stoichiometric to lean mixtures, the CoV of the flame radius. within the flame
establishment regime has been reported by other relevant experimental studies to lie within the range
of 20 to 35% [14] [17] [44].

Figure 9 : Flame Variability – AFR Sweep.

Figure 10 : Flame variability of engine load sweep Φ=0.8.

Considering the flame variability at the lean mixtures (Φ = 0.8, 0.83), there is an overall
exponential decrease with DF ratio although gasoline at Φ = 0.8 deviates from the overall trend. In
contrast, at Φ = 1.25 there is a clear exponential increase in flame variability with the DF ratio. At
stoichiometric conditions, the flame variability remains relatively constant in comparison to the lean
and rich conditions, with DF50 resulting in the most stable flame. For all tested AFRs, there is a
tendency for the fuels having the fastest burning rates in the flame establishment regime, to give the
lowest flame variabilities.
The flame variability at all tested engine loads is presented in Figure 10 at Φ=0.8. An
exponential decrease in flame variability with the DF ratio is clearly illustrated. The response of flame
variability with the DF ratio supports the discussion in the previous section verifying the critical
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influence of L b on the combustion stability under lean burn conditions. The flame variability seems
to decrease with an increase in load for all DFs possible attributed to a reduction of L b with pressure.
While lean homogeneous operation in SI engines has previously demonstrated the ability to
reduce fuel consumption and pollutant emissions [45], the degree of lean burn is limited by
increasingly slow and unstable combustion. Following the discussions in the present study, the value
of L b is a dominant parameter for extending the capabilities of lean burn combustion both from a
flame stability and velocity prospective.
5.

CONCLUDING REMARKS

An experimental campaign has been undertaken in an optical SI engine to characterise and
comprehensively understand the mechanism of gasoline – natural gas Dual Fuel (DF) combustion,
and the importance of flame-stretch interactions under a sweep of engine load (MAP: 0.44, 0.51. 0.61
Bar), and equivalence ratio (Φ = 0.8, 0.83, 1, 1.25). Natural gas was added to gasoline in three
different energy ratios 25%, 50% and 75%. The fuels’ mass burning rate is inferred from their Mass
Fraction Burned (MFB) durations.
For lean burn combustion, in the flame establishment regime (0-5% MFB), at Φ = 0.8, with
25% increase in DF ratio (natural gas is added to gasoline), the burning rate is increased by 8%. The
effect of L b is dominating the combustion process under lean burn conditions. With a 0.2 mm decrease
in L b the burning rate is increased by 5% in the flame establishment regime. The effect of L b is
preserved and dominates the combustion process in the initial (0-10% MFB) as well as in the
developed (10-90% MFB) flame regime.
For lean mixtures, the flame variability decreases exponentially with the increase of DF ratio.
The response indicates a critical influence of L b on the combustion stability. The value of L b is a
dominant parameter for extending the capabilities of lean burn combustion both from a flame stability
and velocity prospective.
For stoichiometric combustion, in comparison to the base fuels, DF50 and DF75 exhibit a faster
burning rate in the flame establishment regime attributed to a best balance between the two
fundamental combustion parameters S u 0 and L b that allowed for a faster burning rate to be attained.
The phenomena are still preserved in the development and developed flame regime.
For fuel rich combustion, contrary to the lean mixtures, at Φ = 1.25 with 25% increase in DF
ratio the burning rate is decreased by 6%, 5% and 9% in the establishment, development and
developed flame regimes respectively. In comparison to the lean mixtures, the L b of the test fuels are
relatively converging to a single value, implying that S u 0 has a critical influence on the combustion
process.
For evaluating the fuel’s performance for engine use, especially for lean burn combustion, S u 0
is not sufficient. The value of L b has to be primarily considered.
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ABSTRACT
Hydrogen storage is a key factor for moving from the “oil” to the “hydrogen economy”. Metal
Hydrides and Compressed Hydrogen Storage are the two of the most important methods of storing
hydrogen. Metal hydrides have low gravimetric but high volumetric hydrogen density even at low
pressures. Compressed Hydrogen Gas (CHG, P>300bar) has both high gravimetric and volumetric
hydrogen density. Both methods can be used for different mobile or stationary applications. Low
temperature (0 to 100°C) metal hydrides are particularly useful because they require reasonable
operating temperatures which could be easily supplied for example, by cool ground water (1020°C) and hot solar water (50-90°C). In addition, one could easily tailor metal hydride properties
(pressure plateau) to store hydrogen from low H2 pressures (0.1-10bar) to high H2 pressures
(>10bar). AB2 [(Ti,Zr)(Ni,Cr,Co,Mn,Fe,V)2] and AB5 [(La,Ce)Ni5] type of materials are the most
commonly used metal hydrides.
In the present study, a method has been developed of compressing hydrogen gas from
pressures <10bar (RES Electrolysis) to >200bar. The method comprises of six-stage system of
water-jacketed pipes containing different pressure plateau metal hydrides (from low to high
pressures). Each stage is cooled or heated alternatively, by using cold (ground water) or hot water
(solar heater). By cooling, metal hydrides absorb hydrogen in the solid phase whereas by heating
metal hydrides desorb hydrogen gas at higher pressures. Unlike conventional compressors, a Metal
Hydride Compressor (MHC) has been developed capable of compressing H2 gas from <10bar to
>200bar, with no moving parts, without electricity and by using only cool and hot water. The
presentation will deal with the results of Absorption/Desorption characteristics of the Metal
Hydrides and the design, construction and operation of the MHC together with future prospects of
achieving pressures of >300bar.
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1

INTRODUCTION

The continuous energy growth and need of an alternative to the conventional fossil fuels made
emerge hydrogen as the most promising energy carrier [1,2]. In the last years, many storage
techniques have been experimented, however, the compression of gaseous hydrogen in
conventional high-pressure tanks of 200-300bar, is still the most common and mature way to store
and carry it also in the new automotive applications [3,4]. One of the main problems relative to the
storage of hydrogen at high pressures is in the phase of gas compression. The hydrogen
compression is mostly performed via mechanical compressors with pistons or diaphragms
electrically driven, requiring a high energy supply, risks of contamination and constant maintenance
[5]. The problems of mechanical compressors are avoided with the use of the newer metal hydride
compressors that bring on the table also further advantages, like the smaller sizes, lower costs of
production, operation and maintenance, absence of easily damageable moving parts and the
possibility to supply high purity hydrogen [5–7]. Hydrogen compression with metal hydrides does
not require any mechanical energy but only heat transfer. In particularly in countries with high solar
irradiance, the heat necessary for the functioning of the metal hydrides compressors can be obtained
directly from the sun, contributing at the reduction of greenhouse gas emission. Further economical
and logistic advantages could be achieved if the compressor is coupled with the waste heat of solarthermal hydrogen production facilities, such as plants for solar reforming of natural gas, or the more
eco-friendly water solar thermolysis, thermochemical cycles and high temperature electrolysis [8–
11]. As deeply explained in several publications [12–15], heat supplied or subtracted is the driving
force that lead the metal alloy, core of the metal hydride compressors, to react and reversibly
absorb/desorb hydrogen. When the metal alloy (M) is exposed to hydrogen, the corresponding
metal hydride (MHx) is formed in an exothermic reaction that is possible to be expressed as:
M + (x/2)H2 ↔ MHx + ΔΗ

where ΔΗ is the enthalpy of the reaction

(1),

For low concentrations, hydrogen dissolves in the metal lattice as a solid solution phase (αphase), with a random distribution depending from the hosting metal. The concentration of
hydrogen increases with the increase of the external pressure. When the interactions among the
hydrogen atoms became not further negligible it takes place the nucleation of a new phase (βphase), with high hydrogen concentration and, in most of the cases, the volume expansion of the
metal lattice of about 10-25% [16]. In this intermediate situation there is coexistence of the two
solid phases (α and β), with low and high hydrogen concentrations. Increasing the hydrogen
concentration, the lattice goes to full saturation and the system shows a pressure plateau, this
behaviour proceeds until only the high concentration phase remains. A further addition of hydrogen
at the system does not involve metal absorption, H2 remains in the gas phase and the pressure
increases asymptotically. The amount of hydrogen absorbed during coexistence of the α and β
phases is considered to be the hydrogen capacity of the material at the equilibrium. It is expressed
by the reaction (1) and graphically described by the plateau width in a PCT absorption curve
[14,17]. The plateau pressure P in a certain temperature T, of the system at the equilibrium, can be
easily calculated with the van’t Hoff equation (2):

, where P is in atm

(2)

where, ΔH and ΔS are respectively the variation of enthalpy and entropy of the absorption reaction,
and R is the ideal gas constant.
According to equation (2), the pressure increases exponentially with increasing temperature,
and large pressure values can be obtained by moderate temperature changes. The metal hydride
based hydrogen compressor can be tailored to cover a wide range of operating pressures and
pressure ratios by selecting suitable alloys. To have a high outlet pressure, more hydride units can
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be serial connected, each unit with a different alloy and successive higher operating pressure. The
most important properties of an alloy suitable for hydrogen compression are good hydrogen
absorption - desorption rate, smaller process enthalpy, fast reaction kinetics, great structural
stability during the cycles. For compression, metal hydrides with large pressure to temperature
gradients are desired, especially in the range of low temperatures.
More specifically, the MH compressor is a compressor that works by absorbing hydrogen at
low pressure (<10bar) and temperature (≤20°C) and desorbing it at a higher pressure by raising the
temperature (≥80°C) with an external heat source. Metal hydrides are special alloys which can
physically store hydrogen in their “spongy” matrices (crystal interstitials). This operating principle
is based on the equilibrium pressure as a function of temperature and hydrogen content of the
hydride – offers an innovative economic alternative to traditional mechanical hydrogen compressors
apart from the technical application for hydrogen storage in solid material. Figure 1 depicts the
basic principle:

Figure 1: Metal hydrides basic principle
By employing successively higher pressure hydride alloys in stages in series, high pressure
ratios can be generated. For example, using 80˚C hot water as the energy source, a multi-stage
hydride compressor could compress a 10bar inlet pressure to a resulting pressure of over 300bar
(Figure 2).

Figure 2: Metal Hydride Compressor (MHC) with the different stages
2

EXPERIMENTAL WORK

The following experimental work has been done in order to gather all PCT curves and other
important information for metal hydrides that could be used in every stage of the MHC.
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2.1

Alloy Preparation

Metal hydride alloy samples were prepared by weighting (within 0.1mg) and arc-melting the
constituent pure (>99wt%) elements in buttons of 3g. Large scale (kg) alloys were produced by arcmelting inside industrial furnaces. The chemical composition of the metal hydride alloys are shown
in Table 1. The first stage alloy is an AB5-type of alloy with hexagonal crystal structure, whereas
the second to seven stage alloys are based on the cubic AB2-type of structures.

MH code name

MH Composition

MH type

Alloy#1
Alloy#2
Alloy#3
Alloy#4
Alloy#5
Alloy#6
Alloy#7

La0.7Ce0.3Ni5
Ti0.9Zr0.1Cr0.9Mn1.0Fe0.0V0.1
Ti0.95Zr0.05Cr1.2Mn0.6Co0.2
Ti0.8Zr0.2Cr0.95Fe0.95V0.1
Ti0.8Zr0.20Cr0.95Fe1.0V0.05
Ti0.85Zr0.15Cr0.95Fe0.95V0.1
Ti0.95Zr0.05Cr0.95Fe0.95V0.1

ΑΒ5
ΑΒ2
ΑΒ2
ΑΒ2
ΑΒ2
ΑΒ2
ΑΒ2

Table 1: Chemical Composition of metal hydrides alloys prepared for the MHC
2.2

Pressure Composition Temperature (PCT) Analysis

Each metal hydride alloy was finely crushed in a mortar, sieved through <45μm and kept in a
glass vial under argon gas atmosphere. Each alloy powder (about 1g) was examined in a PCT
apparatus from -77°C to 80°C (dry-ice/acetone or glycol/water bath) at the hydrogen pressure range
of 0 to 220bar.
Before starting each experiment, the alloy powders were activated under vacuum at 90°C and
then under 200bar hydrogen pressure at a temperature of 10°C.

3

EXPERIMENTAL RESULTS AND DISCUSION

The PCT curves for each metal hydride are shown in Figures 3-9. According to the pressure
plateau of the PCT curves, each alloy was chosen to be used for the 1st stage (Alloy#1, low
pressure) to the 6th stage (Alloy#6, high pressure). The PCT of the Alloy#7 shows that it is a very
good candidate to serve as the 7th stage alloy to further compress hydrogen from 200bar to >300bar.
The MHC was constructed and set-up as shown in Figure 10. Each stage consists of a
stainless steel tube with outside diameter of 60.33mm and a thickness of 8.74mm in order to
withstand operation pressures of 300bar, at temperature of <100°C. Each tube was enclosed in a
stainless steel jacket, serving as a heat-exchanger carrying hot/cold water. The operational results of
the 6-stage MHC are shown in Figure 11. By cooling stages 1,3,5 and simultaneously heating stages
2,4,6, and subsequent switching from cold to hot and hot to cold water, a pressure develops in each
stage which is shown in Figure 11.. Eventually, a pressure of more than 200bar develops in the 6 th
stage The MHC was able to compress hydrogen from 7bar to 200bar at a rate of 2.5Nm3H2/h.
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Figure 3: PCT curves for Alloy#1(La0.7Ce0.3)Ni5 (10, 20 and 80oC)
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Figure 4: PCT curves for Alloy#2(Ti0.9Zr0.1Cr0.9Mn1.0V0.1) (10, 20 and 80oC)
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Figure 5: PCT curves for Alloy#3(Ti0.95Zr0.05Cr1.2Mn0.6Co0.2) (10, 20 and 80oC)
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Figure 6: PCT curves for Alloy#4(Ti0.8Zr0.2Cr0.95Fe0.95V0.1) (0, 10 and 20oC)
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Figure 7: PCT curves for Alloy#5(Ti0.8Zr0.20Cr0.95Fe1.0V0.05) (10, 20 and 80oC)
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Figure 8: PCT curves for Alloy#6(Ti0.85Zr0.15Cr0.95Fe0.95V0.1) (10, 20 and 80oC)
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Figure 9: PCT curves for Alloy#7(Ti0.95Zr0.05Cr0.95Fe0.95V0.1) (0, 10 and 20oC)

Figure 10: The 6-stage Metal Hydride Compressor (MHC) prototype
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Figure 11: Operational results – Variation of H2 pressure in each stage with temperature
change from 10°C to 80°C
4

CONCLUSIONS

A 6-stage Metal Hydride Compressor (MHC) was successfully designed and constructed
capable of operating between 10°C and 80°C and pressurising hydrogen from 7bar to 200bar,
without the use of electricity.
The MHC was found to be able to compress hydrogen at a rate of 2.5Nm3H2/h.
The chemical compositions of six alloys used for the present MHC were, La0.7Ce0.3Ni5,
Ti0.9Zr0.1Cr0.9Mn1.0V0.1, Ti0.95Zr0.05Cr1.2Mn0.6Co0.2, Ti0.8Zr0.2Cr0.95Fe0.95V0.1, Ti0.8Zr0.20Cr0.95Fe1.0V0.05
and Ti0.85Zr0.15Cr0.95Fe0.95V0.1.
A seventh alloy with a chemical composition of Ti0.95Zr0.05Cr0.95Fe0.95V0.1 is found to be
potentially suitable to be used for the 7th stage of the MHC to further compress hydrogen from 200
to >300bar.
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ABSTRACT
A key component in the molten carbonate fuel cell (MCFC) is electrolyte matrix, which
provides both ionic conduction and gas sealing. During the starting-up and operating of MCFC
stacks at 650C, the matrix can experience mechanical stresses that can cause cracking. The aim of
this work is to investigate the effects of adding fibers in the matrix slurry to enhance the mechanical
strength. In this paper, we employed fibers as reinforcement materials to increase the mechanical
strength of the  -LiAlO2 matrix.
1

INTRODUCTION

An amount of unstable renewable energy sources in the power market constantly increases
itself. To balance the power grid there is necessary apply energy storage solutions [1], [2], [3], or
fast response power plants as Mostowy et al. [4] presented a comparative analysis of two Brayton–
Brayton and Brayton-Diesel with a simple cycle of a gas turbine as a benchmark. Compared to the
simple cycle, the Brayton– Brayton cycle has greater power and the Brayton-Diesel less. In terms of
efficiency both systems outperformed the simple cycle, with the Brayton-Diesel system achieving
slightly better results than the Brayton-Brayton. Carlucci et al. [5] provided a detailed study in order
to evaluate the performance of a micro combined heat and power (CHP) system, based on an
internal combustion engine (ICE) fed with natural gas as the prime mover. I n particular, several
operating modes of the micro combined heat and power system are proposed to satisfy the electric
load demand deriving from civil users. The results, compared with the performance of the
conventional systems, have highlighted a maximum natural gas savings up to 22% with consequent
reduction of carbon dioxide emissions.
On the other hand there is increased focus on different ways of energy storage. One of the
solution here can be a generation of hydrogen that becomes of the main research topics due to i.e.
potential of energy storage in a form of hydrogen which is generated electrolysis [6], [7], [8], [9],
[10], [11]. Because SOFCs can be also two-way systems, called Reversible SOFC (RSOFC) some
analysis of applications as electrolysers were performed. In [12] the dynamic process of mode
switching in RSOFC was presented, proving that fuel cells can work both as fuel utilization and fuel
production units. A complex model of solid oxide electrolyzer cell was presented in [13].
Stored hydrogen should be utilized in the most efficient way to make this kind of energy
storage competitive to the batteries. The best solution here are fuel cells, but also they are quite
expensive. Lowering costs of fuel cell means eliminating of noble metals as catalysts and replace
them as cheaper metals, e.g. nickel, but this also requires rise of operational temperature. This bring
us to the high temperature fuel cell: Solid Oxide Fuel Cells and Molten Carbonate Fuel Cells.
Recently some new investigations concerning Solid Oxide Fuel Cells (SOFC) and Molten
Carbonate Fuel Cells (MCFC) were performed. There are some thermodynamic assessments that
include economic rating of repowering a thermal power plant with SOFC and MCFC, increasing
efficiency of plant and reducing CO2 production [14], [15]. Evaluation of recirculation of anode
exhaust gas was presented in [16]. Models with internal fuel reforming for hybrid energy cycles and
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for power generations, showing maximum error around 5% was presented in [17]. Pianko-Oprych
et. al. [18] simulates operation of setup with 2-stage SOFC stacks with preheaters and reformers,
all followed by after burner for maximizing efficiency of the system. Modelling results for the
validation were compared with a set of experimental data, showing maximum error of 5.2% for
steady-state. Temperature distribution and it's impact on fuel cell were investigated in [19] where
heating-up of the system was optimised by integrating different locations of electrical heaters
around SOFC. Other possible modifications to SOFC are presented in [20], [21], [22], [23], where
especially effect of gas compositions were deeply investigated, possible modifications of geometric
dimensions relevant to steam to carbon ratio were listed and also methods and materials for
contaminants in exhaust gases removal for clean-up unit upstream of the fuel cell were reviewed. In
[24] new approach of thermal control is presented. A metal heat pipes were integrated with the
stack, allowing for reduction of temperature gradients and internal heat recycling. Other
investigations are focused on applications of SOFC with gas turbines. Optimisation of different
control strategies and applicability f the fuel cells in power-to-gas systems were presented in [25],
[26]. In [27], SOFC and gas turbine are also integrated with ammonia fuel cell in a solar-based
multigeneration system, allowing for combined production of electricity, hydrogen, and also hot
and cold water. Some investigations refer to materials and technology applied to production and
utilization in the fuel cells. For example, [28] presents interesting work about preparation of
materials for application as electrolytes in SOFCs both with their structural and electrical
characterization. The presented materials allows fuel cell for achieving higher efficiencies in lower
temperatures. Same effect was investigated by Wang et. al. [29] but with different materials.
Prepared materials were sandwiched between two nickel foams coted with semiconductor, forming
a fuel cell. The performance of produced cell was analyzed and results were presented. In [30]
review of applications of nanotechnology for decreasing working temperature of SOFC was
presented. In [31], [32] preparation of materials that might be used as parts of electrodes for fuel
cells are presented. Samples of materials are analyzed and their electrical properties and
conductivity are avaluated, suggesting possible application for cathodes in fuel cells. An overview
of technologies and materials for obtaining high-performance electrodes in fuel cells has been
presented by [33]. In the papers [34], [35], the Authors examined electrical and structural
properties in H+SOFC. [34] revealed that proton conductivity is predominant for for the
lanthanum orthoniobate doped by praseodymium. Danilov [35] report quantitative analyses of
proton and lattice dynamics by neutron-scattering data, which reveal the interaction of protons with
the crystal lattice and proton-phonon coupling.

Figure 1: Schematic diagram of Molten Carbonate Fuel Cell layout
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Thus, big scientific effort is made for SOFC currently, and we think that this experience
can
C
be also utilized to improve Molten Carbonate Fuel Cell by applying here a few solutions.u Fuel cells
operating at elevated temperatures are suitable for medium and large scale applications,r thus they
have good prospects for commercialization, we believe that Molten Carbonate Fuel Cellsr [36], [37],
[38], [39], [40], [41], [42] appear among the most promising in this respect. MCFC has aenumber of
advantages over other high temperature fuel cells:
n
t
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 high energy efficiency and high electromotive force
 nickel instead platinum as a catalyst
 electrolyte thickness of about 1 mm is much more easier to manufacture
 in CSS application [43], MCFC can be used as a CO2 separator due to its ability to
capture carbon dioxide from the cathode side.

Figure 2: Results of matrix bending tests by [44]
The MCFC layout is presented in Fig. 0. The powder– based matrix retains the molten
electrolyte by capillary forces. The matrix material needs to fullfill several requirements to be a
good support for molten carbonates, the most important being: chemical stability in lithium,
potassium, and sodium carbonates and no electric conductivity. The material which fulfills those
requirements is lithium alumina (LiAlO2). While LiAlO2 is still the favored matrix material for
MCFC, it present some problems which are difficult to solve such as: poor mechanical strength of
ceramic materials, and cracking in the LiAlO2 matrix for MCFC when cells are stacked and
operated at high temperatures. As a counter-measure, a relatively thick matrix of around 0.9 mm is
applied. A thick matrix results in a need for the same thickness of electrolyte, which increases the
ionic resistance of the electrolyte layer and lowers fuel cell performance.
Matrix made of LiAlO2 has tendency to cracking, which reduces the performance and
durability of the MCFC due to electrolyte loss and gas crossover [45], [46], [44], [47], [48] what
results in the performance decay due mainly to crack formation in the non-reinforced matrix. As a
result, the mechanical strength and durability of the pure matrix are insufficient for long-term
operation [48]. In this paper, we tested different types of fibers in order to reduce the brittleness of
the matrix during the start-up and operation of the MCFC. It was found that using alumina short
fibers reduces the growth of LiAlO 2 grains and eliminates matrix cracking [45], [44]. In this paper
the extension of this idea to other types and forms of fibers will be explored.
According to the results presented in [44], alfa-LiAlO2 is stable under MCFC operation
conditions and the addition of long  -Al 2 O 3 fibers is effective for improving the mechanical
strength of matrix and that long alfa-Al2O3 fibers suppress the matrix cracking at the initial heat-up
stage caused by thermal stress because the matrix with long alfa-Al2O3 fibers was not broken
during bum-out. The cell performance with stabilized matrix was stable for 7000 hours, with no
matrix degradation, such as the particle growth during cell operation and matrix cracking.
The rod-shaped particle reinforced matrixes prepared by tape-casting of the slurry with the
average pore size of 0.12  m and the porosity of 54% after being heat– treated at 650 o C for 2 h. It
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was found that the flexural strength (197 g f /mm 2 ) of the reinforced matrix could be enhanced
more than twice as much as that of the non-reinforced (91 g f /mm 2 ) [49].

Figure 3: Flexural strength variation of gamma-LiAlO2 specimens with Al vol.%
reinforcement [46]

Figure 4: Flexural strength variation of gamma-LiAlO2 specimens with heat-treatment [46]
Aluminum has been examined as an economical and viable reinforcement for MCFC
electrolyte matrices in [46]. The main mechanism of Al-reinforcement is found to be melting and
phase transformation of the Al phase. The mechanical strength of an Al (5 vol.%) particlereinforced MCFC matrix is increased by nearly three times in comparison with that of alphaLiAlO 2 matrix by the addition of Al and Li 2 CO 3 particles. The mismatch of the thermal
expansion coefficients of the matrix and electrolyte phases can be controlled by adding Al particles.
This results in an improvement in the thermal stability of the MCFC matrices in molten carbonate
during the initial heating step. The performance of unit cells using an Al-reinforced gamma-LiAlO 2
matrix is superior to that of unit cells with non-reinforced standard matrices.
In [48] is concluded that the Al (3 micron, 30 wt%)-reinforced matrix exhibited only a slight
degree of crack formation in the electrochemical reaction area and wet-seal area. Consequently, the
addition of Al can improve the mechanical strength of the LiAlO 2 matrix.
Apart from fibers, there are also a possibility to reinforce MCFC matrix by particles like
aluminum that react in melted electrolytes containing lithium can be attributed to the significant
formation of LiAlO 2 phases [50]. These changes indicate that the aluminum particles can be
corroded, and the particles can consume Li-ions from lithium-containing molten carbonate at
650 o C under cathode gas atmospheres. The LiOH with its low melting temperature demonstrated
gradually increasing matrix strength via in-situ formation of LiAlO 2 phase and a tendency to
improve the stability of the operation of a single cell over 4,060 h.
Alumina fibers were added to improve the mechanical strength of the matrices were used in
[45] but there is no data according their influence presented in the paper.
Thus, the improving of the performance and durability of the MCFC may contribute to the
increased implementation of the fuel cell in practical applications. Short fibers were added to the
slurry and the green tape was obtained by the tape casting method. The physico– chemical
characterization of the materials was carried out by a number of methods including structural
analysis, conductivity measurement, microanalysis, and microstructure observation.
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The main objective is to develop method for fabrication of the matrix of MCFC, which will
be resistant to brittle cracking. Since, matrix material has to be electrically non-conductive, resistant
to corrosion in electrolyte and thermally stable for the long time at temperature at least 650 o C, the
group of materials to be applied is very limited. The most common solution incorporates LiAlO 2
fine powder material with porosity higher than 50%. This material is brittle and very often cracks
during MCFC stack assembly or operation. In order to improve ability of matrix material to deform
ceramic oxides fibers was applied.
In fact, in ?, the mechanical strength of the Al (3 micron, 30 wt%)-reinforced matrix was
evaluated by using a three-point bending strength test. In our investigation we used the same
method.
2

A THREE-POINT BENDING STRENGTH TEST

The three-point bending flexural test provides values for the modulus of elasticity in
bending E f , flexural stress  f , flexural strain  f and the flexural stress– strain response of the
material. The main advantage of a three-point flexural test is the ease of the specimen preparation
and testing. However, this method has also some disadvantages: the results of the testing method
are sensitive to specimen and loading geometry and strain rate.

Figure 5: Comparison of matrices before
burning out: reference - at the top, reinforced
with fibers - at the bottom

Figure 6: Stand for three-point bending
strength test

The test method for conducting the test usually involves a specified test fixture on a
universal testing machine. Details of the test preparation, conditioning, and conduct affect the test
results. The sample is placed on two supporting pins a set distance apart.
We have used matrix tape prepared by tape casting process, then impregnated by electrolyte
in a furnace to simulate the fuel cell environment. The samples then were cooled down to room
temperature for preparation of the three– point bending strength tests. The cross section of the
samples had rectangular shape, thus the flexural stress is expressed by the following relationship:

f =

3FL
2bd 2

(1)

f =

6Dd
L2

(2)

and flexural strain:
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and fexural modulus:

Ef =

L3 m
4bd 3

(3)

where:  f — stress in outer fibers at midpoint, MPa;  f — strain in the outer surface,
mm/mm; E f — flexural Modulus of elasticity, MPa; F — load at a given point on the load
deflection curve, N; L— support span, mm; b— width of test beam, mm; d — depth or thickness of
tested beam, mm; D — maximum deflection of the center of the beam, mm; m — the gradient (i.e.,
slope) of the initial straight– line portion of the load deflection curve, F/D , N/mm.
3

MECHANICAL STRENGTH OF FIBERS REINFORCED MATRICES OF
MOLTEN CARBONATE FUEL CELL

The both matrices, before burning out, are presented in Fig. 4. The surface of the reinforced
matrix is slightly curled - fibers are visible on it.
Prior to the mechanical strength tests, the matrixes were conditioned in a furnace, heated up
to 650 o C with a short stop at 350 o C for polymeric binders oxidation. This thermal treatment was
necessary to eliminate the influence of any additional components placed in the matrices during
their manufacturing. Unfortunately, the tests were conducted with matrices which are not
impregnated by liquid electrolyte. Lack of electrolyte may cause the strength of the sample to be
lower due to the fact that liquid electrolyte solidifies itself around 450 o C, thus at room temperature
would probably act as a glue for the matrix particles.
A laboratory stand for three-point bending strength test was shown in Fig. 5. The location of
the matrix is marked with an arrow. The sample supported in two places was located on a laboratory
scale. A force has been applied between the supported places. This force resulted from the
deflection (set in a very precise manner) and the resistance of the sample for this deflection.

Figure 7: The results of testing mechanical strength of the reference matrix and the matrix
reinforced by ceramic fibers
We did two tests of the mechanical strength of the MCFC matrices. The first one is for a
matrix created by pure powder (indicated as ref1), and the second is the matrix reinforced by
ceramic fibers (indicated as fib1). The results of the tests are shown in Fig. 6. We can observe that
the addition of fibers increases both the strength and the flexibility of the matrix. The reference
matrix was broken at about 2.3 MPa, whereas the reinforced matrix resisted even 3.5 MPa and then
started to be stretched by 0.12% of its initial length.
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4

CONCLUSIONS

The reinforcing of MCFC matrices seems very promising way to improve theirs
strength.Other advantage of the use of the fibers is making the matrix stronger (and more flexible)
in the places where the matrix is not supported by the anode layer (see Fig. 0 for details).
It should be noted that the matrices were tested at room temperature and without electrolyte
impregnation, what can influence the strength of them during real fuel cell operation at 650 o C. We
are planning to prepare additional test in real working conditions, but it could quite difficult to
judge the real behavior of the matrix during cell operation. To test the strength we think about to
make a pressure difference between anode and cathode sides, but there is a risk that this pushes the
liquid electrolyte out of the matrix instead of break it. On the other hand, a broken matrix should
keep the liquid electrolyte in less efficient way than consistent matrix. It means, that the rise with
matrix strength can be visible indirectly during fuel cell operation.
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ABSTRACT
Smartbay is Ireland’s national marine test and demonstration facility for the development of
innovative products and services for the global maritime sector. Being one of the three test facilities
for ocean energy at various Technical Readiness Levels in Ireland, Smartbay is part of the Irish
commitment to support the development of the marine renewable energy (MRE) not only in Ireland
but globally.
The main purpose of all the facilities at the test site is to allow adequately scaled devices to
gain sea experience in less challenging conditions than those experienced at full-scale Atlantic
Ocean test sites. However, test sites can have an additional and important role, one that could be a
contributor to a more efficient use of the facilities and funds: they can act as attractors of public or
private investment that, together with the facilities, could make up a pool of resources to be used in
the test and validation of devices.
This “pooled” model is, in a way, being tested in a challenging but promising Interreg project,
FORESEA - Funding Ocean Renewable Energy through Strategic European Action; Transnational
Access provided by projects such as JERICO NEXT (Joint European Research Infrastructure
network for Coastal Observatory ‐ Novel European eXpertise for coastal observaTories) or
MARINET 2 (Marine Renewables Infrastructure Network for Emerging Energy Technologies), are
other examples. Work is also underway through the H2020 funded MARINA (Marine Knowledge
Sharing Platform for Federating Responsible Research and Innovation Communities) project to
explore how the application of the Responsible Research in Innovation principles can assist in
progressing ocean energy and innovative marine projects in achieving sustainable solutions.
This paper presents the above ideas in more detail and gives a preliminary measure of their
expected outcomes, from which conclusions are drawn on the importance of the different functions
of ocean energy test sites such as Smartbay, and their role in the future of MRE.
1

INTRODUCTION

Marine test sites are special areas of the marine spatial domain that are set up to allow the
execution of technology trials on experimental, demonstration or validation scenarios. These areas
are carefully selected due to their physical or environmental characteristics that makes them suitable
for purpose and are usually subject to a consenting process that will allow certain types of activities
to be carried out, while forbidding others. The consenting process varies from country to country,
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but it usually encompasses addressing environmental and eventually archaeological concerns, the
local community, impact on regional and national economic activities such as tourism, fisheries,
aquaculture, leisure, among other factors on a case by case basis.
The technology tested at test sites can be varied, from ocean or meteo sensing devices to fullscale ocean energy conversion (OEC) devices, including sub-components such a Power Take Off
(PTO) systems, cables, connectors, and many others. The purpose is to have the technology tested
and validated in a relevant environment, before investing more effort and resources in further
development or in commercial applications of the technology.
The degree of development of any technology is usually expressed in the well-known
Technology Readiness Levels (TRL; see, for instance, [1]). In the case of the Smartbay Test Site
(see description in the next section), the TRLs targeted for the test site are TRL4 to TRL6. This
means that technologies should be already at TRL4 when they come to Smartbay for testing and
progressing up to TRL6. TRL7 (System prototype demonstration in operational environment) can
only be done partially at Smartbay for OEC devices, the main reason being that the site is not
connected to the country’s electrical grid network. However, other technologies, such as novel
instruments for ocean observation, can be tested at Smartbay up to TRL9.
As can be seen from the above, there is a wide range of marine technologies that can,
potentially, be trialled in a test site; this fact makes them a very interesting infrastructure to hold and
maintain, because the potential revenue generated by a test site can be substantial. Of course,
maintaining a site involves many fixed and variable expenses, as well, on top of the capital cost of
setting up the infrastructure. Whether the net outcome of the site is positive or negative depends on
the ability of the site to attract users. For the moment we will not focus on whether the user is a
paying user or not, this will be addressed later in this paper: the main point is that the site (the
infrastructure) must have users, otherwise it will be unsustainable (unless there is some mechanism
to inject the funds necessary to keep it open regardless of activity levels).
The issue of attracting users to a marine test site and the underlying funding mechanisms that
allow the site to operate in a sustainable manner is influenced by many internal and external factors.
Internally, factors like quality of the infrastructure, response time of the local supply chain, facilities
to acquire, process and transmit data (environmental, device or sensor performance), facilities to
receive user teams, work vessels availability, proximity to harbours and support on the shore,
flexibility to adapt to ever changing schedules, environmental conditions and suitability of the site
for the testing requirements, are among those most important. Among the external factors that are
decisive to marine test sites are the maturity of the market, sector or sub-sector in the case of highend technologies (ocean sensing instrumentation, marine renewable energy, components, services,
processes, software,…), enterprise quality culture (proactive versus reactive problem solving; for
instance, are the marine sensing companies sensitive to testing and validating their products in test
sites before going to market, when compared to a user feedback type of approach to solving issues
in the products), availability of funds, strategic options at regional or national level (important in the
marine renewable energy sector), market and economy fluctuations.
In this paper, we focus on the marine renewable energy (MRE) sector and the crucial role that
test sites can have in facilitating testing of devices or components. One effective way of attracting
users in this sector is by providing free access to test sites. Test sites usually have an access rate
(daily or monthly) that will cover costs based on expected occupancy. The provision of free access
means that this rate is not charged to the user, because the test sites have their costs covered by
some other funding source. In this sense, the attractor of funds is the testing facility, and this is an
interesting realization. It means that private and (mostly) public investors see some benefit in
funding not the developer, but the testing facility. Some possible reasons for this, along with an
example of this scheme in practice, will be analysed in the following sections using the Smartbay
Test Site as an example.
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2

THE SMARTBAY TEST SITE
The following subsections present the facilities available at the Smartbay Test Site.

2.1

In and above water

Smartbay is Ireland’s national marine test and demonstration facility for the development of
innovative products and services for the global maritime sector. It is located 4.5km east of Spiddal
in County Galway approximately 1.5km offshore and in water depths of c. 25m. The test site allows
smaller scale devices, or those at an earlier stage in their development, to gain sea experience in less
challenging conditions than those experienced at full-scale Atlantic Ocean test sites. It also allows
the testing, validation and demonstration of oceanographic instrumentation and new marine sensors
or materials.
Facilities and supports include a fully licenced test site for ocean energy devices and marine
sensors, a site located 1.5km offshore with water depths ranging from 20m – 25m, fully
characterised wave climate, comprehensive time-series of weather, wave and current data for the
site, ICT team for data acquisition and transmission support, proximity to ports and associated
facilities, operational team providing end-to-end marine support.
Platforms available also include data buoys. Mobilis DB8000 buoys are currently in use for
testing and validating a range of novel sensors and to efficiently gather metocean time series data at
the ocean surface. The buoys can host a variety of communications protocols to shore including;
GPRS, Satellite, VHF, Wimax, GSM, 3G and Wi-Fi. These services allow simple high-speed
backhaul connectivity for devices located in, or near the test site.
The buoys 3G and HSPA+ communications include download speeds up to 21Mbps, and
uploads speeds up to 5.76Mbps, taking advantage of nearby next generation mobile sites.
Buoys can have single, bridle, or multipoint moorings through the hull compartment
facilitating diverse and easily adaptable deployment solutions depending on user specific
requirements. The data buoys allow for the trial and validation of a variety of sensors. Mobilis
DB8000 buoys can power multiple sensors and the capability to generate autonomous power
including Solar PV and Wind Power harvesting.

Figure 1 – Schematic of the test site in Galway Bay
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2.2

Underwater

In addition to the facilities at the surface, the site contains in its area a subsea cabled
observatory. The Observatory includes a fibre optic data and 400v DC power cable, high speed
communications via 4 pairs of optical fibres, a cabled sensor platform which hosts a variety of
sensors and equipment which can be tested and demonstrated in near real-time. The observatory
hosts 23 science ports, of which 4 are optical, 18 electrical (Serial or Ethernet – 10 ports dedicated
to the test and demonstration of new and novel equipment), 1 coaxial port supporting a high
definition camera.
The cabled observatory hosts the following sensors on a permanent basis: CTD (Conductivity,
Temperature and Depth), Dissolved Oxygen, Combined Turbidity and Fluorescence sensor,
Acoustic Doppler Current Profiler, High frequency hydrophone, Acoustic fish tag detector.
Either the electrical or the optical ports can be used to power MRE devices in the water
column or at the surface. Some configurations have been designed and sourced for the latter option.

Figure 2 – View of the deployment of the cabled underwater observatory in Galway Bay
3

TYPICAL MRE PROJECTS IN TEST SITES

Specifically in the MRE sector, developers use marine test sites to progress in the TRL scale.
Early developments in harnessing and converting MRE into electricity made very clear that it is
very costly to take shortcuts in the development process, with many cases of technologies being
abandoned after catastrophic failures at sea, others after long-running and costly fine-tuning
processes that were unsuccessful. The harshness of the ocean environment makes it very hard to
find the right balance between sturdiness, resistance, flexibility, and sensitivity needed to maximize
energy extraction while guaranteeing survivability in extreme events. This is particularly true for
wave energy converters; tidal energy converters and floating wind are currently a bit more advanced
perhaps due to less demanding operational environments when compared to surface waves.
In the Smartbay Test Site case, MRE and floating wind developers are looking for testing
their devices at intermediate scales; this is done after tank testing and just before a full-scale test in
a relevant environment. At intermediate scales, the typical tests can vary a bit. Some developers are
interested in testing the platform, without any Power Take Off (PTO). This will allow them to get
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information on the movement of the platform, or of the turbine, and thus maximize the energy that
can potentially be extracted. They can also get valuable information on the mooring system, on the
gravity base foundation (if applicable), or on operational data such as the feasibility of the
deployment/recovery process and spot any operational bottlenecks that can be addressed in an
improved deployment plan.
Other developers are interested in testing a fully operational, reduced scale model of their
device. This type of tests is designed at gathering an improved power matrix for the device that can
be extrapolated to full-scale, assess the performance of the system in conditions similar to full-scale
(with the device properly reduced to scale using similitude analysis), and also learn as much as
possible from the moorings, the anchoring system, from operations (deployment, recovery and
routine technical inspections).
In some situations, the MRE device is small by design and targets low energy production
levels. This type of devices is referred to as stand-alone MRE devices and they can power
equipment that is not too power hungry, such as pumps in aquaculture cages, or scientific
instruments in moored buoys. These devices do not require a lot of resources and can be tested at
full-scale even in locations such as the Smartbay Test Site.
There are also cases where the tests are aimed at components of MRE devices, such as the
PTO itself, or a particular turbine, a blade, or a cabling system, a connector, or any other component
of the entire machine. These tests may require just as many resources as a reduced scale or fullscale device does. However, there are developers in the sector that have specialized in components
of MRE devices, making them agnostic of the platform, and thus need to have some validation and
demonstration done on their component(s) to gain acceptance from MRE machine developers.
Finally, there are other technologies that can be tested in marine sites. These are the set of
“soft” technologies, i.e., those dealing with processes, services, mooring design, performance
assessment, acoustic characterization of the device and of its interaction with the environment,
among others. Examples are, for instance, the design of an efficient deployment and recovery plan,
or the process of third-party device validation or verification prior to deployment and post-recovery,
or device performance certification. In some cases, these processes or services can use software that
must be validated against real data originating from a deployed device, which requires some sort of
collaboration between the service provider and a developer, in the testing phase.
As can be seen, even if working solely in the MRE industry sector, a test site can have many
roles and applications. In the case of the Smartbay Test Site, a common trait to all is the transversal
guarantee of uniformity of procedures in the test site, strict application of health and safety
regulations, flexibility with schedules, adaptability to different marine operations requirements. The
site is a significant piece of infrastructure, of data and of know-how that is available to developers;
when using the site, developers can focus on their technology and avail of the specialized support to
ease their testing plan. This is a feature of marine test sites that enables the developer to save
resources, both human and financial. For example, a wave energy conversion device developer does
not need to have in-house the know-how necessary to acquire and process wave data – this service
can be provided directly by the test site operator; they don’t need to know the details of vessels and
of technicians’ skills – this is looked after by the test site operator. The test site operator can also
assist in interactions with the local supply chain.
At the same time, marine test sites can screen the validation and demonstration projects
proposed by developers and help them explore how the application of the Responsible Research in
Innovation (RRI) principles would improve their projects and assist in progressing their innovations
to achieve sustainable solutions. As explained by the European Commission itself, “Responsible
Research and Innovation means that societal actors work together during the whole research and
innovation process in order to better align both the process and its outcomes, with the values, needs
and expectations of European society” [2]. RRI is composed of six dimensions: multi-actor and
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public engagement; gender equality; science education; open science; ethics; harmonious
governance models.
In this sense, marine tests sites would be one of the natural focal points for the
implementation of RRI principles, by being able to make recommendations or assist the developers
in some of the dimensions of RRI, like public engagement, governance or science education. For
this purpose, the Smartbay Test Site is a partner in project MARINA (Marine Knowledge Sharing
Platform for Federating Responsible Research and Innovation Communities) [2]. SmartBay Ireland
works with both industry and the public in generating awareness around the potential of wind and
wave energy as a renewable energy source. Through increased awareness it is aimed to build a
greater acceptance and demand for alternative energy sources within the general population.
The Smartbay Test Site has become known for its role of facilitator of collaborations between
developers, between the developer and the local supply chain, and between the developer and the
regulators or other authorities involved in the consenting, the verification and the funding steps of
the projects. The test site, or better said, the not-for-profit company in charge of the business
development of the site, SmartBay Ireland, has also become involved in a significant number of
projects for some of which the sole purpose is to gather funding to enable free access to the site.
The following section describes the funding avenues available for developers in the Smartbay Test
Site and presents some discussion about their virtues.
4

THE POOL FUNDING MODEL

One interesting project, from the funding point of view, in which the Smartbay Test Site is
involved is Interreg’s NWE project FORESEA (Funding Ocean Renewable Energy through
Strategic European Action) [4]. The project is now in its third year of implementation and has
received (to date) 42 applications from developers of different technologies in the MRE sector, for
deployments of their projects in the four leading European marine test sites (EMEC, SmartBay,
DMEC and SEMREV) partners in FORESEA. This represents a big success in the scope of the
MRE industry sector, which is mostly still not mature enough so that no one set of technologies can
be identified as prevalent over others, and everything is still open, with many small developers
exploring their ideas and concepts and trying to push them up the TRL scale. Many of these
developers are micro businesses, they do not have a clear business plan and are moved more by
scientific or technological passion rather than by a commercial or profit-making purpose.
In an industry sector lacking maturity, with some history of unsuccess and financial losses
due to bad and rushed development plans, facing a very harsh environment, and presenting itself as
a (still) highly volatile business framework, where companies come and go relatively rapidly, it is
hard for investors to make their bets. Remarkably, there are some developers that are successful at
attracting funds – those with sound business plans, taking their time, and achieving verifiable
technological milestones with due pace. However, most developers struggle to find resources.
Notwithstanding, the marine renewable energy sector is very attractive, mainly due to the vast
potential and its perfect alignment with strategic options made at all levels, from regional to
European. The European Commission’s goals to reduce carbon emissions and increase the
percentage of “green” energies in the energy balance of Europe by 2030 are supported by the
availability of funds for basic or applied research and development, or regional cooperation towards
lower carbon emissions. A great deal of funding in the MRE sector thus comes from public sources,
such as EC’s H2020, ERDF/Interreg, OceanERAnet, among others. These funds are awarded
through competitive processes. The problem here is that the evaluation of the applications for
funding is based only on text, and the ability of the developer to write a good proposal is
fundamental in the process. This eventually increases the risk of good projects being left out of
access to funding.
Project FORESEA is a pioneer in the sense that the funding for deployment and validation
activities targeting MRE technologies is made available to the test sites and not to the developers. In
FORESEA, developers can avail of “Support Packages” that, in essence, are designed to enable free
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access to the test site. State-aid rules in FORESEA limit the maximum amount of funding available
in Support Packages to 60% of eligible expenses for testing and validating the technology;
depending on some conditions, the actual rate of funding could be lower.
There are some benefits in this approach. The selection of technologies that will avail of the
Support Packages is still made through a competitive process, via Calls for Applications, and there
is a User Selection Board composed of representatives of the test sites partners in the project. A
specific requirement in the Call for Applications enforces contact between the developer and the
test site prior to submission of the application; in fact, the application is prepared after a set of
discussions between the two, during which the technical aspects of the intended deployment and
validation are discussed, the financial arrangements are made clear and sorted out, and other issues
such as the amount of state-aid, the steps taken by the developers to raise the necessary matchfunding, the schedule of operations, a thorough description of the device and the planned tests are
analysed in more detail. This one-to-one discussion with the developers, that can take several days
or weeks until the submission of the application, enables the test site to become acquainted with the
developer, properly assess the TRL of their device or technology, and also their financial standings.
At the same time, it enables an assessment of resources needed internally and that must be allocated
to the project, which in turn enables the determination of the final amount of the Support Package.
As mentioned, this approach is being tested in FORESEA. The project opened four calls for
applications, so far, and has received 42 successful applicants. These cover a wide range of
technologies being tested; the details of each Support Package (planning, implementation and
execution control) are left between the test site and the developer, after a careful screening by the
User Selection Board (USB). All applications go through a thorough review during the USB
meetings, and the target test site (from the discussions they have had with the developers) present
arguments in favour or against the award of support packages, until a consensus is reached.
Ultimately, it is up to the test site to go ahead with the Support Package and initiate further
engagement with the developer, or not. Note also that the Support Packages only cover costs for
testing and validation; they do not cover costs related to the development of the technology itself
(e.g., design and build an OEC device are activities whose costs would not be eligible in
FORESEA).
On a side note, not related to MRE but to basic research and development, a similar model is
being used in the context of H2020 projects such as Jerico-Next [5] or EMSO-Link / EMSO ERIC
[6]. Ocean sensing technology or support to basic research is given free access to test sites in these
projects, in the form of Transnational Access (TNA). Test sites, ocean observatories and other
infrastructure advertise units of time for access (days, weeks or months) and charge the
corresponding costs to those projects, based on unit (pre-determined from historical accounts) or
actual costs.
In the MRE sector, a similar project using TNA to provide free access to test sites, test tanks
and other infrastructure is MARINET2 (H2020) [7]. This project provides free access to test
infrastructures using the TNA procedure described above.
Given the diverse range of MRE technologies being developed in the sector, the general
opinion is that, sooner or later, there will be a process of “natural selection” by which a funnel will
be applied and only a few technologies will stay around as the most promising for the future. It is
hard for public and private investors to decide, at this stage, which technologies are worthy of
funding, because the investors may lack the skills needed to properly assess proposals. Therefore,
there is great added value in, instead, providing marine test sites with the means and funds to
promote activity in their facilities using mechanisms such as those in FORESEA, MARINET2 and
other future projects, hopefully. On one hand, test sites have the skills and the know-how to assess
funding proposals, have an in-depth knowledge of the industry and its players, and are better
positioned to negotiate the fine details of the test and validation projects that developers propose. In
summary, test sites can make better use of funds and be more cost-effective in channelling those
funds to sound developers or technologies. This is not to say that the “funnelling” role mentioned
above should be performed by test sites, by the contrary. Test sites can, and should, help
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accelerating that selection mechanism by providing sensible, cost-effective test and validation
opportunities to all players. It will be up to the market to decide which technologies the market
wants to adopt.
In addition, the provision of free access to sites using the funding schemes describes above
also have the advantage of defraying the test site costs in an optimized way, by allowing to better
use resources in a scenario where multiple users can, potentially, benefit from access to the site at
the same time, thus cutting down on operational costs. This in turn means that more money is
available for Support Packages, and more developers.
From Smartbay’s experience, the funding mechanisms provided by projects like FORESEA
and MARINET2 (in the MRE sector) are a major factor in attracting users to the site. In fact, the
planned users in the site, from these two projects, should keep the site nearly at full capacity for the
next two years (reference date June 2018). This is in addition to projects that, due to the relatively
small size of their projects or by using different funding schemes, come to the site as full-paying
users, i.e., paying the industry access rate that is waived in FORESEA and MARINET2.
It must be noted, also, that in the case of Smartbay, there are other funding avenues to
promote activity in the site, such as the National Infrastructure Access Programme (NIAP), which,
as the names implies, is a national fund, currently managed by the Marine Institute, to allow free
access to the site to national academia and industry organizations. These organizations are
encouraged to work in join proposals, and that has been the case in the last five years with 44
projects approved and nearly half a million euros awarded to projects.
5

CONCLUSIONS

Costly infrastructures like marine test sites, specialized in the provision of support to MRE
developers in the development of their ideas, devices and products up the TRL scale, are vital
pieces of infrastructure in the sector. Any MRE developer with a serious development plan that
includes validation of their technology as it moves along the different TRL levels will need to use a
testing infrastructure at sea. Therefore, one of the main uses of marine test sites, in the MRE sector,
is to provide a set of specialized services that will enable the technology to move closer to the
market.
As argued in the paper, test sites constitute a valuable asset not only for the above reason but
also because they can address a wide range of test and validation requirements from several
industries and, within the same industry, they can target different niches. If properly managed, test
sites can generate revenues that may, or not, compensate operational costs. This will depend, among
other factors, in the capacity to attract users and keep operating at full capacity, or nearly so.
One major factor determining the degree of success of attracting users to a marine test site is
the availability of funding. The funding model being used in FORESEA has been in operation at
four major test sites in Europe, including Smartbay, with success. It is argued that one of the
reasons for this success, and the fact that the public funding organizations see a benefit in funding
test sites along with developers, is that test sites have the skills and the know-how to assess funding
proposals, they have an in-depth knowledge of the industry and its players, and they are better
positioned to negotiate the fine details of the test and validation projects, thus extracting more value
for money from the funds available.
Therefore, a possible important role that test sites could have going forward, and one that
could be a contributor to a more efficient use of the facilities and funds, is to act as attractors of
public or private investment that, together with the facilities, could make up a pool of resources to
be used in the test and validation of devices through competitive and properly evaluated calls. At
the same time, they can act as focal points for the implementation or RRI principles in the projects
that use the sites and assist the developers in the identification of societal-related issues and making
recommendations. Test sites can also assist the developers in some of the dimensions of RRI, like
public engagement, governance or science education.
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ABSTRACT
Nowadays, wind power is the fastest growing source of energy all around the world. This
poses an urgent need of understanding how wind turbines perform from different perspectives. Even
though condition monitoring systems have a huge impact in optimizing wind farms performance via
fault anticipation, it does omit several aspects concerning performance. Seemingly, there is a
scarcity of studies which attempted to deliver a quick and practical method for wind farm
performance analysis which is the aim of this paper.
This paper presents a methodology to evaluate the performance of operating wind farms via
the use of Supervisory Control and Data Acquisition System (SCADA) and modeled data. The
potential annual energy is calculated per individual turbine considering underperforming/loss events
to have their power output in accordance with a representative derived operational power curve.
Losses/underperformance events are calculated and categorized into several groups aiming at
identifying and quantify their causes.
The methodology requires both anemometry data from SCADA system, onsite
meteorological mast, a lidar in combination with the mast as well as modeled data. The discrepancy
of the data representing the valid points of the power curve is taken into consideration as well when
assessing the performance, i.e. wind speed vs power output of events that are not
loss/underperformance. Production loss and relative standard deviation of power/energy output are
the main results obtained in this paper. Finally, a number of optimization measures are suggested in
order to enhance the performance, which can lead to a boost in the financial output of a wind farm.
Aiming at judging the reliability of the proposed methodology, a case study is conducted and
evaluated. The investigated case study is a windfarm with nominal capacity of 21MW in mountain
Kitheronas in Viotia county, Greece which operates since November of 2014. This case study
shows that the methodology is capable of determining potential energy and associated
losses/underperformance events. Several questions were raised during the assessment and are
discussed in this work, recommendation for optimization measures are presented at the end of the
paper. Also, a discussion on the limitations and uncertainties associated to the presented
methodology and the case study.
1

INTRODUCTION

Climate change has been a priority for the global collaboration. It has required a lot of
international attention and efforts recently in order to keep the earth within the +2°C above what it
was before the industrialization period. It has even been set among the Sustainable Development
Goals of the United Nations [1]. According to the Environmental Protection Agency in the United
States, the energy and heating sector was responsible for the highest share of the global greenhouse
gas emissions in 2010 with 25% of the total emissions [2]. Therefore, a pioneered transition toward
a cleaner energy system is required. Among the various clean energy sources, wind power has
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emerged as the fastest growing energy source in the world [3]. This poses an urgent need to
minimize the levelized costs of energy and enhance asset management mechanisms. Accordingly, it
is of great importance to come up with various optimization techniques to maintain the prices in a
range that guarantees this fast growth, especially with the witnessed trend in utilizing tenders and
market-based support systems in most of the European Union (EU) countries [4].
2

SCOPE OF THE STUDY

While most of the research within this field is mainly about condition monitoring and costly
power test performance in compliance with the International Electrotechnical Commission (IEC)
standards, few reports have addressed performance analysis via use of SCADA (Supervisory
Control And Data Acquisition) data. This paper has attempted to deliver a practical, quick and
convenient way to assess the performance of an operating wind farm via use of anemometry data
from SCADA system, onsite meteorological mast, a lidar in combination with the mast as well as
modeled data. The method works either as independent assessment tool or as a complementary tool
for condition monitoring system. The paper will investigate the following questions:
i.
How much is the potential energy production?
ii.
How big is the production loss?
iii. What are the main reasons behind the differentiation of energy production?
iv.
What optimization measures can be taken in order to improve energy productivity?
3

METHODOLOGY

It is very important for the industrial community represented mainly by wind farm operators
and project managers to understand why windfarms underperform. This enables operators to either
optimize the wind farm or further investigate a specific aspect where a turbine/windfarm is
underperforming. Accordingly, this will result in a number of optimization measures, that in turn
are expected to increase the profitability of the wind farm.
The assessment of a wind farm will be executed by calculating the potential energy
production, using four different inputs and a comparison with the real energy production will be
done. Due to technical problems of the windfarm (damages of high voltage line – heavy winter
environmental conditions and limitations at a certain windturbine, low wind data availability of the
onsite mast) the study will be applied for the second operational year of the windfarm.
The four scenarios for the estimation of energy production (including only wake losses and
availability losses) are the following:
i. Use of windturbines’ wind data
ii. Use of wind data of 40m onsite mast sited between 2nd and 3rd windturbine
iii. Use of available wind measurements (40m and 10m masts) at pre-construction phase
iv.
Use of combined wind data of 40m onsite mast with the measurements of lidar at level
of 78m agl
Moreover, an analysis of the power curves is realized and a comparison with the expected
power curves based on the windturbines’ data (SCADA data). This methodology is suitable when
there hasn’t been realized the power curve measurement procedure based on IEC 61400-12-1
standard.
The proposed methodology will conducted and evaluated at a case study of a 21MW
windfarm at Viotia county in Greece.
All wind potential and energy production calculations are realized using software DTU
WAsP, EMD WindPro and CRES Windrose.
4

LITERATURE REVIEW

Power is the fundamental product of wind turbines, it makes sense for researchers to start
investigating from the power performance. A standard way for power performance testing is
296

presented in the IEC 61400-12-2 standard. The methodology aims to correct the NTF using another
meteorological anemometer located within a distance of 2-4 D (where D is turbine’s rotor
diameter). The derivation from the contractual power curve is performed by applying needed
corrections and filtrations as air density correction and filtration of operational alarm code flagged
events. This is very important in order to derive a representative operational power curve.
Comparison to the manufacturer’s power curve is executed. This results in power performance test
in accordance with the IEC standards [5].
Kim et al. [6] succeeded in conducting a power performance test of a wind turbine located at a
distance about 11 D to the met mast in compliance with the procedure provided in the IEC 6140012-2 standard. The team concluded that the new method is valid and it can reduce costs
significantly in comparison to the one proposed in the IEC 61400-12-2 standard since one met mast
can be used for a higher number of turbines even those located at longer distances. In both cases,
the presence of an external source for measuring the undisturbed wind flow in front of the rotor is a
requirement, although located at different distances from the targeted turbine for power testing, 2-4
D in the IEC 61400-12-2 standards and > 4D [6]. This entails high costs for wind farm operators
and in many cases there is not enough space for the installation of high measurement masts.
Oh and Kim, [7] denoted the impracticality and economic infeasibility in the case of an entire
wind farm power performance testing according to the IEC 61400-12-2 standards. Accordingly,
they proposed a simpler method for power performance analysis. Power performance verification
was executed by comparing the AEP from contractual and measured power curves for a wind farm
of five turbines. The authors linked the Ruggedness Index (RIX) of each wind turbine to check
performance deviation from the contractual power curve. The RIX express the average of elevation
differences between adjacent cells of a digital elevation grid; in other words, it represents the
average slope of a center area in reference to adjacent areas of the same size.
Another approach based on the contractual power curve is found in the work of Nymfa
Noppe, (2014). The methodology entails calculating the operational power curve based on the IEC
61400-12-2 standard and after that comparing it to the contractual power curve.
Using SCADA data for assessing performance of wind turbines through loss calculation is a
highly under investigated topic. Only a handful of researchers have published studies covering this
issue. As part of the extensive project “Assessment and optimization of the energy production of
operational wind farms”, [8] attempted to assess the performance of operating wind turbines by
calculating the relative production loss (RLoss) using SCADA data. The same approach is present
in the paper of Singh (2013). This methodology starts by deriving the operational power curve after
applying the needed corrections and a number of filtration criteria. After that, the expected power is
calculated, denoted as PEP (the total theoretical production summed over all events when the Wind
Turbine Generator (WTGs) have been identified to not be running in full performance) in [8] and as
theoretical power in [9]. Then, the difference between expected power and actual produced power is
the respective loss/gain for each wind turbine. While Lindvall et al. [8] called it loss ratio, Singh
(2013) introduced the energy ratio parameter, which is simply the actual produced power divided by
the expected power. This allows a relative comparison of wind turbines in the same farm against
each other to determine the most underperforming ones. Utilizing this energy ratio indicator is
highly beneficial in assessing the deterioration of wind turbine performance. The studies of Lindvall
et al. [8] and Singh [9] emphasize the use of a service book in addition to the proposed
methodologies. This will give higher details about the events where turbines are underperforming
and consequently facilitate the identification of underperformance reasons, hence, performance
optimization measures.
5

PROJECT INFORMATION

5.1

Overview
Turbine type: Enercon E82-E4
Hub height: 78m
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Tower type: Steel
Wind class: IA
Rated power 3.0 MW
Quantity: 7
Mean wind speed at hub height: 10m/s
The windfarm is located at Kitheronas mountain, Viotia, Greece in complex terrain area and the
altitude of the site is from 1000 to 1200m asl. The project is connected to National Electric System
via a Substation 20/150kV – Kitheronas and an overhead high voltage line of appr. 13,5 km
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1

Figure 1. The site of the windfarm in Google Earth.

Neighboring windfarms

Figure 2. The site of the windfarm in Google Earth.
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Figure 3. Photo of the windfarm, near to windturbine no 7.
5.2

Main data of the windturbine

Figure 4. The technical data of the windturbine E-82 E4 [10].
6

RESULTS

6.1

Time period – control of long-term wind climate

The period of the three years of operation of the certain windfarm is 01.12.2014 – 30.11.2017.
After a thorough analysis of the available SCADA data and wind data, in this paper it used the
second year of operation, 01.12.2015-30.11.2016. At the two other years there were technical
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problems mainly at high voltage line (reduced availability) and power limitations at certain
windturbine. Additionally there is low data availability at onsite mast due to winter environmental
conditions.
The inter-annual variation of wind potential is checked through the nearest gridpoint of
mesoscale database ΕΜD ConWx [11] at 100m agl (N.38.180, E.23.240) which is at one kilometer
distance from the 40m mast. It has applied the statistical method MCP Matrix using EMD WindPro
(monthly values of wind speed) of 40m mast and the grid point. The correlation was excellent, with
correlation factor equals to 0,94. The data availability of the time series of second year of operation
is 98,4%, which is very high. It is extracted that this period is representative of the long-term period
of 1993-2017 (25 years) (wind speed factor equals to one), so it is helpful for the evaluation of the
energy productivity of the windfarm
6.2

Real Annual energy production

The annual energy production at SCADA level (sum of energy production of seven
windturbines after wake losses and the real technical availability and no other losses) for the second
operational year is 60.548 MWh. The technical availability of this year was 98% without any
serious problems or operational interruptions.
6.3

Energy production estimation based on one year windturbines’ wind data

The annual energy production estimation based on one year wind data from the windturbines
(after wake losses and loss of technical availability -2%) using combined EMD WindPro and DTU
WAsP is 62.973 MWh.
6.4

Energy production estimation based on one year wind data from 40m mast

The annual energy production estimation based on one year wind data from the 40m onsite
mast (after wake losses and loss of technical availability -2%) using combined EMD WindPro and
DTU WAsP is 75.685 MWh.
6.5

Energy production estimation based on wind data at pre-construction phase

The financing of the windfarm was based on an energy yield assessment based on
measurements from 1 year (7 months of measurements from 40m onsite mast and correlating data
from a 10m mast). The total period was 11/1/2008-10/1/2009. The correlation factor was very good
(R=0,97) and the data availability of measurements was 85%. The annual energy production
estimation(after wake losses and loss of technical availability -2%) is 72.149 MWh. It is used the
WindSim software.
6.6

Energy production estimation based on one year wind data from 40m mast and the
operation of lidar at 78m agl

Lidar measurements started on Thursday November 2, 2017 and ended on Tuesday March 27,
2018 using lidar Windcube. All the measurement campaign has supervised by CRES. Wind data
from an existing 50m high meteorological mast (same position and measurement levels with the
40m mast), approximately 45m away (operated by the accredited laboratory), are used for
correlation -validation purposes of the LIDAR dataset.
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Figure 5. Photos from the lidar position, near to windturbine 3 and 50m mast.
There was excellent correlation with measurements of the mast and the wind data of
neighbour windturbines (R=0,995 with mast measurements). The wind shear factor (a) between
40m and 78m (hub height of windturbines) is -0,035.
SCADA data for the two neighbour wind turbines (no2 and 3) were made available by the
Company to the author, in order to perform some preliminary correlations. The height of 78m (hub
height) of lidar measurements was used for the following results. Data concurrency was checked
and verified through the maximization of the correlation coefficient. It is underlined here that
nacelle anemometers are influenced by the rotating blades and often “corrected” by the windturbine
manufacturers with transfer functions established at sites not similar to this one. Additionally, when
considering free-flow conditions, lidar’s position should be taken into account.
Therefore, comparisons are indicative and should be used only to establish general trends,
such as:
a) Lidar’s wind speed is systematically higher (in average 8%-9%) than that of nacelle
anemometers
b) Lidar’s wind direction and nacelle direction sensor are in good agreement.
Having this new information about real wind shear from 40m to 78m a new energy
production calculation has done using in combination EMD WindPro and DTU WAsP software
packages, taking the same losses as above mentioned. The result was 69.959 MWh/year
6.7

Comparison of energy production estimations vs real energy production

The comparison of four scenarios versus real energy production for the second year is
illustrated in the following table:
Table 1. The results of comparison of estimations versus the real energy production for the
second year of operation.
2nd year of operation
EMD WindPro (WAsP) based on WTs data
EMD WindPro (WAsP) based on 40m mast meas.
Pre-construction energy estimation
EMD WindPro (WAsP) based on 40m mast meas./ lidar 78.3m
Reality

62,973,100 kWh
75,684,500 kWh
72,149,000 kWh
69,959,000 kWh
60,548,434 kWh

Difference
2,424,666
15,136,066
11,600,566
9,410,566

Dif %
-3.9%
-20.0%
-16.1%
-13.5%
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6.8

Power curve analysis

The power curve of Enercon E82 E4-3.0MW as given by the manufacturer for air density of
1,225 kg/m³ (sea level) has been corrected using EMD WindPro software for every windturbine of
the windfarm (altitude of 1000-1200m asl) based on the temperature of the second year, as shown in
figure 6 (5% error).

Figure 6. The standard power curve and the power curves for the seven windturbines for the
second year of operation.
Based on SCADA data, are extracted the real power curves for the second operational year.
There is remarkable deviation from the expected corrected power curves as illustrated in figure 6.
At figure 7 is presented the power curves for windturbine no 7 indicatively, as the same results are
appeared in the whole windfarm.

Figure 7. Comparison of power curve of 7th windturbine (real vs corrected from WindPro).

302

7

CONCLUSIONS – DISCUSSION

7.1

The main reasons of the underperformance

From the above analysis is clear that there is underperformance of current windfarm at energy
productivity, which based on the new lidar data it is approximately 13,5%. Also, there are reduced
power curves of the windturbines which is the main reason.
Possible reasons for a discrepancy between real and predicted wind farm energy production
are:
a. The quality of wind resource assessment at pre-construction phase
Often not an unsatisfactory power performance of the wind turbines but an inadequate site
assessment is the source for lower than expected energy production. In this case there is use of
measurements of 40m and 10m onsite masts where the availability of measurements is insufficient
and the height of measurements is not at the limit of 2/3 of hub height as it is required at
MEASNET guidelines [12]. The longterm correction has been done using the only available at this
period long-term data (NCEP/NCAR) but now there are better alternatives that have high spatial
and time data resolution as EMD ConWx mesoscale data.
b. Differences between real and expected power curves
Some manufacturers promise unrealistic optimistic power curves to their clients which have
not been measured according to quality insuring international accepted guidelines. High reliability
and quality of measured power curves are guaranteed by qualified institutions only (accreditation
according to EN 45001, MEASNET-members. Most manufacturers offer their products based on
power curves measured at prototype turbines. Thus a further source of uncertainty can origin from
differences between the individual wind turbines and the prototype, e. g. due to non-optimal wind
turbine settings (like pitch control, yaw misalignment, NTF calibration, component failure
especially rotor blades and electrical control system).
The power performance of wind turbines can also be effected due to ageing of the turbines
(wear off of material) or by environmental impact (rotor blade degradation, dirt, salt on rotor
blades). Such effects can be identified by monitoring the windturbine power performance over the
whole lifetime of the wind farm in order to initiate appropriate action, e.g. exchange of components,
cleaning of rotor blades.
7.2

Proposed optimization measures

Initially the quality of pre-construction energy yield assessment must be high and to guide to
a result with minimum uncertainty. Critical factors are the representative measurement campaign,
the reliable estimation of power losses and the robust long-term correction of the results.
Also, the nacelle anemometers be calibrated in a wind tunnel by a qualified institution
according to the MEASNET guidelines [R].
It should be noted that turbine manufacturers set the power curve of a specific turbine in a flat
terrain. It is also of great importance to understand how the wind speed values are provided, it uses
the anemometer measuring wind speed behind the rotor and then applies what is called a Nacelle
Transfer Function (NTF) which is a function aims at estimating the undisrupted wind speed in front
of the rotor based on the measured wind speed behind the rotor. So there are uncertainties on power
curve measurements which will be 6-12% (including site calibration) [13] and this uncertainty will
be 10-20% in complex terrain at energy production [5].
It is strongly recommended to verify the windfarm power curve on the bases of measurements
in order to optimise the windturbine operation and to prove the power curve guaranteed by the
manufacturer. It is proposed to be applied the power curve measurements and site calibration based
on IEC 61400-12-1 edition 2 2017. When this procedure haven’t be applied a proposed solution for
the reliable examination of performance of windfarm is the use of spinner anemometer system like
ROMOWIND method [14].
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ROMO Wind’s iSpin technology measures the wind at the spinner in front of the wind turbine
rotor, where the wind conditions are more stable and predictable. In front of the wind turbine the
wind measurement is only affected by the shape of the spinner and a slowdown of the wind speed
by the rotor (induction effect) compared to the free wind speed measured by a wind met mast in two
to four rotor diameter distance. Both of which can easily be corrected for. This system could
measure for every windturbine the yaw misalignment, inflow angle, turbulence intensity and power
curves.
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ABSTRACT
The digital era of the last decade led to the rapid growth of the Information and Communications
Technology (ICT) industry. A study from National Berkley Laboratory in USA showed that
datacenters consume about 2% of the electricity in USA; similar studies show the same trend in
Europe. Cloud computing has led individual small datacenter owners to go towards Microdatacenters. Similarly, telecom systems tend to become smaller and denser. Considering that 2050% of the energy consumption in current ICT racks is for cooling, it is important to identify
efficient methods for micro scale datacenter (one rack) cooling.
Despite the specified high energy efficiency ratios (EERs) of air-conditioning units, it is very
unlikely that in actual operation these are met. Free cooling has been suggested as a way to
minimize the energy consumption, although, it cannot be the only solution especially in high
temperature climatic conditions such those in South Europe. Despite the theoretical low efficiency
of thermoelectric cooling, if combined with free cooling in a hybrid configuration it could perhaps
be the solution to the problem.
The study theoretically and experimentally analyses the cooling consumption of one ICT rack
equipment (with actual loads) in the climatic conditions of Cyprus. Through this case study, energy
efficient cooling solutions are examined and proposed for South Europe and other warm climate
countries.
1

INTRODUCTION

Due to the rapid expansion of data processing technologies in the last few years, the need for
smaller and distributed datacentres has risen in the Internet and Communications Technology (ICT)
industry. Micro-datacentres are prefabricated datacentres with sizes of up to one ICT rack (42 Rack
Units). Although micro-datacentres as a concept has been introduced in the last few years, the need
for such smaller size datacentres is expanding rapidly [2], and it is estimated that it will reach a
global 8.47 Billion sales by 2022 [3].
The energy driven from the micro-datacentres (electrical energy) is consumed by the ICT
equipment installed, the cooling systems and the supplementary systems such as lighting, security
and fire suppression systems. The energy driven from the ICT equipment is dissipated into heat and
therefore, the datacentre cooling consumption can be as much as 50 % of the total datacentre energy
consumption [4], [7]. With this study, presents a comparison of cooling technologies based on their
energy efficiency in housing ICT equipment of up to one ICT rack.
2

DATACENTER COOLING TECHNOLOGIES

In order to maintain reliability of operations in datacentres, equipment should work within
rated temperature and humidity conditions. According to ASHREA thermal guidelines for
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datacentres [5], ICT equipment is recommended to be kept with at temperatures of 18 to 27 oC with
a relative humidity of up to 60 %. ICT equipment are separated into classes according to their
capability to work in different temperature values. Class A1 servers can work in temperatures of 1532 oC, class A2 of 10-35 oC, class A3 of 5-40 oC and class A4 of 4-45 oC [5]. Because of this,
increasing of datacentre ambient temperature, there is a decrease in energy consumption of cooling
systems [6], and the need to minimize energy consumption of datacentres today, several ICT
equipment manufacturers are designing and manufacturing ICT equipment that can work in higher
temperature levels (Class A4) [16]. In Telecom industry, due to the need of smaller distributed
systems compared to pure Internet Technology (IT) industry, telecom equipment is designed to
work in temperature environments of up to 55oC [7], [8], considerably higher than those of class
A4.
There are various cooling technologies for datacentres with different attributes that better
match specific applications providing in this way better energy efficiency. A new method for
cooling is called liquid immersed cooling, that showed great cooling efficiencies although this kind
of cooling is for specialized ICT systems that are immersed in liquids and for special datacentres
[9]. Cooling of conventional ICT equipment datacentres can be achieved through direct expansion
systems (DX) or Chiller systems. To achieve higher coefficient of performance (COP) values, both
DX and Chiller systems are combined with free cooling systems that utilize outdoor ambient
temperature to cool down the datacentres more effectively when outdoor temperatures are lower
than those inside the datacentre.
DX systems can be used for datacentres with ICT loads above 7 kW and Chiller systems can
be used for datacentres higher than 200 kW [10]. For smaller systems, that are most times found in
micro-datacentres (up to one ICT rack), two are the most common technologies used. The first one
is the standard air conditioning systems (stand alone or along with a free cooling system). The
second technology are thermoelectric cooling systems along with free cooling systems (for Class
A4 systems-which are mostly used in the telecom industry). Due to the need of installation of base
transceiver systems (BTS) in distributed locations around a region, the most common solution used
for telecom equipment is outdoor cabinets. For this reason, ICT equipment is designed to work on
higher temperature values (Class A4). On such outdoor telecom cabinets, the solution of free
cooling with thermoelectric cooling is most commonly used [8].
Since the work aims to compare current cooling technologies for 1-3 kW ICT load microdatacentres in terms of energy consumption, the three available solutions that are analysed in this
work are:
1. Small, thermally insulated room with 3-4 kW air conditioning systems (high COP air
condition cooling units).
2. Small, thermally insulated room with 3-4 kW air conditioning systems and free cooling
system.
3. Outdoor cabinets that can support one rack of ICT equipment with loads 1-4 kW, using
free cooling systems and thermoelectric cooling systems.
2.1

Small thermally insulated room cooling with free cooling and Air conditioning

Installing one indoor ICT rack in a remote location needs a thermally insulated room. In the
cases that there is lack of such a room, a prefabricated room is used with dimensions 2 x 2-3 m. It
includes the electrical panel, the UPS system with batteries, the fire suppression system, air
conditioning units and the ICT rack with equipment. In the Telecom industry, this type of
constructions are well known as “Telecom Shelters” [11]. The cooling of such rooms can be
achieved through air-cooling (air conditioning) solutions with or without “free cooling” systems. In
the case that free cooling units are used, external air (filtered) is forced to enter inside the datacentre
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through fans and the hot air is extracted to the atmosphere whenever the outside temperature is
higher than a pre-set temperature value (Τn-max). Τn-max is recommended from ASHRAE to be within
range the of 20-27 Co [5].
There are three states in such systems:
Tout > Tn-max : The electrical energy consumed for cooling is that of air conditioning unit to
cool down the datacentre below the pre-set value.
Tout < Tn-max:
(electric fan).

The electrical energy consumed for cooling is that of Free cooling unit

Tout = Tn-max:
The electrical energy consumed for cooling is the energy of both free cooling
fans and air conditioning units for few minutes so as the free cooling unit supports the air
conditioning unit, until internal temperature reaches the pre-set value.
The main drawback of such systems is the filters used since internal air is mixed with
external air and outdoor air pollution can cause problems within the datacentre in case filters fail to
clean the air that enters the datacentre. Another drawback in such systems is the heat energy loss
from filters since the thermal insulation is limited in the area covered by the filters.
For indoor air conditioning and free cooling hybrid systems, with Τn-max at 23 oC, the cooling
consumption is given by:

Pcooling = Pair −condition
Pcooling = Pfan

for Tout>23 oC

for Tout<23oC

Pcooling = Pcooling + Pfan

for Tout=23 oC

(1)

(2)

(3)

Where Pcooling is the total cooling system power consumption, Pair-condition is the air condition system
power consumption, Pfan is the fan system power consumption.
The Fan consumption (Free cooling system) at different speeds can be calculated using fan Affinity
laws:
P1  N1 

=
P2  N 2 

3

d 
  1 
 d2 

5

(4)

Where P1 and P2 are the power consumptions of the fan in Watt at speeds 1 and 2 respectively, N is
the speed of the fan in rpm at speeds 1 and 2 respectively, and d is the fan diameter in m.
Simplifying the above formula since the diameter of fans remains the same we get:
P1  N1 

=
P2  N 2 

2.2

3

(5)

Small thermally room cooling with and Air conditioning

The electrical energy needed for cooling in this datacentre is the energy consumed from the air
conditioning units since this is the only cooling technology used. The heat energy that needs to be
rejected, to keep the datacentre at the pre-set temperature value in all cases, is that of heat energy
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gains from building envelope and the heat energy generated from ICT equipment within the
datacentre.
For indoor air conditioning cooling system, the air conditioning systems consist of the internal and
the external fan system. The cooling power consumption is given by:

Pcooling = Pair −condition = Pfan + Pgross

(6)

Where Pgross is the cooling consumption of the air external unit (compressor system), Pfan is the
cooling consumption of the fan (internal unit).
The net power consumption Pnet is given by:
Q
net
P =
net COP
net

(7)

Where Qnet is the net heat generated within the datacentre, and COPnet is the net Coefficient of
Performance of the cooling unit.
2.3

Free cooling for outdoor cabinets with thermoelectric cooling applied to the battery
cabinets

These types of micro-datacentres are used in the telecom industry and military, though in the
last few years, requirements in the IT industry as well have appeared. Telecom equipment are
designed to work in temperatures of -5 oC to +55 oC and this gives a great advantage in terms of
cooling energy compared to pure IT equipment which have narrower working temperature region
[7], [8]. For these cabinets the most common cooling solution is the closed loop free cooling system
(through a heat exchanger, no direct contact of air inside and outside of the cabinet). Since
commercial VRLA battery systems cannot withstand long term high temperature values,
thermoelectric cooling systems are commonly used on battery systems that work continuously when
external temperature values are above a pre-set value (usually 20 oC) which is optimal for such
batteries. For such cabinets the heat extraction capacity of each cabinet is within the range of 10001500 watt per half rack cabinet [14].
Total Energy consumption for this case is given by:

PTotal = PCooling + PITload

(8)

Where Ptotal is the total power consumed from a micro-datacenter, Pcooling is the total cooling power
consumption and PITload is the ICT equipment power consumption, all in Watt.
Rhe cooling consumption is given by:

Pcooling = Pfan1 + Pfan2 + Pfan3 + Ptec

(9)

Where Pcooling is the total cooling power, Pfan is the fan cooling power consumption and Ptec is the
thermoelectric cooler power consumption, all in Watt.
The electrical energy consumption needed for cooling in a pure free cooling system is equal to the
energy driven from the fan at different speeds.
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3

SYSTEMS ANALYSIS

Each of the micro-datacentre solutions involve several heat gains that need to be extracted from the
micro-datacentre in order to keep ICT equipment in proper temperature condition. The two most
important heat gains that need to be extracted are the ones of the construction envelope from
external weather conditions and the heat gains generated from the ICT equipment.
The Heat Gains from the construction (building) envelope, otherwise called Overall Thermal
Transfer Value (OTTV) is given by [5]:

Qgain = (UW  AW  TDeq ) + (U f  A f  T ) + ( A f  SC  SF )

(10)

Where, Qgain is the heat gain from building/enclosure envelope in (Watt), Uw is the U Value
of walls in Watt/m2 oC, Aw is the area of the opaque walls in m2, TDeq is the equivalent temperature
difference in oC, Af is the fenestration area, Uf is the U Value of fenestration, ΔT is the temperature
difference, SC is the shading coefficient of fenestration and SF is the Solar Factor in W/m2
The equivalent temperature difference is then [12]:

TDeq = T + (  Rso  ave( I t ) )

(11)

Where α is the absorption coefficient of the opaque surface, Rso is the outside surface
resistance in m2K/W, and Ave(It) is the average solar intensity in W/m2
Through the above formulae, the heat energy within a micro-datacentre can be evaluated in each
instance. From the electrical energy input to the ICT equipment, more than 99% is converted to heat
energy [13]. The average server consumption is 300 W [10], thus the heat energy that needs to be
consumed for a 1-3 kW ICT equipment (up to 10 servers) is up to 3 kW.
In an ideally thermally insulated datacentre enclosure, all heat generated from the ICT equipment,
should be extracted or dissipated though the cooling systems. In non-ideal thermally insulated
enclosures, the enclosure (envelope) can act either as a heat sink (when the external temperature is
lower than the required internal) or as heat generator in the cases that the external temperature is
above the internal maximum required temperature value.
For the purpose of this study, a constant electrical ICT load is assumed of 1.5 kW with the same
heat load within the cabinet. The sensible heat need to be extracted from datacentre is given by:

Qsensible = 1.21  Vair (Tout − Tin ) / 3600

(12)

Where Qsensible is the sensible Heat load in kW, Vair is the air volume in m3/h, Tin is the supply air
temp, and Tout is the return air temperature in oC.
After simulating the three types of datacentres, with 1500 Watt ICT load power consumption for a
24-hour period on the 18th of April, can be identified that the most energy efficient datacentre
technology for temperature values higher than 23 oC is the outdoor cabinet, while for temperature
values lower than 23 oC the most efficient Is the indoor (shelter) system with free cooling. The
results are shown in fig. 1. Ambient temperatures for Nicosia, Cyprus are given in [14].

309

Figure 1: Calculated consumption of three different sites with 1500 W ICT load
3.1

Actual datacentre measurements for the three cases

In order to identify the actual cooling energy performance for the three types of datacentres,
measurements are taken from three datacentres of the above types in Nicosia, Cyprus. Checking
weather data for Nicosia for the years 2005-2015 [15], [16], Table 1, for months January to April,
and November-December, the external temperature values are below 24oC, which is an acceptable
temperature for datacentres, with April to be on marginal value with average maximum temperature
at 24oC.
Table 1 Average monthly temperatures in Nicosia Cyprus
Month
Average Max temp
Average Min temp

Jan
16
7

Feb
17
7

Mar
20
9

Apr
24
12

May
28
17

Jun
32
21

Jul
35
24

Aug
36
24

Sept
32
21

Oct

Nov
28
17

Dec
23
12

18
8

Consumption measurements for the three types of datacentres were carried out for April and are
compared with the average hourly temperatures, fig. 2. Fig. 3 provides a comparison of difference
in consumption for the three types of datacentres for April-May 2018. The three datacentres for the
24-hour period had average ICT load consumption of 1500 W ±2 %.
To be able to compare the impact of temperature to consumption in different hours of the day. in
months with maximum temperature values exceeding 23 oC, three datacentre’s powers per hour is
measured for April-May 2018. In the outdoor cabinet micro-datacentre the ICT load was 1800W
±2% and for the other two was 1500W ±2%. Results are shown in fig. 3. From April to May on
hours 7:00-17:00 there is a deviation of 0.4-1kWatt due to difference in ambient temperature
conditions between April and May.
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Figure 2: Actual measured power consumption of three different datacenter technologies with 1.5
kW ICT load

Figure 3: Difference in consumption of three micro-datacenters - April to May 2018
4

CONCLUSION

From the simulation results and the actual measurements carried out on the three types of
cooling systems for micro-datacentres, each of the three datacentre technologies offers different
energy performance under different external temperature levels. It is obvious that external
temperatures below 22 oC favour the use of indoor micro-datacentre with free cooling system. For
external temperatures above 22 oC, the most energy efficient solution is the outdoor cabinet with
indirect free cooling system though possible internal temperature values of more than 40 oC (on
summer) can damage the critical ICT equipment if it isn’t of at least class A4. The outdoor cabinets
have indirect free cooling system that does not directly mix external air mixture within the cabinet
air and this causes higher energy losses on fan systems compared to direct free cooling systems. On
the other hand, direct free cooling systems may pollute the ICT equipment enclosure.
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To evaluate which of the three technologies best suits each season, the average hours per
temperature level need to be analysed per year, and a simulation for all year round should be done
for all three technologies. Since each of the three technologies have better efficiencies under certain
parameters, for each regional weather condition, different systems should be used to ensure energy
efficiency. The cooling energy consumption difference between the three technologies can be up to
21 % for temperatures less than 22 oC and up to 36 % for temperature values above 22 oC as can be
seen from the actual results.
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ABSTRACT
Battery Energy Storage Systems (BESS) can provide a number of services to the grid
operators, with different financial potentials. In this paper, the economic viability of BESS
providing the primary frequency regulation (PFR) service in the European markets has been
examined. The current status of frequency regulation markets of Great Britain and Central Europe
have been investigated and a techno-econometric model was developed to examine the economic
viability and profitability of each market case. The results show a positive Net Present Value (NPV)
for all the examined markets and high internal rate of return (IRR). The impact of the most
influential parameters such as service price and initial capital cost have been examined and analysed
further. This analysis is aiming to inform the interested parties about the viability of such a service
provided by BESS and to provide guidelines for further development.
1

INTRODUCTION

In recent years, a growing need for ancillary and supportive services has emerged due to the
increasing penetration of intermittent renewable energy sources (RES). The energy supply has been
less predictable and the system balance has become more challenging. The imbalances of supply
and demand are becoming more frequent and severe, thus causing frequency disturbances, which
render frequency regulation (FR) services and especially fast frequency regulation very significant.
Battery energy storage systems (BESS) demonstrate great potential in providing these
services due to their fast response times (typically milliseconds to seconds) as well as the variety
of additional services (such as peak shaving, voltage support, black start etc.) which can provide.
Since FR is mostly a capacity service, with high power and low energy requirements, BESS can be
used to provide primary frequency response and mitigate the short-term frequency fluctuations. The
significant technical capabilities of BESS, as well as the low energy requirements can benefit the
economic viability of BESS for such a service. Despite the technical advantages, the further
development and the real growth of those technologies depends on the market readiness and their
market competitiveness.
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In this paper the use of BESS for the provision of FR service in the European energy market
will be investigated and its economic viability will be evaluated. In this direction, this paper aims
to achieve the following:
• To evaluate the system requirements of BESS for the provision of FR service
• To examine the economic viability of BESS for the provision of FR service
• To investigate the competitiveness of BESS in the European frequency regulation markets.
1.1

Frequency Regulation Market for Energy storage

Frequency Regulation (FR) is a balancing service and is usually procured via ancillary service
markets. FR is defined as the immediate and automatic response to a change in the local sensed
system frequency. Regulation is required to ensure the consistent system balance of generation and
demand [1]. When FR service is provided by a storage unit, Up regulation is provided by
discharging energy to the grid during under frequency events. Down regulation is provided by
charging from the grid during over frequency events [2]. This service is provided to system
operators.
Traditionally, investors with generation units participate in an ancillary service market in
order to make profits by reserving capacity for regulation [3]. The ancillary services market,
including frequency regulation, was developed on the basis of generation provided services, which
makes it difficult for non-generation units (such as Energy Storage and Demand Response) to
participate. ESS have significant operational differences, primarily due to their limited energy
capacity, when compared with conventional providers of FR services, such as open cycle gas
turbines or pumped hydro storage. In recent years, changes to the existing procedures and model of
operations have been made in order to remove any barriers for new technologies, such as ESS and
DR, to enter the ancillary service market. As a result, new categories of frequency support services
and regulatory changes were introduced in different electricity markets in order to support the
introduction of new technologies in the referred market and to accommodate their benefits.
1.2

Current status of ESS in Frequency Regulation Markets

Power system operators around the globe have recognized the potential of energy storage
technologies in this market and have developed enabling policies to deploy them. In this paper, the
FR market status for National Grid (Great Britain), and Central Europe, have been examined. These
markets consist of a combination of frequency-based balancing services and slower reserve
services.
1.2.1 GB Market
GB National Grid has created an internationally leading service to take advantage of the fast
response capability of ESS named Enhanced Frequency Response (EFR) [4]. This service is
explicitly designed to be delivered by ESS, allowing for state-of-charge (SoC) management
between service windows, which was not possible in the existing frequency response services. The
EFR service seeks to provide synthetic inertia, emulating the behaviour of the spinning masses of
gas turbines that provide inertia today. The EFR service has demanding response requirements, as
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presented in table 1, which are well suited to being fulfilled by an ESS. The EFR service and its
requirements have been selected to be used for all the following case studies.
Table 1 EFR service key requirements [5]
EFR Service Requirements
Response Time
Response Duration at Full Capacity
Minimum Capacity
Narrow Service Threshold
Wide Service Threshold
Procurement Process
Operational Availability
Payments

<1 second
15 min
1 MW
±0.015 Hz
±0.05 Hz
Tendered
>95%
Availability

In GB the tendering round has been completed on 15th July 2016 and the successful tenderers
were awarded a contract to provide this service for 4 years continuously (24/7) on their bidding price.
The total installed service capacity is 1596 MW for options tendered for the wide deadband service
(service 1) and 4034 MW for the narrow deadband service (service 2). Of the 64 sites, 61 are battery
assets, 2 of them are demand side response and 1 of them is thermal generation [6][7]. It is clear that
storage units were able to offer significantly lower bid prices than thermal generation units. It should
be noted that a number of thermal generation units were rejected due to their inability to satisfy the
technical requirements of the services.
1.2.2 Central Europe Joint Market
In central Europe a joint ancillary service market has been implemented through a collaboration
between Germany, Belgium, Denmark, France, Switzerland and Austria. The unified market releases
a weekly tendering process for the provision of ancillary services, including Primary Frequency
Reserve which is used in our analysis. The interested participants submit their offers for price and
capacity they are willing to provide for each service [3]. The results of the joint tendering process are
published every week after the tendering round and the best offers are selected to provide each
service. The successful tenderers are accepted to provide the PFR service for 24 hours for the next 7
days on the accepted bid price. A maximum transfer (export) quantity of PFR to other countries is
predefined by the market operators [8]. The bid prices are generally characterized by moderate to low
volatility and some seasonal correlation.

2

CASE STUDIES FOR THE EUROPEAN MARKETS

The economic viability of EFR service applied on the European markets has been examined.
For this purpose, techno-econometric models have been developed and implemented for the
individual case studies. For each case study, financial indicators such as net present value (NPV) of
the project as well as the internal rate of return (IRR) and the discounted payback period (PPd) were
estimated.
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2.1

Modelling the Metrics

The NPV is often used to analyze the profitability of a projected investment or a project. It is a
comprehensive way to calculate whether a proposed project will gain value in the future or not. Any
value above zero denotes a profitable investment. The NPV can be expressed by Eq. 1 [9][10].
𝑂&𝑀

𝑁
𝑁𝑃𝑉 = −𝐶𝐴𝑃𝐸𝑋 − ∑𝑁
𝑛=1 (1+𝑟)𝑛 + ∑𝑛=1

𝑆𝑇𝐹×(1−𝑇𝐴𝑋)×(1+𝐸𝑅)𝑛 ×𝑇×𝐶×(1−𝐷𝐹)𝑛
(1+𝑟)𝑛

(1)

Where:
CAPEX= The capital cost of the Investment
O&M = The annual operation and
maintenance costs
STF=Service Price Tariff
DF= Degradation factor
ER= Service Price Specific Escalation Rate

N = The operational lifetime in years
C = Storage rated capacity
CL= The number of cycles per year
T=Service Hours
r = Real Discount Rate
TAX= Corporate Tax Rate

The Profitability Index (PI) is a very straight forward indication of the profitability of an
investment. It quantifies the amount of value created per unit of investment cost. Any ratio above 1
indicates a profitable investment. The PI could be derived from Eq. 2 [11]:
𝑃𝐼 =

𝑁𝑃𝑉+𝐶𝐴𝑃𝐸𝑋
𝐶𝐴𝑃𝐸𝑋

(2)

Moreover, the Discounted Payback Period (PPd) was calculated for each case which represents
the time period required for the cumulative discounted net cash flow to recover the initial CAPEX. It
is the point in time a the NPV becomes positive. Finally, the IRR was calculated by using financial
calculation tools in order to define the minimum accepted rate of return of the investment. The IRR
is the rate of return where the NPV is equal to zero as described by Eq. 3 [9].
𝑁

0 = −𝐶𝐴𝑃𝐸𝑋 − ∑
𝑛=1

𝑁

𝑂&𝑀
𝑆𝑇𝐹 × (1 − 𝑇𝐴𝑋) × (1 + 𝐸𝑅)𝑛 × 𝑇 × 𝐶 × (1 − 𝐷𝐹)𝑛
+∑
𝑛
(1 + 𝐼𝑅𝑅)
(1 + 𝐼𝑅𝑅)𝑛

(3)

𝑛=1

For better comparison, all prices were converted to EURO/MW per hour of service. The weighted
average accepted price for each market as calculated using one year of published price results and
used in the NPV analysis. The weighted average price was obtained from eq.4.

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑟𝑖𝑐𝑒 =

2.2

∑𝑁
𝑛=1 𝐴𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑃𝑟𝑖𝑐𝑒𝑛 × 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑛
∑𝑁
𝑛=1 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑂𝑓𝑓𝑒𝑟𝑒𝑑

(4)

Technical and Financial Parameters

The validity and accuracy of the estimated metrics depends on the parameters and assumptions made.
Realistic values were used for all parameters based on financial and technical data collected from the
literature and other independent sources [2-8]. For all the examined cases the EFR service
requirements have been applied as presented previously in table 1. Initially, a reference case
estimation of the NPV for a commercial Lithium-Ion battery system was performed. The key
technical and financial parameters are presented in Table 2.
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Table 2 Technical and Financial Parameters used in the techno-economic model used for EFR application[10]

PARAMETERS

VALUE

REMARKS

Power

1

MW

For Large Commercial or Utility Scale
application at distribution level.

Capacity

0.5

MWh

±15min Of Service is the Minimum
Requirement for this service (0.5 MWh).

Degradation per Year

2

%

Cycle Efficiency

90

%

Availability Factor

98

%

Lifetime

15

Years

PARAMETERS
Specific Capital Cost
(ENERGY)
Specific Capital Cost

VALUE

FINANCIAL
UNIT

Degradation of Capacity due to high cycling
utilization.
Does not affect the system economics as energy
is not accounted in this service.
Estimated after an Analysis of 1 Year Frequency
Data.
Estimated lifetime for new Li-on batteries.[12]

REMARKS
Lowest Available Prices for
Commercial Lithium Ion Battery Systems
(Prices include Supply and Installation) [1][11]
[12][13][14]
Takes into account the interest rate and the risk
or uncertainty of future cash flows.[15]
Same corporate tax rate used for all cases for
better comparison.
Assume no resale value after the end of
operational period.

470,000

€/MWh

250,000

€/MW

Real Discount Rate

3.00

%

Income Tax

20.00

%

Residual Value

0.00

%

11.16-15.32

(€/MW)/h

Min and Max contracted prices.
Details in Table 4.[8][7]

4,850

€/MWh

1% Of the Initial CAPEX [12][15]

1.00

%/Annum

Assuming Increased maintenance requirements
through the years.

1.50

%/Annum

Annual Escalation rate of the service prices,
additional to the annual inflation rate. [15][16]

Weighted Average
Contracted Price
(WACP)
Maintenance Cost
Maintenance Cost
Increase
Annual Increase of
WACP

3

TECHNICAL
UNIT

RESULTS AND DISCUSSION

Published results from tendering processes for 2017 have been used for the Central European
(CE) markets and the 2016 tendering results for the GB market. The minimum and maximum
accepted price as well as the weighted average price for each market is presented in table 4. As can
be seen the weekly tendering prices present higher range and volatility compared to the 4 year fixed
contracted prices. Despite the higher price volatility of the Central European markets there is an
opportunity for bidders to receive higher contracted prices than the long duration fixed contracts.
Overall, the weighted average contracted prices (WACP) for those CE markets are higher compared
to the GB market.
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Table 3 Summary of Tender Results for the examined markets for 2017 [8][7]
Contracted
Service
Period

MIN Contracted
Price([Euro/Mw]/H)

MAX Contracted
Price([Euro/Mw]/H)

Weighted Average
Contracted
Price([Euro/Mw]/H)

Weekly

10.33
11.39
10.48
10.48
7.33
10.65

31.25
13.46
31.00
23.81
31.69
31.08

14.14
12.24
13.93
14.61
14.63
15.32

CE Market
(Average)

Weekly

7.33

31.69

14.56

Great Britain

4 Years

8.28

14.16

11.16

Market

Austria
Belgium
Switzerland
Germany
France
Netherlands

Weekly
Weekly
Weekly
Weekly
Weekly

The NPV through the lifetime (15 years) of the systems has been estimated and presented in Fig.1.
All examined cases have presented a positive NPV and a very positive profitability index PI. The
Netherlands market case presents the highest NPV due to the high accepted service prices and the
GB case the lowest. Generally, the CE market cases present higher NPV than the GB market. It has
to be noted that the different Taxation policies of each country should be taken into account. The PPd
is between 5 to 6 years for all CE cases and 7 to 8 for the GB case. The IRR is calculated higher than
12% in all cases which corresponds to a very attractive investment. Summary of the results is
presented in table 4.
800.000
700.000
Austria

Belgium

Switzerland

4

5

Germany

France

Netherlands

Central Europe AVG

Great Britain

600.000
500.000

400.000

NPV (EURO)

300.000
200.000
100.000

0
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Figure 1 NPV for 15 years for the examined market cases.
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Table 4 Summary of Results
Country
Austria
Belgium
Switzerland
Germany
France
Netherlands
CE Market
(Average)
Great Britain

NPV 10th
Year (€)

NPV 15th
Year (€)

306,682
195,595
294,483
333,954
335,029
375,436

608,607
454,922
591,731
646,338
647,825
703,727

17.42%
14.16%
17.06%
18.19%
18.22%
19.36%

5.7
6.7
5.8
5.5
5.5
5.2.

331,096

642,384

5.5

132,699

367,907

18.11%
12.24%

IRR

PPd (Years)

7.5

Profitability
Index
2.25
1.94
2.22
2.33
2.34
2.45
2.32
1.76

From the above results it can be clearly concluded that the WACP is a very important parameter for
the profitability of each case. Next, the sensitivity of the NPV to the WACP have been investigated.
All the other parameters remained unchanged as defined in table 2. The NPV at year 10 and 15 over
the WACP are illustrated in fig.2. Positive NPV is emerged for WACP higher than 9 EURO/MW/h
for the 10th year of operation and higher than 6,5 EURO/MW/h for the 15th year respectively. This

NPV (EURO)

denotes a profitable investment even with low WACP.
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Figure 2 The NPV at year 10 and 15 over the WACP
Another very important parameter is the initial CAPEX cost. For this analysis, the sensitivity of the
NPV to the initial CAPEX have been investigated. All the other parameters remained unchanged as
defined in table 2. The NPV at year 5, 10 and 15 over the CAPEX are illustrated in fig.3. The NPV
becomes positive for CAPEX lower than 430 kEuro/MW in 5 years and lower than 760 kEuro/MW
in 10 years. This denotes a profitable investment even with relatively high initial CAPEX.
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Figure 3 The NPV at year 5, 10 and 15 over the Initial CAPEX of the system
4

CONCLUSION

In this paper, the economic viability of primary frequency regulation (PFR) service provided
by BESS in the European and British markets has been examined. A review of the current status of
the European Frequency Regulation Market and the energy storage has been made. A technoeconometric model was developed to examine the economic viability and profitability of the
different cases. The results show a positive Net Present Value (NPV) for all the examined markets.
The markets with higher WACP resulted in higher NPVs higher IRR and lower PPd. The limits of
profitability have been identified for the most important parameters such as the WACP and the
initial CAPEX cost. This analysis can be useful for potential investors and stakeholders. The results
denote a profitable and attractive investment, although the individual risks should be accounted for
different cases depending on the applicable regulations and uncertainties of each country of
application.
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ABSTRACT
In this study a small-scale photovoltaic-solid oxide fuel cell (PV-SOFC) system is considered
for application in commercial applications. The recent improvements in electrical efficiency and
lifetime for solid oxide fuel cell technology, combined with the decrease in capital cost for
photovoltaic technology improve the commercialization prospects of integrated PV-SOFC hybrid
systems for adoption in building applications. Additionally the availability of heat exhausted by the
SOFC stack allows heat recovery and use in buildings to cover thermal loads, such as space heating,
and domestic hot water preparation. The thermoeconomic modeling for the proposed system
includes modeling of both PV and SOFC subsystems. The SOFC subsystem is assumed to be fueled
with natural gas, and therefore a fuel processor is integrated to the SOFC stack to convert natural
gas to hydrogen-rich synthesis gas (syngas). The proposed system assumes autonomous operation
without connection to the central power grid. The results suggest that the proposed system could
become a potential candidate for decentralized power generation, because the proposed system
operates efficiently throughout a transient load profile for the whole year, with an average net
electrical efficiency for the fuel cell subsystem at 0.303, and total fuel cell subsystem efficiency at
0.700. The maximum power output for the PV and the fuel cell subsystems is at 70 and 152 kWe,
respectively. The total contribution of the two subsystems on a yearly basis for the fulfillment of the
load profile is at 135.9 and 451.2 MWh for the PV subsystem and the fuel cell subsystem,
respectively.

1

INTRODUCTION

Efforts to increase energy efficiency have intensified over recent years due to the rapid
increase of fossil fuel prices and also the need to decrease harmful emissions to the atmosphere [1].
Cogeneration may have the form of combining different system components of similar or
combination of different technologies to improve electricity-only power plants or combined-heatand-power systems [2]. Earlier systems have included combined cycle power plants at large scale.
In the resulting systems there exists a high level of complexity due to the increased number of
parameters. Therefore there is a need to apply optimization methods to find the optimum solution,
which is a difficult procedure when a number of criteria (typically thermodynamic, economic and
environmental ones) must be included [3]. Fuel cell technology has been proposed at the kW to the
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MW scale in a number of proposed systems. In lower temperature PEMFCs, CHP systems have
been primarily applied at the kW scale, for smaller residential applications, where low-grade heat
(recovered from the fuel cell exhaust) is usually adequate to cover residential load profiles, such as
space heating and domestic hot water preparation [4]. These systems are sometimes operated jointly
with vapor compression heat pumps to boost heat generation and/or to provide space cooling [5].
These systems have been proposed for single-family households and in some cases for multi-unit
residential applications [6,7]. Coupling of SOFCs with absorption chiller-heater units has also been
proposed for larger scale, decentralized applications such as commercial buildings [8]. Although the
resulting operation from such systems have lead to high system efficiency (80-90%), their
complexity results in high capital cost, which dominates lifecycle cost.
Recent progress in SOFC technology has resulted in important advances such as higher
lifetime, lower capital cost, higher electrical efficiency and simpler fuel processing (in the case of
natural gas-fueled systems – as compared to PEMFC technology) [9,10]. For small-scale residential
applications, SOFC-based, natural gas-fueled micro-CHP systems have been proposed through
thermoeconomic modeling and optimization techniques and improved operational strategies
[11,12]. The application of effective optimization techniques such as decomposition strategies have
been applied in some cases for the design/synthesis optimization of such systems [6,7]. For largescale applications, the possibility of combining SOFC technology with heat engines, such as gas
turbine cycles, has been thoroughly investigated since the early 2000s. In natural gas-fueled hybrid
systems, where high temperature SOFC stacks have been integrated with gas turbine cycles, effort
was placed on the increase of system efficiency to lower fuel consumption [13]. Due to the
complexity of the proposed systems the design/synthesis options are usually evaluated with
advanced optimization techniques [14,15].
More recent research effort has focused on the possibility of combining fuel cell technology
with renewable energy sources (RES). The combination of RES with fuel cell technology is a more
environmentally friendly solution than decentralized gas turbine-PV hybrid systems, because in the
latter case emissions are generated on-site, i.e. near the serviced buildings [16]. The deployment of
PV units continues to increase because of significant cost reductions in addition to supportive
policies, such as net-metering [17]. In such systems, excess electricity generated by RES, e.g. via
solar photovoltaic (PV) panels or wind turbines, can be converted to hydrogen through an
electrolyzer unit, stored in a hydrogen storage tank, and then reconverted to electricity when
renewable energy is unavailable [18]. The design of such systems for variable load have been found
difficult and in most cases the proposed systems have considered grid-connected operation to allow
import/export of electricity, while in other cases a constant load operation was followed [19]. A
combination of RES with natural gas (or biogas)-fueled fuel cell units could allow a rapid
deployment of these hybrid systems [20]. Currently the application of PV-SOFC systems seems
more attractive for commercial buildings as the load demand closely matches the solar energy
availability. The use of dynamic or quasi-steady state modeling is usually required to model the
system as realistically as possible [21,22].
A significant shortcoming of previous studies is the fact that in most cases actual load profiles
have not been considered, leading to unrealistic design configurations of the actual viability of the
proposed systems. The current study attempts to include both actual solar data for the PV subsystem
and also an actual load profile is considered. For this system, the fuel processor is of the steam
methane reformer type since it is more efficient than other methods, such as partial oxidation
reactors, leading to higher net electrical efficiency [10].

2

SYSTEM CONFIGURATION

The proposed system, shown in Figure 1, is designed to fully fulfill an actual load profile for a
commercial building. It includes a natural gas-fueled SOFC subsystem and a solar PV subsystem.
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The system also includes DC/AC inverters to convert the DC current generated by the PV and the
SOFC subsystems to AC electricity prior to distribution to the buildings. In the SOFC subsystem,
natural gas (NG) is compressed in the fuel compressor and sulfur is removed with the desulfurizer.
The NG is preheated through heat exchanger HEx1 before entering the steam methane reformer
(SMR). The endothermic process in the SMR requires external heating, which is generated by a
catalytic combustor. The synthesis gas (syngas) at the SMR exit is fed to the fuel cell anode. Air
drawn from the atmosphere is filtered and blown to heat exchanger HEx3 for preheating and then
fed to the fuel cell cathode. The fuel cell reaction in the SOFC stack generates electricity and also a
hot mixture at the fuel cell exit. The hot exhaust mixture is fed to the combustor, along with natural
gas from the natural gas supply and air. The flue gas exiting the SMR is used to provide heat for the
four heat exchangers (HEx1-HEx4). Heat exchanger HEx2 is used to generate steam for the SMR.
HEx4 is used to provide low-grade heat externally, i.e. to heat water from recovered heat and
supply it to the hot water storage tank. Through the hot water storage tank, hot water is provided to
the buildings. At the exit of heat exchanger HEx4, the exhaust flue gas is released to the atmosphere
after separation of water through a water separator.

Figure 1: Schematic representation of the proposed photovoltaic-solid oxide fuel cell hybrid system
The main assumptions for the current study are the following:
1. The proposed system operates in complete autonomy, i.e. it is not connected to a central
power grid (no import/export of electricity).
2. The total system electric capacity is the sum of the capacities of the two integrated
subsystems, i.e. the PV subsystem and an SOFC subsystem.
3. The PV maximum power output is set equal to the minimum electric load in the load profile
to ensure no power is wasted. In turn, this value is used to size the SOFC subsystem. The
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system model is modeled in such a way to ensure that the proposed system is capable of
complete fulfillment of the building load profile at all times throughout the year.
4. Heat recovered from the exhaust flue gas of the SOFC subsystem is used to partly fulfill the
heating loads.
5. The system is applied for a small hotel with load profile data extracted from [23].
6. Heat losses are considered in the three main components of the fuel cell subsystem, namely:
the SMR reactor, the SOFC stack, and the catalytic combustor.
7. Pressure losses are considered in every component of the fuel cell subsystem.

3

SYSTEM MODELING

3.1

Photovoltaic subsystem

The model for the PV subsystem is based on the description found in [24], where the total
incident solar radiation on a tilted surface is determined taking into account both the groundreflected and the beam terms, in accordance to the results of the Hay-Davies-Klucher-Reindl
(HDKR) model:
 1 + cos   
 1 − cos  
3   
IT = ( Ib + Id  Ai )  Rb + Id  (1− Ai )  
(1)
  1+ f  sin   + I  g  



2

 

 2 



2



The temperature of the PV array is determined as follows (the effect of wind speed is
omitted):
Tc − Tamb
I   
= T  1− ref 
(2)
TNOCT − Tamb,NOCT

3.2

IT,ref 

0.9 

The maximum power point efficiency of the PV array is determined as follows:
mp = ref  (1+ mp  (Tc − Tamb,NOCT ))

(3)

The electrical energy output of the PV array is determined as follows:
Ppv = Apv,array  IT mp

(4)

SOFC subsystem

The SOFC subsystem includes the fuel processing subsystem with the fuel pre-reformer (in
this case the SMR reactor), four heat exchangers, SOFC stack and actuators. For the configuration
shown in Figure 1, the subsystem inputs are given in Table 1. The heat exchanger 4 flue gas exit
temperature is set at 55oC because it must be at 25oC above the dew point of the combustion
product gases [9].
3.2.1 SMR reactor
An SMR reactor configuration is assumed for the pre-reformer step. Two chemical reactions
are included for the SMR, i.e. methane-steam reaction, and water gas shift (WGS), i.e. carbon
monoxide-steam, processes [25].
For the SMR reaction:
(5)
Gsmr = −1 gCH4 −1 gH2O +1 gCO + 3 gH2
 −Gsmr 
arg1 = 

 R  Tref,out 
Ksmr = exp (arg1)

(6)
(7)
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For the WGS reaction:
Gwgs = −1 gCO −1 gH2O +1 gCO2 +1 gH2

(8)

 −Gwgs 
arg2 = 

 R  Tref,out 
Kwgs = exp (arg2)

(9)
(10)

The molar flow output is defined as follows:
nref,out = nref,in,CH4 + nref,in,H2O + 2  Xsmr

(11)

The equilibrium constants for the aforementioned reactions are as follows:
2

Ksmr  yref,out,CH4  yref,out,H2O = yref,out,CO  yref,out,H2

3

p

  ref,out 
 pamb 

(12)

Kwgs  yref,out,CO  yref,out,H2O = yref,out,CO2  yref,out,H2

(13)
(14)
(15)
(16)
(17)
(18)

nref,out,CH4 = nref,in,CH4 − Xsmr
nref,out,H2O = nref,in,H2O − Xsmr − Xwgs

nref,out,CO = Xsmr − Xwgs
nref,out,H2 = 3 Xsmr + Xwgs
nref,out,CO2 = X wgs

Table 1 System input parameters in the solid oxide fuel cell subsystem
Parameter description

Value

Uf

Fuel utilization factor

Afc

Fuel cell effective cross-sectional area

144 cm2

ncells

Total number of cells

12,000

Tfc

Fuel cell operating temperature

750°C

T6

Fuel preheater exit temperature

450°C

T8

SMR reactor reformate exit temperature

650°C

T13

Cathode inlet temperature

650°C

T17

Combustor exit temperature

1005°C

T22

Heat exchanger 4 flue gas exit temperature

55°C

T25

Water pump 1 inlet temperature

40°C

T28

Hot water storage tank return temperature

40°C

T29

Hot water storage tank supply temperature

65°C

SC

Steam-to-carbon ratio

0.92

2.5

3.2.2 SOFC stack
The SOFC stack model includes both the fuel cell reaction and direct internal reforming
processes. The latter is identical to the SMR reactor modeling equations, described in subsection
3.2.1. For the fuel cell reaction, the open circuit voltage is modeled as follows [9]:

327

 yano,H2  p fc ycat,O2  p fc 



R  Tfc  pamb
pamb 
Eocv = Eocv,0 +
 ln 

yano,H2O  p fc
2 F




pamb


In the above equation, Eocv,0 is the reversible voltage defined as follows:

−go f
Eocv,0 =
2 F
where −go is the Gibbs free energy defined as:
go f = 1 gH2O − 0.5 gO2 −1 gH2

(19)

(20)

(21)
The activation losses are based on the Butler-Volmer equation, defined for the anode and
cathode, respectively, as follows to determine the current density:

 n F



n F
i = i0,ano   exp   e Vact,ano  − exp  − (1−  )  e Vact,ano  
(22)




R
T
R
T
fc
fc








 n F



n F
i = i0,cat   exp   e Vact,cat  − exp  − (1−  )  e Vact,cat  
(23)


R  Tfc
 R  Tfc




where i0,ano and i0,cat are the exchange current densities for the anode and cathode, respectively.

These are defined as follows:
−0.5

i0,ano

p  y
p 
y
=  ano   ano,H2 fc    ano,H2O fc 
pamb
 pamb  


i0,cat

p 
y
=  cat   cat,O2 fc 
 pamb 

0.25

 E
 exp  − act,cat
 R  Tfc

 E

 exp  − act,ano 
 R  Tfc 





(24)
(25)

Then the activation overvoltage can be determined as the sum of anode and cathode losses:
(26)
Vact = Vact,ano +Vact,cat
Concentration losses are the gradual losses due to the reactant depletion in the catalyst layer.
They are defined as the difference between the Nernst potential at the catalyst layer and the bulk
flow at both anode and cathode. Therefore the limiting current densities for hydrogen and oxygen
species respectively are defined as follows:
(27)
iL,H2 = 2  F  CH2,0  hm,H2
(28)
iL,O2 = 4  F  CO2,0  hm,O2
where CH2,0 and CO2,0 are the concentration of species for hydrogen and oxygen, respectively.
The concentration losses are defined as follows [26]:
Vconc

0.5
R  Tfc  
 
 
i
i
=−
 ln  1 −
  1 −
 
  iL,H2   iL,O2  
2 F



(29)

Ohmic losses are defined as the product of current density and Ohmic resistance:
Vohm = i  Ri

(30)

Based on the above definitions, the cell voltage can be defined as follows [27]:
Vcell = Eocv −Vact −Vconc −Vohm

(31)

Fuel cell stack voltage, current, and power are defined as follows:
Vfc = Vcell  ncells

I fc = i  Afc

Pfcs = Vfc  I fc

(32)
(33)
(34)
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3.2.3 Auxiliary components
The auxiliary components are the actuators (air blower, fuel compressors and two water
pumps), the catalytic combustor and the four heat exchangers. The actuators are modeled using
basic theoretical equations. The catalytic combustor model is based on an energy balance of
products and reactants. The heat exchanger modeling is based on the Logarithmic Mean
Temperature Difference (LMTD) method.
3.3

Total system

Since the system includes two prime movers for the generation of electrical energy. Also in
the case of the fuel cell subsystem, heat is generated and recovered for external use in the buildings
to satisfy the heating loads. Therefore an algorithm must be included in the code of the system
model to relate fuel cell power output, PV power output and power demand. Additionally, since the
system is completely autonomous, it must be ensured that no excess power is generated from the
PV subsystem.
The inverter power losses for the PV subsystem are calculated as follows:
(35)
Ploss,inv,pv = Ppv  (1−inv,pv )
Ppvs = Ppv − Ploss,inv,pv

Similarly for the fuel cell subsystem:
Ploss,inv,sofc = Psofc  (1−inv,sofc )

(36)
(37)

The net electrical power output for the fuel cell subsystem is defined as follows:
Pfcs = Psofc − Ploss,inv,sofc − Pab − Pcomp − Ppump1 − Ppump2

(38)
The fuel cell subsystem net electrical efficiency based on lower heating value (LHV) and
higher heating value (HHV) is calculated as follows, respectively:
el,net,LHV =

el,net,HHV =

Pfcs
E fuel,LHV
Pfcs
E fuel,HHV

(39)
(40)

The thermal efficiency is the ratio of recovered heat rate used external to cover fully or partly
the heating loads of the building to the chemical energy rate of the fuel consumed by the fuel cell
subsystem:
th =

Qth
E fuel,LHV

(41)

The total fuel cell subsystem efficiency is the sum of fuel cell subsystem net electrical
efficiency and thermal efficiency:
(42)
 fcs = el,net,LHV +th
The thermal-to-electric ratio is the ratio of recovered heat rate to net electrical power output:
TER =

Qth
Pfcs

(43)

When the recovered heat from the fuel cell subsystem is inadequate to cover the heating
loads, additional heat must be generated externally:
(44)
Pheat,net = max (0, ( Pheat + Pdhw ) − Pth )
The total load profile electrical energy requirement is the sum of electricity required to
operate the fans, the lighting, the electrical equipment, the space cooling, and the additional heating
loads:
(45)
Pload = Pfan + Plight + Pequip + Pcool + Pheat,net
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4

RESULTS AND DISCUSSION

The proposed PV-SOFC hybrid system is sized in accordance to the requirements of the
assumptions defined in section 2. Therefore based on these assumptions, the PV subsystem
maximum power output is calculated to be at 70 kWe. The fuel cell subsystem at full-load (i.e.
design conditions) maximum power output is at 152 kWe. The maximum energy rate resulting from
the heat recovery in the exhausted flue gas in the fuel cell subsystem is at 335 kW. A summary of
the results is given in Table 2.
Table 2 Output parameters in the photovoltaic-solid oxide fuel cell hybrid system
Parameter description

Value
0.200 (full-load)

el ,net , LHV

Net electrical efficiency

0.303 (average)
0.375 (maximum)
0.659 (minimum)

 fcs

Fuel cell subsystem total efficiency

0.700 (average)
0.756 (maximum)

5

Ppv

PV subsystem maximum power output

70 kWe

Psofc

Fuel cell subsystem maximum power output

152 kWe

Ppvs

PV subsystem power output (AC el.) (total per year)

135.9 MWh

Pfcs

Fuel cell subsystem power output (AC el.) (total per year)

451.2 MWh

Pth

Available heat from fuel cell subsystem (total per year)

694.5 MWh

Pheat ,net

Additional heat generation (total per year)

Pload

Load requirement (total per year)

587.1 MWh

i fc,des

Current density (design conditions)

1228 A/m2

inv, pv

Inverter efficiency, PV

0.961 (average)

inv,sofc

Inverter efficiency, Fuel cell

0.970 (average)

U1

Overall heat transfer coefficient, HEx1

90 W/m2-K

U2

Overall heat transfer coefficient, HEx2

292 W/m2-K

U3

Overall heat transfer coefficient, HEx3

4960 W/m2-K

U4

Overall heat transfer coefficient, HEx4

8396 W/m2-K

7.2 MWh

CONCLUSIONS

In this study a photovoltaic-solid oxide fuel cell hybrid system is proposed for autonomous
fulfillment of the energy load requirements of a commercial building (small hotel) in Cyprus. The
proposed system operates efficiently throughout a transient load profile throughout the whole year,
with an average net electrical efficiency for the fuel cell subsystem at 0.303, and total fuel cell
subsystem efficiency at 0.700. The maximum power output for the PV and the fuel cell subsystems
is at 70 and 152 kWe, respectively. The total contribution of the two subsystems on a yearly basis
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for the fulfillment of the load profile is at 135.9 and 451.2 MWh for the PV and the fuel cell
subsystems, respectively. The application of this system could be favored over conventional power
generation from centralized power stations, since it can operate more efficiently in terms of
electrical efficiency, and more importantly it can take advantage of the heat recovery capability of
the fuel cell subsystem. Additionally fuel consumption is reduced throughout the significant
contribution of the PV subsystem to the fulfillment of the electric load, and also due to the fact that
transmission and distribution losses are eliminated through on-site electricity generation.
Future work will investigate the economic competitiveness of the proposed system, in
comparison to conventional, or alternative, power generation. Specifically, four different cases will
be investigated and compared, namely: central power grid connection (conventional), central power
grid connection assisted with PV arrays, non-grid connected SOFC system, and non-grid connected
PV-SOFC hybrid system.
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ABSTRACT
The road towards smart grids and micro-grids requires intelligent grid-connected renewable
energy sources (RES). Diversifying the role of distributed renewables is therefore acquiring
momentum and new ideas of how to better utilize RES are continuously emerging. It is well
appreciated that RES can support and improve the power quality of the grid. The contribution of
Distributed Generation (DG) systems towards abnormal grid events (such as the presence of
harmonics and DC offset, asymmetric loading conditions, unbalanced faults, phase unbalance,
voltage sags etc.) and the need for optimal interaction with smart grids and micro-grids, are research
areas related to RES diversification. This can be accomplished through the power electronic-based
Grid Side Converter (GSC) which is the main component of DG systems. Power electronics
converters are associated with embedded controllers in order to achieve the smart and flexible
operation of RES systems. Hence, the development of dedicated controllers for managing the
operation of power electronics converters is a critical feature. The GSC control system allows the
power management, and when it is intelligently designed, it can contribute to improve the power
quality and provide advanced support to the grid.
The aim of this paper is to identify, analyze and compare existing state-of-the-art three-phase
PLLs and current controllers that are commonly used in the control of GSC systems. The various
existing techniques will be benchmarked with simulation and experimental results in terms of their
performance under grid disturbances, the computational complexity, and the dynamics. The work
will highlight the importance and impact that properly designed PLLs and current controllers have to
the power quality and stability of the electricity grid.
1. INTRODUCTION
Targets set for reducing CO2 emissions and for gradually becoming independent of the
conventional forms of energy have played a huge role towards the increased utilization of Renewable
Energy Sources (RES). In particular, Photovoltaic (PV) systems and Wind Power Systems (WPS) are
nowadays extensively employed in order to meet the increasing demand of the electrical power, to
support the grid and to reduce the dependency on the fossil fuels. Nowadays, the rate of increase of
installed capacity from renewables is higher than the respective increase in power generated by fossil
fuels. According to Global Status Report (GSR) 2017 [1], the largest annual increase of around 161
gigawatts (GW) in the installed capacity from renewables was observed in 2016. Nearly 62 % of the
net addition to the global power generating capacity comes from RES. There are several reasons
leading to the massive deployment of PV systems. One reason is the cost of PV for example, which
has considerably decreased over the past few years and it might decrease even further. The fact that
a lot of research is underway for improving the efficiency of PVs is also an indication that PVs will
dominate Distributed Generation (DG) in coming years. The contribution of wind and hydropower
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Fig. 1. Total worldwide installed capacity of wind power and solar photovoltaic (PV) systems.

plants to the newly installed RES is around 34 % and 15 %, respectively [1, 2]. The worldwide
installed capacity of solar PV and WPS in 2016 reached approximately 303 GW and 487 GW with
an annual increase of 75 GW and 55 GW, respectively, as can be seen from Fig. 1. In particular, the
total energy generation from RES at European level has recently reached 21.2 % (including
hydropower) and 32.5 % (excluding hydropower) of the worldwide installed capacity [1].
This increasing RES integration contributes significantly to the overall operation of the whole
power system, providing in this way greater economic and environmental benefits. Therefore, the
modern RES systems should use components so as to better utilize the generated energy, to support
the power system and to ensure their safe and reliable operation under any grid conditions. The power
electronic based Grid Side Converter (GSC) technology is the key element for the efficient and
reliable integration of the distributed RES to the grid. The accurate design of a GSC control system
plays a vital role for the overall operation of RES under normal and abnormal grid operating
conditions as regulated and required by modern grid codes. Several recent grid regulations are
exemplified in Fig. 2 for the medium or high voltage levels. As long as the voltage level at the point
of common coupling (PCC) is above the characteristic line in each case [2-4], the RES are required
to remain grid-connected, injecting during this same time reactive power in order to support the grid.
Thus, research is now shifting towards investigating how RES systems can be exploited for the benefit
and support of the grid operation. These stringent requirements should be implemented within the
control system of the GSC. Hence, for an improved performance and meeting the modern grid
regulations, the GSC control should be enhanced with advanced FRT and diversified features in order
to support the grid under any grid conditions.
VPCC (pu)
1.1
1

Normal Operational Zone

0.8

0.6

Germany
Spain
Cyprus
Denmark

0.4

0.2

time (sec)
0.5

1

1.5

2

15

Fig. 2: Fault ride through (FRT) requirement for RES systems at the point of common coupling (PCC).
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The typical control system of the GSC consists of a synchronization unit referred to as Phase
Locked Loop (PLL), an active (P)/reactive (Q) power controller and a current controller [5, 6]. The
purpose of the PLL is to obtain the grid voltage information such as frequency, phase and amplitude,
necessary for control purposes. The PQ controller is responsible for generating the reference currents
as per desired load conditions and power management targets. The current controller handles the
reference current tracking and PWM generation. The power system topology and the corresponding
controller diagram for a three-phase GSC is presented in Fig. 3 [7]. Thus, the PLL and current
controller are key modules of the GSC controller. The grid operating conditions directly influence
the accuracy of the PLL and the current controller. As a result, the response of these modules is
critical for the expected operation of the grid-connected RES system according to grid codes and
regulations. Their performance and accuracy is critical under off-nominal grid conditions such as the
presence of voltage harmonics and DC offset, balanced and unbalanced grid faults, voltage sags and
swells, frequency variations, and phase jumps, asymmetric and non-linear loading conditions etc.
The GSC control system can be divided into two main control domains, the stationary αβ
control frame and the rotating synchronous reference frame (SRF). The αβ-domain controls the threephase voltage and currents as sinusoidal quantities with the Proportional Resonant (PR) controller or
other periodic controllers. In contrast, the other design methodology employs Proportional Integral
(PI) controllers for controlling the voltages and currents as DC quantities. In some cases, the two
frames can be combined for even better performance. In the αβ-reference frame, the grid frequency
is the main component for its implementation, e.g., the central frequency for the PR controller. On
the other hand, the SRF domain uses the phase angle of the PCC for the reference frame
transformations. For both cases, the grid voltage information, that is, the phase angle and frequency,
are required for the implementation making the appropriate design of the PLL essential for the
complete control [5].
Thus, the design of the GSC controller should be capable of handling the abnormal grid
conditions with improved performance, fast dynamic response, small oscillations/overshoot and with
low computational complexity in order to be feasibly implemented in the embedded microcontrollers
of the real-time GSCs [7]. The low complexity allows the applicability of such control methods in
any commercial inverter without requiring advanced processors in order to be able to execute the
algorithms at the same sampling frequency. Therefore, the synchronization unit, the current controller
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and the PQ controller must be designed to ensure the accurate, effective and reliable operation of the
RES.
2. PROBLEMS ASSOCIATED WITH EXISTING CONTROLLERS
The power electronic based GSC technology is responsible for the efficient and reliable
integration of the RES to the grid, however, under certain circumstances the existing techniques for
controlling the GSC may fail to meet the modern grid regulations. The existing synchronization
methods fail under interharmonics and DC offset. Furthermore, most of the synchronization
techniques for the mitigation of harmonics and unbalance, either suffer from high complexity or have
slow dynamic response and high frequency overshoots. An example of the operation of a gridconnected RES with existing control algorithms is demonstrated in Fig. 4. The case examines the
response of the GSC in the presence of grid harmonics, interharmonics, DC offset and in the event of
an unbalanced fault. Before t=0.6 s, the grid voltage is free of harmonics and DC offset and is
symmetrical. Thus, the synchronization signals (i.e., the estimated grid frequency and the amplitude
of the grid voltage q-axis expressed in dq-frame) are free of any oscillations and are estimated
accurately. In addition, the injected RES currents are also symmetrical with THD less the than 5 %
allowable limit. After t=0.6 s, the grid voltage becomes distorted with 5 % 5th and 3 % −7th harmonic
to which synchronization works with accuracy, however, the injected currents suffer from distortion.
Furthermore, at 0.65 s 4.2th and 7.6th interharmonics are injected with respective magnitudes of 5.3
% and 4.1 %. Oscillations are observed on the estimated frequency and the q-component of the grid
voltage. In addition, the THD of the injected current increases. Following this, at 0.7 s a two-phase
to ground fault occurs, which results in violation of the frequency-operating window (47 Hz < 𝑓 <
52 Hz) as imposed by the Cyprus local grid regulations and the THD drastically goes high. This fault
may also cause the disconnection of the RES due to the overcurrent protection of the GSC (in case
Normal
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Unbalance Fault
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Synchronization
signals
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Fig. 4: Operation of grid-connected RES using existing control techniques.
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the maximum limits of the GSC are violated). The violation of the converter’s current limit (for
0.7 s < 𝑡 < 0.75 s) is due to the slow dynamic response of the synchronization algorithm and
inaccuracies caused by the existing control methods of the GSC. Thus, the RES fails to strictly meet
the modern grid codes for proper FRT if an unexpected disconnection of the RES occurs. The
disconnection of the RES, in case of exceeding the current limits, will cause cascading failures, and
will negatively affect the stability and operation of the entire power system. In the end, DC offset
along with 4.2th and 7.6th interharmonics occur at 0.75 s, for which, the synchronization signals suffer
from undesired oscillations and the THD of the RES current exceeds again the allowable limit. The
low quality currents injected by the RES, the slow dynamic response and the high frequency
overshoots, especially under a large-scale RES penetration, can seriously affect the power quality and
operation of the whole power system. Thus, there is a need to develop advanced and less complex
algorithms that present fast synchronization and accurate operation under harmonics, interharmonics,
DC offset, unbalanced and other grid disturbances.
Moreover, it might be necessary for renewable energy systems to meet specific real power
management requirements as well as to provide the reactive power support. The operation of a RES
in which the GSC injects only positive sequence symmetrical currents for maintaining the real and
reactive powers is referred to as the symmetrical mode. However, under distorted and asymmetric
loading conditions, if the RES continues to generate the symmetrical currents, the grid currents will
suffer from distortion and asymmetry, degrading in this way the grid power quality. An example of
grid-connected RES with non-linear load, drawing harmonics, DC and asymmetric currents is shown
in Fig. 5. This case demonstrates what happens to the grid power quality if the RES is continuously
operating in a normal (symmetrical injection) mode. As can be seen, the grid current suffers from
distortion and asymmetry when attempting to satisfy a non-linear load, increasing in this way the
THD. On the other hand, the THD of the RES current is very low. Thus, there is need for a diversified
and advanced control RES mode where the GSC operates as an active power filter in order to onpurpose inject such currents and improve the grid power quality. A benchmarking of existing PLLs
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Fig. 5: Operation of grid in the presence of asymmetric and harmonically distorted load with the RES system operating in the
normal mode.
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is presented in Table 1, where several PLLs are benchmarked based on their performance
characteristics, computational complexity and dynamic response. Furthermore, the comparison of
existing current controllers is shown in Table 2.
Table 1: Response and processing time comparison of ten different PLLs.
PLL
Algorithms

Processing
Time (ms)
(MPR)

dqPLL/αβPLL
[8]
ddsrfPLL [9]

3.168

Dynamic
Response
under
faults
Faster

Unbalanced
Voltage

Accurate Estimation under
Harmonics InterDCHarmonics offset

No

No

No

No

Offnominal
frequency
Yes

8.878

Faster

Yes

No

No

No

Yes

dαβPLL [10]

9.694

Faster

Yes

No

No

No

Yes

MAFPLL*°
[11]

2.981

Slow

Yes

Yes

Partial

Yes

No

EPMAFPLL*°
[12]

4.573

Slow

Yes

Yes

Partial

Yes

Partial

EPMAFPLL
Type 2 ° [13]

3.125

Slow

Yes

Yes

Yes

Yes

Yes

MRF PLL*°

9.100

Slow

Yes

Yes

Partial

Yes

No

MSHDC
PLL** [14]

91.04

Faster

Yes

Yes

No

No

Yes

DNαβPLL**
[15]

29.41

Faster

Yes

Yes

No

No

Yes

19.77
Fast
Yes
Yes
Yes
Yes
Yes
HIHDO-PLL
[16]
Note:*Cannot compensate harmonics/Interharmonics accurately under off-nominal grid frequency and lower
attenuation capability for Interharmonics, °Compensate DC offset only if MAF window length, Tω=0.02 s,
**Eliminate selected harmonics.
Table 2: Benchmarking of five latest current controllers.
Complexity analysis in each control loop
Current
Controller

Current Injection
Measured Processing time
Total mathematical
using the TMS320F28335 Performance Capabilities
operations
Microcontroller

Type A [6]

104 Multiplications
39 Additions
46.77 𝜇𝑠 (324%)
17 Subtractions

Positive and Negative

Type B [6]

94 Multiplications
34 Additions
13 Subtractions

43.3 𝜇𝑠 (300%)

Positive and Negative

Ref. [17]

94 Multiplications
34 Additions
13 Subtractions

43.3 𝜇𝑠 (300%)

Positive or Negative
only

EDDSRF [18]

124 Multiplications
53.0 𝜇𝑠 (368%)
48 Additions
18 Subtractions

Positive and Negative

ETD [19] (for
N=2)

32 Multiplications
12 Additions
4 Subtractions

Positive, Negative and
Harmonic

14.4 𝜇𝑠 (100%)

Remarks
 Inject both sequences
simultaneously
 Complex compared to
Type B and ETD
 Inject both sequences
simultaneously
 Complex compared to
ETD
 Inject only one
sequence at a time
 Complexity equal to
Type B
 Inject both sequences
simultaneously
 Higher complexity
among all.
 Inject positive,
negative and
harmonic currents
 Less complex among
all
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3. ADVANCED CONTROLLERS
Advanced PLLs and current controllers can be found in the literature and which have been
recently proposed, providing improved performance and grid support. The most advanced state-ofthe-art controllers include the Harmonic-Interharmonic DC Offset (HIHDO) PLL [16] and the
Extended Type D (ETD) current controller [19] for the on-purpose injection of asymmetric and
harmonic currents. The HIHDOPLL provides fast and accurate extraction of phase angle under
harmonics, interharmonics, DC offset and unbalanced grid conditions. Most of the listed techniques
in Table 1 do not consider the effect of interharmonics and DC offset in the grid voltage while
estimating the phase angle. The HIHDOPLL employs a novel mathematical cancellation-decoupling
cell for the effective mitigation of DC-offset and negative sequence of the grid voltage. In addition,
a simple yet effective harmonic/interharmonic compensation network is used to eliminate the higher
frequency oscillations generated by the grid harmonics and interharmonics. It is worth mentioning
that the harmonic compensation strategy adopted in HIHDOPLL is able to compensate any harmonic
and/or inter-harmonics present in the grid. Prior knowledge of which harmonics/interharmonics are
present in the gird voltage is not needed and all the harmonics are eliminated with lower
computational complexity. In addition, the novel mathematical decoupling of the low-frequency
oscillations ensures the faster dynamic response.
Furthermore, the authors in [19] proposed an advanced ETD current controller and an
innovative PQ control scheme for improving the grid power quality. The structure of ETD is a novel
control design, which offers faster dynamic response, does not employ any filters and thus, results in
lower computational complexity. It can inject various current sequences either for fulfilling the load
demand or for improving the grid power quality. It can work accurately in the presence of harmonics
and unbalances. The advanced PQ enhances the operational capabilities of the ETD current controller
and operates as an active power filter, enhancing in this way the grid power quality.
4. RESULTS AND DISCUSSIONS
The HIHDOPLL can work effectively in the presence of various grid conditions and it is the
most advanced PLL amongst the ones listed in Table 1. The performance of the HIHDOPLL is
compared against the DNαβPLL and ddsrfPLL as can be seen from the results in Fig. 6. The
performance accuracy of the three PLLs is verified under various grid conditions such as harmonics,
interharmonics, faults and DC offset. Initially, the grid voltage is balanced and distortion free, to
which all the three PLLs respond accurately. However, at t=0.6 s the grid voltage is distorted with 5
% −5th and 2.5 % 7th harmonic. The DNαβPLL and HIHDOPLL are immune to these harmonics and
respond accurately. On the other hand, the ddsrfPLL cannot perform under harmonics and results in
undesired oscillations in the estimated quantities. At t=0.65 s, 5.47th and 7.3th interharmonics are
injected in the grid voltage with magnitude of 8 % and 4 %, respectively. Both DNαβPLL and
ddsrfPLL are unable to accurately estimate the grid voltage information. The HIHDOPLL on the
other hand precisely estimates the grid voltage phase angle and frequency by canceling out the
oscillations caused by the interharmonic distortion. In addition, among the three PLLs, the
HIHDOPLL at 0.7 s results in lower phase and frequency overshoot, maintaining in this way the
limits imposed by grid regulations. Furthermore, at t=0.75 s, the PLLs are tested under 15 % DC
offset and 5.5 % −5th harmonic. The only PLL that works accurately under this disturbance is the
HIHDOPLL.
The HIHDOPLL is further used together with the ETD controller for the accurate control of
GSC towards enhancing the power quality of the grid. A test case is presented in Fig. 7 that analyzes
the performance of the HIHDOPLL and the ETD controller under distorted and unbalanced loads.
The ETD enables an advanced functional mode of RES in which the GSC allows on-purpose injection
of distorted currents and enhances the grid power quality. Initially the connected load draws
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harmonically distorted current and up until t=0.45 s, the ETD delivers only symmetrical currents
causing as a result, distortion in the three-phase grid current. However, at t=0.45 s, the on-purpose
Nor mal

Harmonics
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Unbalance Fa ult
DC offse t and harmonic s

LCDRPLL
DNαβPLL
ddsrfPLL

Fig. 6: Performance comparison of various state-of-the-art PLLs under adverse grid conditions.
Harmonic-distorted load
Nor mal PV ope ration

Asymm etric load

Advanced PV operation using ETD controller

Fig. 7: Contribution to the power quality enhancement using an advanced ETD controller.
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injection capability of ETD is activated and as can be seen, the necessary distorted current is delivered
locally through the GSC of the RES, improving in this way the grid power quality. Later on, at t=0.55
s, the load becomes asymmetric with the on-purpose feature activated. Thus, the GSC supplies the
unbalanced and distorted currents and the grid current is free of asymmetries and harmonic distortion.
5. CONCLUSION
The accurate design of a GSC control system plays a vital role for the effective, stable and reliable
operation of the RES under normal and abnormal grid operating conditions as regulated and
demanded by modern grid codes. The GSC control mainly requires an appropriate design of the PLL
and the current controller. This paper presents a benchmarking analysis of various state-of-the-art
PLLs and current controllers. The problem associated with the existing controllers are highlighted
and presented, various advanced controllers are discussed and their performance analysed through
simulation results.
REFERENCES
[1] REN 21. (2017, 24-02-2018). Renewables 2017: Global Status Report (GSR). Available:
http://www.ren21.net/gsr_2017_full_report_en
[2] Z. Ali, N. Christofides, L. Hadjidemetriou, and E. Kyriakides, "A new MAF based
αβEPMAFPLL for grid connected RES with improved performance under grid faults," Electric
Power Systems Research, vol. 154C pp. 130-139, Jan. 2018.
[3] Transmission System Operator (TSO) Cyprus, " Transmission and distribution rules - Issue 4.0.0
(in Greek)," July 2013, Available: http://www.dsm.org.cy/.
[4] Transmission Code 2007. (August, 2007). Networks and system rules of the German transmission
system operators. Available: www.vdn-berlin.de.
[5] Z. Ali, N. Christofides, L. Hadjidemetriou, E. Kyriakides, Y. Yang, and F. Blaabjerg, "Threephase phase-locked loop synchronization algorithms for grid-connected renewable energy
systems: A review," Renewable & Sustainable Energy Reviews, vol. 90, pp. 434-452, July 2018.
[6] Z. Ali, N. Christofides, L. Hadjidemetriou, and E. Kyriakides, "A computationally efficient
current controller for simultaneous injection of both positive and negative sequences," in Proc.
IEEE ECCE Europe (EPE), Warsaw, Poland, 2017, pp. P.1-P.10.
[7] Z. Ali, "Diversifying the role of RES with advanced converter functionalities and performance
for improved grid support and operation," Ph.D. dissertation, Electrical Engg. Dept., Frederick
University, Nicosia, Cyprus, 2018.
[8] V. Kaura and V. Blasko, "Operation of a phase locked loop system under distorted utility
conditions," IEEE Trans. Industry Applications, vol. 33, no. 1, pp. 58-63, 1997.
[9] P. Rodriguez, J. Pou, J. Bergas, J. I. Candela, R. P. Burgos, and D. Boroyevich, "Decoupled
double synchronous reference frame PLL for power converters control," IEEE Trans. Power
Electronics, vol. 22, no. 2, pp. 584-592, 2007.
[10]L. Hadjidemetriou, E. Kyriakides, and F. Blaabjerg, "A new hybrid PLL for interconnecting
renewable energy systems to the grid," IEEE Trans. Industry Applications, vol. 49, no. 6, pp.
2709-2719, 2013.
[11]S. Golestan, M. Ramezani, J. M. Guerrero, F. D. Freijedo, and M. Monfared, "Moving average
filter based phase-locked loops: Performance analysis and design guidelines," IEEE Trans. Power
Electronics, vol. 29, no. 6, pp. 2750-2763, 2014.
[12]S. Golestan, J. M. Guerrero, A. Vidal, A. G. Yepes, and J. Doval-Gandoy, "PLL with MAF-based
prefiltering stage: small-signal modeling and performance enhancement," IEEE Trans. Power
Electronics, vol. 31, no. 6, pp. 4013-4019, 2016.
[13]Z. Ali, N. Christofides, L. Hadjidemetriou, and E. Kyriakides, "Performance enhancement of
MAF based PLL with phase error compensation in the pre-filtering stage " in Proc. IEEE
PowerTech, Manchester, 2017, pp. 1-6.

341

[14]L. Hadjidemetriou, E. Kyriakides, and F. Blaabjerg, "Synchronization of grid-connected
renewable energy sources under highly distorted voltages and unbalanced grid faults," in Proc.
IEEE IECON, 2013, pp. 1887-1892.
[15]L. Hadjidemetriou, E. Kyriakides, and F. Blaabjerg, "A robust synchronization to enhance the
power quality of renewable energy systems," IEEE Trans. Industrial Electronics, vol. 62, no. 8,
pp. 4858-4868, 2015.
[16]Z. Ali, N. Christofides, L. Hadjidemetriou, and E. Kyriakides, "Design of an advanced PLL for
accurate phase angle extraction under grid voltage HIHs and DC offset," IET Power Electronics,
vol. 11, no. 6, pp. 995-1008, May 2018.
[17]L. Hadjidemetriou, E. Kyriakides, and F. Blaabjerg, "A grid side converter current controller for
accurate current injection under normal and fault ride through operation," in Proc. IEEE IECON,
2013, pp. 1454-1459.
[18]M. Reyes, P. Rodriguez, S. Vazquez, A. Luna, R. Teodorescu, and J. M. Carrasco, "Enhanced
decoupled double synchronous reference frame current controller for unbalanced grid-voltage
conditions," IEEE Trans. Power Electronics, vol. 27, no. 9, pp. 3934-3943, May 2012.
[19]Z. Ali, N. Christofides, L. Hadjidemetriou, and E. Kyriakides, "Diversifying the role of
distributed generation grid side converters for improving the power quality of distribution
networks using advanced control techniques," in Proc. IEEE ECCE USA, Cincinnati, OH, 2017,
pp. 4786-4793.

342

“Applying Responsible Research and Innovation in Wave Energy –Lessons
Learned and Best Practices”
Xenia Theodotou Schneider1, Niamh Flavin2 , John Breslin2 and Jeremy Gault3
1

2

3

XPRO Consulting Limited, Nicosia, Cyprus
xenia-schneider@xpro-consulting.com

SmartBay Ireland, Oranmore, Galway, Ireland
niamh@smartbay.ie
john.breslin@smartbay.ie

MaREI Centre for Marine and Renewable Energy, Environmental Research Institute, University College
Cork, Ireland
J.Gault@ucc.ie

KEYWORDS – wave energy, renewable energy, lessons-learned, Responsible Research and
Innovation, RRI, policy, funding, commercialisation, public engagement, open science, co-creation.
ABSTRACT
Wave energy is still at development stage in Europe, including Ireland. Renewable energy
sources and technology require wider understanding by policy-makers and society for acceptance
and application. However, scientific communication towards policy, industry and society is not
always fruitful. This though can be improved through the application of Responsible Research and
Innovation (RRI). RRI implies that all societal actors (researchers, citizens, policy makers,
businesses and third sector organisations) work together for aligning opinions, actions, processes
and outcomes with the values, needs and expectations of society for a sustainable future.
This paper focuses on the lessons learned and identified best practices from two mobilisation and
mutual learning workshops, about wave energy in Ireland. The authors illustrate how to
successfully engage societal actors to create a common vision and an action plan. The Irish
workshops promote and apply the concept of RRI and how it can facilitate commercialization of
wave energy and what policy initiatives are needed. These workshops are part of the forty-four RRI
European workshops executed under the EU-funded project MARINA (www.marinaproject.eu).
1

INTRODUCTION

The goal of this paper is to introduce the concept of Responsible Research and Innovation
(RRI), to show its usefulness and why it should be considered in the sectors of renewable energy
and to provide useful lessons learned and best practices in order to facilitate its application.
Responsible Research and Innovation (RRI) is gaining attention in many different research
and innovation fields in Europe such as biomedical, nanotechnology, information and
communication technology, food sector and materials. In this paper, RRI refers to the concept used
by the European Commission (EC) within the research and innovation-funding programme,
Horizon 2020: “Responsible research and innovation is an approach that anticipates and assesses
potential implications and societal expectations with regard to research and innovation, with the aim
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to foster the design of inclusive and sustainable research and innovation1”. To further support this
concept, EC has defined 5 key dimensions: Public Engagement, Science Education, Open Science,
Gender Equality, Ethics; and one overarching dimension: Governance.
Ocean energy, both wave and tidal, has been identified as one of the five highly innovative
sectors of the European Commission Blue Strategy2 that has the potential to address the societal
issue of renewable energy and at the same time create jobs.
This paper is based on the results, lessons learned and identified best practices from two
highly participatory workshops organised and completed in Ireland under the EU-funded project,
MARINA. MARINA’s goal is to federate RRI communities by addressing societal issues in the
marine sectors. The three-year project MARINA (2017-2019) has dealt with all the growth sectors
that comprise the Blue Growth focus sectors of the European Union. The Irish workshops were held
in January 2017.
As ocean energy is still at its infancy and it is not yet developed at commercial level, it needs
wider understanding by policy, industry and society for acceptance and application. Following this
line of reasoning, we aim to highlight the lessons learned and best practices for applying RRI to
ocean energy sectors. In Section 2, we explain the concept of RRI, and in Section 3 the MARINA
RRI approach for raising the RRI awareness among multidisciplinary actors in marine fields
including ocean energy by bringing together a multitude of stakeholders to discuss different forms
of ocean energy (wave, tidal and wind). In Section 4, we concentrate on the wave energy to discuss
the nature of the actions defined by the stakeholders and how these related to the RRI keydimensions. In Section 5, we highlight the lessons learned and best practices extracted from these
workshops. Finally, in Section 6, we draw conclusions as to how RRI may be applied in ocean
energy fields to secure societal acceptance and support.

2

DEFINITION OF RESPONSIBLE RESEARCH AND INNOVATION (RRI)

Responsible Research and Innovation (RRI) refers to a transparent, interactive process by
which societal actors and innovators become responsible and mutually responsive to each other
with a view on the (ethical) acceptability, sustainability and societal desirability of the innovation
process and its products. RRI was adopted as a crosscutting priority by the European Commission’s
Research and Innovation funding programme Horizon 2020 [1].
RRI has six priority areas/ dimensions, which reflect the overall umbrella priority of
Governance supported by five dimensions to be taken into consideration when dealing with
research and innovation processes: Public Engagement, Science Education, Open Access, Ethics
and Gender Equality.
• Governance is defined as the advancement of responsible research and innovation by
all stakeholders (researchers, public authorities, industry and civil society
organisations), which is sensitive to society’s needs and demands, and promote an
ethics framework for research and innovation.
• Public Engagement is about integrating society in science and innovation issues,
policies and activities in order to integrate citizens' interests and values and to increase
the quality, relevance, social acceptability and sustainability of research and
innovation outcomes in various fields.
• Science Education encourages citizens to engage in science through formal and
informal science education, and promote the diffusion of science-based activities,
namely in science centres and through other appropriate channels; and to make science

1
2

https://ec.europa.eu/programmes/horizon2020/en/h2020-section/responsible-research-innovation
https://ec.europa.eu/maritimeaffairs/policy/blue_growth_en
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attractive to young students and foster sustainable interaction between schools,
research institutions, industry and civil society organisations.
Open Access is to develop accessibility and the use of results of public- funded
research. Free and earlier access to scientific work may improve the quality of
scientific research and facilitate faster innovation, constructive collaborations among
peers, and productive dialogue with society and policy.
Ethics focuses on (1) research integrity: the prevention of unacceptable research and
research practices; and (2) science and society: the ethical acceptability of scientific
and technological developments.
Gender Equality: supports structural changes in the organisation of research
institutions and in society at large to address gender inequality issues in content and
design of research and innovation activities.

The idea behind RRI is to strengthen the European science and technology areas by increasing
the capacity to harness ideas, opinions, designs and new thinking wherever they exist. This can only
be achieved through dialogue and active participation among scientists, researchers, developers,
citizens and innovators to ensure a more responsible science towards realising solutions to
important societal issues like sustainable energy. Furthermore, responsible and open science can
assist in scientific based informed decision for relevant policy making that correspond to the
societal issues. Since public investment is needed for achieving sustainable and workable wave
energy, an important social and political awareness and involvement is required to create the
necessary constituency. This constituency in turn must share the values of science, it must be
educated and fully engaged in the wave energy processes and to recognise the possibilities and
contributions of wave energy as a more sustainable source of energy.
It is in this regard, the MARINA project has embarked in federating stakeholders for
addressing RRI in several blue growth areas including wave energy.
3

THE MARINA RRI APPROACH

The MARINA project was funded by the European Commission under Horizon 2020 funding
programme from 2017 until 2019. The main aim of the MARINA project is to bring together and to
enable RRI communities in marine fields to federate for creating awareness, sharing knowledge and
agreeing on actions for solutions. MARINA has based the core of its work on mobilising societal
actors to discuss a multitude of blue growth topics including ocean energy for exchanging opinions
and ideas, learn from each other and for co-defining a common action plan. The societal actors were
involved through a series of forty-four Mutual Mobilisation and Learning (MML) workshops held
in two rounds (2016-2018) in eleven European member states (Belgium, Cyprus, Denmark, Estonia,
France, Greece, Ireland, Italy, Poland, Portugal, Romania, Spain) and Turkey. The societal actors
were scientists and researchers, policy makers and implementers, civil society organisations (CSOs)
and non-governmental organisations, businesses and industry representatives, citizens and local
authorities.
The aim of Mobilisation and Mutual Learning (MML) process was to stimulate the
involvement of societal actors on a specific societal challenge by applying the RRI dimensions on
the identified and agreed actions for addressing the specific challenge. Figure 1 illustrates the
process.

Figure 1: The MARINA Mobilisation and Mutual Learning Approach of Workshops
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Several different participatory methods were utilised during the MML workshops such as science
café3, world café [2], focus groups, focus group[3] and structured democratic dialogue [4].
The MARINA MML workshop process has the following main steps:
1. Define the societal challenge as a hot topic, use storytelling providing figures and facts
to raise the interest, and relate everything to the RRI dimensions;
2. Define a triggering question for the workshop that societal actors must answer;
3. The hot topic definition and triggering question is quality reviewed by a MARINA
team;
4. Identify the societal actors/ stakeholder groups to be involved in the MML workshop
by following the suggested compositions as shown in Table 1;
Table 1: Suggest composition of the MML workshop participants:
Type of Societal Actor

Number in %

Researchers and Scientists

25%

Local policy makers (including representatives of local
authorities, and municipalities)

15%

Citizens and Civil Society Organisations

44%

Business Representatives

20%

Other

1%

5. Organise the workshop and invite the societal actors;
6. Ask the confirmed workshop participants to think of and document actions-ideas of
how to address the triggering question;
7. Execute the workshop by allowing the participants to freely present and discuss their
actions-ideas, ask participants to cluster their action-ideas into logical clusters; ask
participants to vote the presented actions-ideas, ask participants to address the RRI
dimensions in the action-ideas with the highest votes; ask participants to define
SMART actions for each of the action-ideas with the highest votes and to create an
action roadmap; collect all workshop results, participants’ feedback and record
positive and negative lessons learned.
8. Create a comprehensive report.
For the interested reader all MML results and reports are available in the MARINA Knowledge
Platform4. The following Figure 2 illustrates the blue growth topics covered during the MARINA
MML workshops.

Figure 2: Blue Growth topics covered by MARINA, two of which on wave energy
3
4

http://www.sciencecafes.org
www.marinaproject.eu
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4

WAVE ENERGY MML WORKSHOP OVERVIEW

Two MML workshops addressed the wave energy as a solution for the societal challenge of
renewable energy. Both workshops were held in Galway, Ireland. One of the workshops was
organised by SmartBay5 with the title “Wave energy in Ireland: Considering the future – an industry
perspective” and the second workshop was organised by MaREI–UCC6 with the title “Wave energy
in Ireland: Considering the future – perspectives on policy”.
Ocean renewable energy in general has had resurgence in recent years both in technology
advancement and public profile. There is major potential in harnessing the energy from waves and
offshore wind as a clean power source, which can help transition country electricity grids to
distribute renewable set ups and work towards mitigating climate change effects. The advancement
of wave energy technology is one of the most technologically challenging industries that is
currently being developed but the potential reward from an environmental, economic and social
perspective from harnessing this resource is huge. Within Irish waters, alone 525TWh of energy
exists, which far exceeds Ireland’s total electricity requirement of 27.8TWh of electricity7. In
Ireland, funding and policy support is being provided to try to develop an indigenous wave energy
industry. Facilities have been set up around the country to test devices and a prototype development
fund has been set up. However, there are significant technological challenges to harness this
resource and for any research and development (R&D) activity significant funding and regulatory
support is required. R&D is often associated as high risk with institutional investors, thus
governments and high-risk inclination individuals and consortiums often undertake early
investment.
Furthermore, in existing policy frameworks, water and energy policies are developed
independently from one another and there is a natural resistance to integrate them [5]. Likewise, it
is argued that a greater understanding of conflicting and synergistic interactions between energy and
water is essential to know the barriers and drivers to their integration and, consequently, to define
better-integrated policies for the energy-water nexus. Looking in the current policy decision-making
processes, there is very little interaction with the public that could help in renewable energy
transitions [6].
Focusing on Ireland and even though there is policy and public funding support, the industry
classifies wave-energy initiatives as high-risk projects and this creates an extra obstacle for access
to funding for continuing the development of the sector. Through dialogue with regulators, policymakers and other stakeholders, critical challenges and appropriate policy measures / responses
could be identified. Thus, the questions addressed in these two workshops were7:
a) What are the technological issues associated with the development of wave energy
technology?
b) Are current policies and funding measures sufficient?
c) What recommendations for funding and policy could arise out of this meeting?
d) How can assistance be provided to overcome technical obstacles?
e) Looking towards the commercialization of the technologies and considering existing
policy initiatives, what are potential policy suggestions and briefs that could best
prepare Ireland for the future development of the industry?
f) How would Responsible Research and Innovation (RRI) assist in this process?

5

www.smartbay.ie
www.marei.ie
7
Workshop Hot Topic Definition (www.marinaproject.eu)
6
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Both workshops followed the Focus Group participatory method with 2 groups of participants
and in 2 steps. The following Figure 3 shows the type and number of societal actors that actively
participated in the two Irish MML workshops:
Educational Organisations
SMEs

Wave energy in Ireland:
Considering the future – an
industry perspective by
SmartBay

Industry
Policy Makers

Wave energy in Ireland:
Considering the future –
perspectives on policy by
MaREI

Scientists and Researchers

Ctizens , NGO/ CSO
0

2
4
6
8
Number of participants

Figure 3: Workshop Participant Types
At the beginning of the workshops, it was agreed that all participants would discuss openly and
collaborate to create an action roadmap to address the technological and socio-economic challenges
related to wave energy which were summarised as:
a)
b)
c)
d)

Overcoming Engineering Barriers
Providing and Demonstrating Performance
Overcoming Uncertainty
Realising Business Opportunity

Furthermore, the organisers introduced the participants to the RRI concept and dimensions and
agreed that the action roadmap would have headings and address the six RRI dimensions and an
extra one about Sustainable use addressing the environment as shown in the following Table 2.
Table 2: Action Roadmap and the RRI dimensions addressed
Roadmap headings:

Dimensions of Responsible Research and Innovation
(RRI):

1) Goals

1) Public Engagement (Choose Together)

2) People

2) Science Education (Creative learning)

3) Buildings and Infrastructure
4) Technology
5) Culture
6) Processes and Procedures

3) Gender Equality (Unlock the full potential)
4) Ethics (Do the right thing and do it right)
5) Open Access and Open Science (Share results to advance)
6) Governance (Design science with and for society)
7) Environment (Sustainable use)

The marine sectors that were mainly discussed during the MaREI workshop were: Energy,
Ports, Education and Research under the themes Technology and Innovation, Trade and Supply
Chains; and Jobs and Investments.
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The marine sectors that were mainly discussed during the SmartBay workshop were: Blue
Energy and Blue Growth in general and the sectors were energy and ports under the themes of
climate change, Technology and Innovation, Trade and Supply Chain, Jobs and Investments

Number of Actions defined in Workshop

The two workshops addressed all RRI dimensions and Environment as shown in Figure 4,
putting more emphasis on Public Engagement since actions require proactive participation of
societal actors to address the triggering question and the roadmap’s headings; this observed both in
the policy making and in the industrial sector. Overall, Science Education and Governance have the
second ranking, however Science Education had more focus in the policy-oriented workshop, which
indicates the need to increase science understanding of policy makers as well as the need that
scientists must communicate their science in a language that the policy makers understand.
Likewise, Governance was highlighted and many defined actions were addressed especially since
the participants understood it as “design science with and for society”. Open access was covered by
several actions since sharing results is an important element for development and innovation.
Ethical aspects were mainly discussed in the workshop focusing on policy, where several actions
addressed public consultation processes and the promotion of stewardship. It is interesting to
observe that Ethics was much more present in the policy workshop than in the industry workshop.
Gender equality received some attention, as it is not considered critical for the development of wave
energy. However, it can be said that the participants understood Gender Equality as “unlocking the
full potential”. The Environment is not an RRI dimension, however, the workshop organisers
included it since renewable energy has an environmental impact.
80
70
60
50
40
30
20
10
0

Wave energy in Ireland:
Considering the future –
perspectives on policy by
MaREI

Wave energy in Ireland:
Considering the future – an
industry perspective by
SmartBay

Figure 4: Workshop defined actions related to RRI dimensions by the participants. Note, that
one action might relate to several dimensions
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5

LESSONS LEARNED AND BEST PRACTICES

The lessons learned from applying RRI in the two highly participatory MML workshops
about ocean energy could be classified in three main categories related to:
1) Reactions towards RRI application;
2) Workshop content and results;
3) Workshop organisation and format.
The participants received explanation about the RRI dimensions at the beginning of the
workshops and after working to define actions by applying the RRI dimensions to the two MML
workshop topics, participants provided feedback to the workshop organisers.
5.1

Reactions towards RRI application

Asking participants what their impression is of RRI and if this may apply in their field of activity
and work, it is interesting to note that policy makers, researchers and scientists had an overall
positive impression of RRI, whereas citizens, civil society organisations and industry were neutral.
Table 3 shows the participants impressions in each workshop. Someone would have expected that
citizens and civil societies would be more positive since RRI puts them in the frontline for research
and innovation. Perhaps, this is what makes them slightly sceptical feeling that they do not have the
knowledge to fully participate.
Table 3: RRI overall impression per workshop societal actor group
Irish Workshop Title
Participants Profile

SmartBay – Industry
perspective

MaREI – Policy
perspective

Scientists and Researchers

Very Positive

Very Positive

Policy Makers

Very Positive

Very Positive

Non-Governmental Organisations

Positive

Positive

Civil Society Organisations Citizens and Civil Society
Organisations

Neutral

Neutral

Industry and SMEs

Neutral

Neutral

It is also interesting to examine which RRI dimensions did the workshop participants focus most
on during the two MML workshops:
During the MaREI workshop that focused on policy perspective, participants focused more on
Public
Engagement
and
Governance, followed by
Science Education and Ethics.
Interestingly enough, Open
Access came next to last to be
following by Gender Equality
as last. Considering the
affiliation of the participants
(Figure 3), where the majority
were policy makers, scientists
and researchers with equal
participation of men and
women, gender equality was
not an issue. However, Open
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Access was not deemed so important compared to public engagement. Perhaps this is a
phenomenon in Ireland since the funding for wave energy is public and policy makers have access
to the results.
During the SmartBay workshop that focused on industry perspective, participants focused also
more on Public Engagement
and Governance. But in this
workshop, Ethics comes
before Science Education,
illustrating that ethical
research and innovation is
ranked high for industrial
participants.
On
this
workshop, as well Open
Access came next to last to
be following by Gender
Equality as last. Again, the
participants did not focus
on the latter dimension,
perhaps because there was a
good gender balance in the workshop’s participants. However, Open Access was not the focus of
the industrial partners either.
Participants discussed the workshop’s theme and guided by its triggering question for
reaching common goals and actions by engaging in RRI. So, looking at the policy-focused
workshop of MaREI, here all participants put forward suggestions regarding the different
dimensions of RRI and had a “free-flowing” discussion where participants understood the process
and were able to put forward experience-based examples of how RRI would be relevant. Likewise,
viewing at the industry-focused workshop of SmartBay, participants discussed generally around
technical challenges and the push to have a demonstration project. Generally, the more experienced
in the group provided the most input but nearly all participants participated in a variety of fields
with a general consensus on the issues and roadmap.
In both workshops, participants were able to define actions for applying RRI at local level and
RRI was viewed as being important in the context of plan development, strategy and
communication activities; for example RRI dimensions Public Engagement and Science Education
would be very relevant for engaging with citizens and understanding their perceptions associated
with marine renewable energy.
So the lessons learned and best practices for pushing RRI forward in the mind-sets of societal
actors are:
a) Produce very clear definitions of RRI;
b) Show how RRI is valuable to participant's interest areas;
c) Provide good practice examples of how RRI dimensions were implemented and what impact
and benefit emerged from their use.
d) Prompt for experienced-based examples of how RRI can be relevant.
e) Industry prefers to focus on demonstration projects for embedding RRI.
f) Policy stakeholders saw great value in applying RRI dimensions; in fact many of the RRI
principles are already mainstreamed into the work of the policy representatives at the
workshop.
g) Participants agree that policy makers should embed RRI in scientific education as it was
featured prominently in the workshop discussions.
h) Participants indirectly agreed that policy makers should embed public engagement in
research funded with public money; in fact public engagement was featured throughout
discussions and it was deemed to be the most important RRI principle.
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i) Participants saw benefits to RRI being embedded in policy.
j) Participants agreed that policy makers should embed the RRI approach in innovation
processes.
5.2

Lessons Learned related to Content

Almost all of the solutions put forward by participants were sanctioned or agreed by all other
participants - so there was broad consensus within the group on how to implement solutions
relevant to the workshops’ topics. Barrier inhibiting the inclusion of the RRI dimensions into
policymaking process can be the lack of guidelines and code of conduct, as well as the lack of
expertise and skills. Thus, in order to foster the inclusion of RRI dimensions into the policy-making
process, it is necessary to initiate early engagement with stakeholders to allow adequate time for
understanding and dialogue to take place. A key outcome was that all participants agreed many
solutions require input from multiple stakeholders, i.e. policy, industry, research and CSO / NGOs.
The lessons learned and best practices related to content identified from the SmartBay MML
workshop about “Wave Energy in Ireland: Considering the future – an industry perspective” were:
a) To create opportunities to network and discuss, in order to identify the key marine and
societal challenges for the Wave Energy Sector
b) To attract private investment and develop national projects
c) To involve all the interested stakeholders
d) To attract students into engineering courses
e) To build the appropriate infrastructure and technology for the Wave Energy Sector
The lessons learned and best practices related to content identified from the MaREI MML
workshop about “Wave Energy in Ireland: Considering the future – a policy perspective” were:
a) Developing a spatial plan specific to zoning of areas of offshore renewables.
b) To develop a clear communications strategy.
c) To have proactive public participation from stakeholders, in particular from governance
and industry.
d) To develop a GIS information database.
e) To encourage and promote marine involvement for all stakeholders.
f) To develop a stakeholder engagement plan.
Both workshop organisers agreed to the following best practices:
a) Learn internally about RRI Present the MML and RRI approach and how to apply it.
b) Raise awareness about RRI among participants.
c) Disseminate and promote workshop outputs via policy and industry networks at national
level (and encourage them to take findings to their international counterparts).
d) Share the results of the Workshop through the MARINA Platform.
5.3

Lessons Learned from the MML Workshop Organisation

For both workshops, the organisers invited about 50 people by contacting them directly and
100 people indirectly. Between 20-25 people attended in the workshops. The organisers decided to
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1) target specific groups / individuals that they knew would be interested in the workshop topic;
and, 2) ensured that all participants were given an opportunity to put forward their views and
opinions during the working group sessions.
To activate the participants during the workshops, the organisers did the following:
• Helping them understanding the importance of the Marine Hot Topic
• Explaining the RRI Concept and its 6 Dimensions
• Letting the participants know that they should reach a common RRI Vision concerning
the Hot Topic of the workshop.
• Allowing participants know that the results will be forwarded to policy makers and
presented at EU-level in order to influence European and national policies.
• Highlighting the importance of RRI to EU funding applications.
Both workshop organisers highlighted the following lessons learned and best practices:
• Start organising the workshop at least 60 days before it is planned.
• Define the topic of the workshop and define the “hot topic” linking it to a societal
challenge.
• Use invitations through different types of communication means such as e-mailing,
telephone, third parties to connect you with the participants and word of mouth.
• Invite diverse societal actors groups and strike for gender balance as well as age,
interest and activity scope.
• Use an e-Newsletter campaign to promote the workshop.
• Organise the workshop by having group work allowing them to put forward valuable
insights and well-informed views. Breaking into small groups, allows closer
interaction with participants and greater insight into participant opinions and views.
• Use a template to continuously capture information and actions from discussions.
• Record the workshop to capture all discussions, but after receiving the written consent
of participants, without drawing their attention to it in order not to inhibit some
participants.
• Employ strong facilitation skills to guide the participants and to avoid having some
participants monopolising the conversation.
• Provide a hot topic description to the participants before the workshop. Familiarity
with the discussion topic, allows participants to become active.
• Present the hot topic to participants at the outset of the workshop and ask attendees to
use the hot topic as a basis for the workshop and discussions.

6

CONCLUSION

The Responsible Research and Innovation (RRI) concept and its six dimensions (public
engagement, science education, open access, gender equality, ethics and governance) can be an
enabler for resolving important societal challenges such as energy by involving the societal actors
in well structured mobilisation and mutual learning workshops In the two workshops about wave
energy, the defined actions show that participants were positively requesting the inclusion of the
RRI dimensions into policymaking. RRI may improve communication among different stakeholder
groups and provide opportunities to better understand societal actors perceptions and needs.
The mobilisation and mutual learning workshops are an integral part of RRI implementation.
These highly participatory workshops are useful for federating diverse stakeholder groups, but also
challenging at the same time, needing careful and timely organization. As the lessons learned show,
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an RRI Roadmap to guide and facilitate the RRI initiation and implementation would be useful.
This is an initiative that is already underway within the MARINA project.
In conclusion, RRI awareness is needed as well as wide dissemination of RRI application in
concrete cases to exemplify its societal benefits for a sustainable and innovative alternative energy.
The RRI lessons learned and best practices may be applied in other alternative energy initiatives.
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ABSTRACT
Maestrale is an Interreg MED 2014-2020 Programme co-financed by the European
Regional Development Fund. The University of Siena, (UNISI) coordinates a consortium of
10 partners from Italy, Greece, Malta, Spain, Portugal, Croatia, Slovenia and Cyprus
(Oceanography Centre, University of Cyprus). The Maestrale project intends to lay the
foundation for a Maritime Energy Deployment Strategy in the Mediterranean. Based on a
thorough study of existing and innovative technologies, hindrances and potentials in
participating countries, Maestrale aims to widen knowledge sharing among scientists, policy
makers, entrepreneurs and citizens to support blue growth development. So far there has been
limited progress regarding concrete initiatives and operating plants in the MED area despite
the plethora of academic and technical studies already available in the field of offshore
renewable energy. To assist in this effort, project partners cooperate to analyse and report the
maritime renewable energy potentials in participating countries with regards to their physical,
legal, technological, economic and social contexts. Of key importance are issues such as
environmental sustainability, technological innovation, social acceptance, as well as possible
conflicts with sensitive marine ecosystems.
The main deliverable of Maestrale is the establishment of the Blue Energy Labs
(BELs), taking place in each participating region. BELs aim to involve local enterprises,
public authorities, knowledge institutions and citizens in an effort to support future blue
energy policies and plan concrete strategies for blue growth. The identification of a set of
pilot projects in each participating country is envisages as a mean for awareness raising and
social acceptance in order to increase the feasibility of future Blue Energy initiatives. Forty
BELs will be organized (4 by each partner institution), in order to promote Blue Growth
taking into account, the Blue Energy potential in the region the availability of technological
infrastructure, the legislation as well as funding and investment opportunities.

1.

INTRODUCTION

Energy demand increases year by year. The current primary energy mix is made up
from more than 80% of fossil fuels (IEA, 2015). In addition, the energy sector is responsible
for a significant percentage of CO2 emissions globally (IEA, 2015). As a result, the energy
sector must turn to new energy sources and more efficient technologies in order to be able to
fill the energy demand with clean energy, such as onshore renewable energy sources and
ocean energy. The ocean is regarded as a vast source of renewable and clean energy that
exceeds our present and projected future energy needs many times (Takahashi and Trenka,
1996) and is expected to play a crucial role in the future energy system (Magagna and
Uihlein, 2015). It thus has the potential to help reduce CO2 emissions and alleviate the global
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climate change threat, but it is also critically important that the development of new ocean
energy technologies does not harm the marine environment (Pelc and Fujita, 2002).
Blue energy (BE) is not strictly defined in the literature. Initially, this term was used
to describe only the energy produced by exploiting salinity differences between fresh and
salty water (Ross and Krijgsman, 2004; Kuleszo et al., 2010), while in others this term
describes the energy coming from any form of offshore marine renewable source (Soma and
Haggett, 2015; Lillebø et al., 2017). According to Ellabban et al. (2014) ocean energy is the
energy coming from waves, tidal currents, ocean currents, salinity gradient, and ocean
thermal energy conversion (or temperature gradient energy).
EU is currently at the forefront of ocean energy development (Magagna and Uihlein,
2015) but still blue energy is currently a nascent industry. Even though the highest potential
for the development of ocean energy is in the Atlantic seaboard, it is accepted that there
exists potential also in the Mediterranean and the Baltic basins. Magagna and Uihlein (2015)
presented a critical review of the status of ocean energy technologies. They concluded that
tidal and wave energy represent the two most advanced and promising types of ocean energy
technologies in converting ocean energy into renewable low-carbon electricity and noted that
tidal energy technologies are expected to become commercially viable before wave energy.
Maestrale is a three-year project (1.11.2016-31.10.2019), funded within the
framework of the Priority Axis n. 1 of Interreg MED 2014-2020 Programme and co-financed
by the European Regional Development Fund. The project consortium includes 10 partners
from 8 countries from the Mediterranean (MED) region. The leading partner is the University
of Siena (UNISI), Italy. The rest of the consortium is comprised by: International Renewable
Energy Agency (IRENA, Croatia), Aristotle University of Thessaloniki (UATH, Greece), the
Oceanography Centre of the University of Cyprus (OC-UCY, Cyprus), INFORMEST from
Italy, the University of Algarve (UAlg, Portugal), Gorizia Local Energy Agency (GOLEA,
Slovenia), Malta Intelligent Energy Management Agency (MIEMA, Malta), the European
Centre for Business and Innovation (CEEI) and the Marine Maritime Cluster of Andalucia
(CMMA) from Spain.
The three main objectives of Maestrale are: (i) Knowledge transfer between the
partners and professionals who already have experience in the sector outside the MED area;
(ii) Creation of regional and transnational networks (Blue Energy Labs) of key stakeholders
such as policy makers, public authorities, research institutions, entrepreneurs and citizens, in
order to promote and establish Blue Energy projects; and (iii) Elaboration of two or more
pilot projects in each regional area with the highest feasibility conditions for the region.
In the frame of the Maestrale project, Blue Energy is considered in a broader sense
and includes: (i) wave energy (offshore and onshore), which can be embedded on manmade
structures, such as ports and wave-breakers, or on floating buoys; (ii) offshore wind energy
by means of floating or fixed-foundation turbines; (iii) marine biomass, which includes sea
weed farms or micro-algae absorbing seawater nutrients and CO2; (iv) salinity gradient
energy, i.e. energy extracted by exploiting the difference of salt concentration between fresh
and salty water; (v) ocean thermal energy, where the temperature difference between air and
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ocean is exploited for cooling or heating buildings; and (vi) marine current energy, using
floating, seabed moored and kite-like turbines.

2.

ENERGY POTENTIAL IN THE MEDITERREANEAN

To achieve the first objective of the project, partners needed to cooperate to detect
maritime renewable energy potentials in participating countries of the MED region with
regards to their physical, legal, technological, economic and social contexts. To analyse the
potential of all BE forms, the project partners were requested to investigate and report the
energy potential of each BE form and highlight the most promising in their study areas. The
findings of each partner for their region are summarized in this section. Figure 1 indicates the
locations (solid circles) or regions (hollow circles) of BE forms highligted by each partner.

Figure 1: Locations of highlighted BE forms as reported from the partners. Solid circles represent specific locations, while
hollow circles represent general regions.

2.1.

Italy

Two partners (UNISI and INFORMEST) have submitted independent potential energy
reports, the findings of which are merged here. The highlighted BE forms are offshore wind
energy, wave energy and marine currents. For offshore wind energy, two high-potential
locations were identified at Alghero and Oristano near Sardinia and in Messina Straits near
Sicily with annual mean wind speeds of 4.9, 5.4 and 5.7 m/s, respectively (Soukissian et al.,
2017). One important drawback in this case, is bathymetry, which can exceed a depth of 30 m
in just a few hundred meters distance off the coast. However, this issue may be addressed
with new emerging floating technologies. The mean wave energy identified for the region is
9.4 kW/m at the south-west coast of Sardinia and 4.75 kW/m near Sicily (Soukissian et al.,
2017) and at the Tyrrhenian Sea (Luppa et al., 2015). In addition, marine current exploitation
is feasible at very specific locations. In general, the marine current velocity is low, apart from
Messina Straits where it ranges from 1.8 m/s to 3 m/s during spring tides (Soukissian et al.,
2017).
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BE forms

High salinity
gradient due to
river inputs (not
mature
technology)

Most promising
BE form in the
region (already
in use)

High potential at
Cres, Krk and
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Croatia

Highlighted as
promising in the
in 1st regional
BEL

Highest potential
at the West coast
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(already used by
a hotel)

High potential at
South coast of
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Cyprus

High potential
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research is
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and western
Crete
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High potential at
Messina Straits
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Messina Straits

Italy

Table 1: Highlighted BE forms in the seven participating countries in the MED region

High potential
for offshore
wave
technologies

Heating the
buildings

Proposed the use
of floating
turbines due to
steep bathymetry

Malta

Most promising
BE form (already
in use)

Modest
expectations for
exploitability

Slovenia

Hybrid
technologies
usage for
greater
exploitability

Most promising
BE form.
Floating turbines
for medium level
wind speeds

Spain

2.2.

Croatia

The analysis of IRENA for Croatia showed that the BE forms with the greatest
potential are offshore wind, salinity gradient and thermal energy. The most promising areas
for offshore wind energy are near Cres and Krk islands and near Senj (Figure 1). According
to the feasibility scenarios of Hundleby and Freeman (2017), under certain assumptions, an
offshore wind energy park is feasible if the mean wind speeds are 7.5-8 m/s. These scenarios
and assumptions lower the feasibility potential of offshore wind energy in Croatia. It has been
reported that salinity-gradient energy exploitation is favoured by the high vertical differences
in salinity observed due to river runoffs in North Adriatic Sea (Russo and Artegiani, 1996).
The main drawback for this BE form is the technology, which is still developing and has not
reached a commercialization level yet. The BE form with the most highlighted potential is
thermal energy. This BE form is used directly for heating and cooling using marine heating
pumps. Heat is extracted for heating the buildings and is stored during the cooling phase of
buildings. The temperature differences between air temperature and seawater make this BE
form the most promising and viable in the region.

2.3.

Greece

The BE potential analysis carried out by AUTH concluded that the most promising BE
forms are offshore marine currents, wave energy, wind energy, and marine biomass. Marine
current energy is generally low in the MED region. This potential is remarkably high and can
be exploited only in certain areas. Such areas in Greece, are located near Evoia, Kea, Samos,
Kithnos, and Mytilene (ORECCA, 2011), where the minimum spring tide marine current is
near 1.75 m/s, a magnitude that allows the exploitation of marine current energy. Wave
energy potential ranges between 5-10kW/m near Skyros, Andros and Tinos in the central
Aegean Sea, near Karpathos and western Crete, where wave energy harvesting may be
feasible. Regarding offshore wind energy, the areas with the highest potential are found in the
Aegean Sea at Steno Kafirea, with a mean annual wind speed of 7.5 m/s and with available
wind potential energy of 546 W/m2. Another favourable location is Kasos, in the Karpathian
Sea, with a mean annual wind speed of 8 m/s and with available wind potential energy of 570
W/m2. Finally, the potential of marine biomass is highlighted, but for its exploitation, further
research advances and better understanding of its commercialization impacts are still
required.

2.4.

Spain

Two separate potential analyses have been carried out by the two partners (CMMA
and CEEI) in Spain. Offshore wind energy and wave energy are highlighted as the most
promising BE forms. The two analyses suggest that the most promising BE form is offshore
wind energy. It was also pointed out that the only viable solution for commercialization of
offshore wind energy is floating wind turbines due to the deep bathymetry of the MED
region. The W2Power floating wind turbine was proposed as a possible solution, since it can
operate well at the wind speed ranges encountered in the MED region and has been tested
extensively. For wave energy, a hybrid solution of wave extraction technology is suggested,
in order to increase the feasibility of wave energy extraction projects due to relatively low
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wave energy potential at the region. Such technology is the Butterfly converter from Rotary
Wave. Finally, tidal energy is also highlighted for the area near the Straits of Gibraltar, where
current velocities reach up to 2 m/s. The issue with this BE form is that existing technologies
cannot harvest energy at these current speeds and new technologies are not yet mature
enough.
2.5.

Slovenia

The coastline of Slovenia is only 46 km, which limits the possible site allocation of
any potential offshore renewable technology. Nevertheless, according to the report of
GOLEA, the most important BE forms are offshore wind and marine thermal energy. The
offshore wind energy does not allow very high expectations, since mean annual wind speeds
can reach up to 5 m/s. An important feature is micro-siting which can favour higher wind
speed at specific locations. The most promising BE form, however, is marine thermal energy.
This energy form is not used to produce electricity but is rather used for energy efficiency. In
fact, the existing capacity of the region is 1.4 MW with an annual heat extraction of 2300
MWh. The mean annual sea temperature is 17.6 oC ranging from 9 degrees in February to 26
degrees Celsius in July and August (Figure 2). These temperatures are much lower or higher
compared to the air temperature, hence they are suitable for heating or cooling.

Figure 2: Interannually monthly average of sea water temperature, at 3m depth, in Slovenia (2008-2017)

2.6.

Malta

According to the BE potential analysis report of MIEMA, the most promising BE
forms for Malta are wave energy, offshore wind energy and marine thermal energy.
According to the Italian National Agency for New Technologies, Energy and Sustainable
Economic Development (ENEA) the wave potential of the region reaches up to 7 kW/m at 25
km off the coast of Malta and becomes lower closer to the coast. In addition, offshore wind
speed reaches 6 to 7 m/s in areas located 25 to 50 meters from the coastline (ORECCA,
2011). Once again, floating-turbine technologies are mentioned since the steep bathymetry of
the region does not allow the use of fixed-foundation wind turbines. Finally, as in Croatia and
Slovenia, the marine thermal energy is proposed for use as energy storage and source when
needed. This can be a feasible scenario for energy savings due to the sea/air temperature
differences both in the summer and in the winter.
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2.7.

Cyprus

The results of the BE potential analysis for Cyprus showed that the most promising BE
forms are offshore wind and wave energy. For the offshore wind energy, it was found that the
areas with higher potential are areas north and south of the island, where the highest wind
speed velocities can be found (Figure 3). Low-potential areas are near the east and west
coasts of the island, where the lowest maximum mean wind speeds are reported. The highest
wind speed values are found at the Eratosthenis seamount area (that is far from the coast) and
near Akrotiri Bay, reaching up to 5.8 m/s during winter. The interannual maximum mean
wind speed in these regions can reach 8 m/s during February. Regarding the wind energy
potential, the Levantine Basin winds follow a seasonal pattern. During the winter months of
December, January and February we see an average wind speed of 5.5 m/s in North and
South Levantine, a trend which starts to decrease with the onset of March. During the
summer months there are some high offshore wind speeds in some locations (Akrotiri Bay,
near Eratosthenes and near Livera during June). Overall, the annual offshore wind speed
average is 4.5 m/s. In Figure 3, the February mean wind speed field over the period 20102017 is shown as a typical winter example. The monthly averages for the same period at three
(3) nearshore locations with relatively high potential shown in Figure 3 are tabulated in Table
2. In all cases minimum values appear during October, while maximum ones are observed in
January.
According to Soukissian et al. (2017), an acceptable wind speed threshold of 4.5 m/s at
10 m height is required for an area to be suitable to accommodate a wind park. As a result,
Cyprus is at the lower limit with mean annual wind speeds ranging between 4 m/s and 6 m/s.
These wind speeds may allow the creation of a sustainable offshore wind farm but far from
the coast. The sustainability of such offshore wind parks might be increased with emerging
technologies. Such technologies could be hybrid solutions, harvesting two different energy
forms (e.g. wind and wave).

Figure 3: Interannual mean wind speed during February 2010-2017 (m s-1) and three selected locations
near the coast.
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Table 1: Monthly mean wind speeds (m/s) during 2010-2017 over the three selected locations indicated in Figure 3.

MONTH
January
February
March
April
May
June
July
August
September
October
November
December
Overall

Location 1
4.661
4.581
4.305
3.774
3.683
4.002
3.921
3.576
3.266
2.766
3.637
4.484
3.888

Location 2
4.682
4.545
4.214
3.681
3.544
3.799
3.828
3.468
3.126
2.750
3.634
4.531
3.817

Location 3
4.857
4.688
4.457
3.717
3.427
3.684
3.906
3.496
2.920
2.838
3.860
4.745
3.883

Regarding wave energy, the areas with the highest potential are the west and southwest
coasts of Cyprus, where the highest wave energy values, of 3 kW/m, are encountered
(Zodiatis et al., 2014). Another location which is far from coast, however, is Eratosthenis area
where the mean values reach up to 4 kW/m. The maximum mean wave-energy values that
occur in these regions can exceed 12 kW/m during February (Figure 4). Apart from the west
and southwest coasts of the island, other coastal regions do not have high enough maximum
mean wave energy (Figure 4) in order to be considered as potential locations for the
exploitation of wave energy. Furthermore, the wave energy values for the west and southwest coasts are not very promising, but once again the feasibility can be increased with the
emergence of hybrid technologies. As for the marine current energy, this is not considered
exploitable, since mean current velocities are near 0.1 m/s (Figure 5), while the threshold set
by Soukissian et al. (2017) ranges from 1.5 to 2 m/s.

Figure 4:Interannual maximum mean wave potential energy (kW/m) for February (2010-2017)
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Figure 5: Interannual maximum mean surface currents (m/s) in February (1987-2016).

Finally, two BE forms not included in the report but highlighted during the 1st regional
Blue Energy Lab held in May 2018 are marine thermal energy and marine biomass. Marine
thermal energy is already exploited at the facilities of a large hotel in Limassol for cooling
and heating purposes. Regarding marine biomass, a recently completed research project
(Med-algae) showed that the use of micro-algae as a biofuel is a quite promising technology.
2.8.

External impacts on energy potential

Other factors that impact the development of BE projects have been identified by the
partners of the Maestrale project. Such factors include increased bureaucracy in obtaining the
required licences and permits, lack or insufficient national legislation for offshore
renewables-constructions as well as public and local acceptance. Many of the partners
reported that while renewable energy is widely accepted on a national level, Blue Energy
projects must fulfil certain criteria on a local scale, such as low visual impact and minimum
interaction with other important activities (tourism, fishing, etc.).
Physical constraints that may negatively affect BE potential in the MED region have
also been identified by the project partners. Such a constrain is the steep bathymetry, which
characterizes most of the MED region, representing a major economical barrier as it increases
the BE exploitation cost. To overlap this barrier, most of the partners recommend the use of
floating rather than fixed-foundation BE technologies. A great advantage of floating
structures is that they give the flexibility of avoiding high interest areas while at the same
time remaining at areas with high energy potential.

3.

BLUE ENERGY LABS

One of the main objectives of the Maestrale project is the establishment of, a
permanent collaboration network called Regional Blue Energy Lab (BEL) in each
participating region. BEL’s will aim to gather together Quadruple Helix actors (i.e, public
administration, businesses, research and education institutions, and the civil society) of the
Blue Energy sector, for fostering cooperation for business development, through training and
capacity building actions. Each regional BEL is expected to engage local actors through
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events, workshops and focus groups in order to promote both knowledge as well as
technological transfer. A training course is also envisaged focusing on topics such as Blue
Energy technologies, funding opportunities, regulations as well as procedures to prepare
business plans for the implementation of future BE projects.
During 2018 and up to the summer of 2019, forty (40) meetings of the BELs, i.e. 4 in
each participating region (Italy and Spain include two regions while the rest of the
participating countries are considered as one region), are foreseen. Each Regional BEL will
aim to develop two (2) different pilot Blue Energy projects, based on different technologies
specified through the BE potential analysis performed by each partner. The choice of the two
pilot projects will derive from the outputs of the Blue Energy Labs. As of the end of May
2018, BELs have been so far organized by IFORMEST (15.2.2018, Monfalcone, in Friuli
Venezia Giulia region) and University of Siena (3.5.2018, Grosetto) in Italy, by Malta
Intelligent Energy Management Agency in Malta (5.4.2018, Valletta), by University of
Algarve in Portugal (15.03.2018, NERA, Loulé, Portugal), by IRENA in Croatia (3 BELs
organized in August/September 2017, Roving, Croatia), and by the Oceanography Center,
University of Cyprus and the Cyprus Employers & Industrialist Federation in Cyprus
(15.5.2018, Nicosia).
The aim of the first BEL in Cyprus was to encourage discussion and share perspectives
on the promotion of Blue Energy in Cyprus, with invited guests from both the public and
private sector. The Maestrale project, the BE potential analysis for Cyprus, and past
initiatives for promoting BE in Cyprus were presented and discussed. The participants
discussed the opportunities for using BE technologies in the area as well as the need to
establish a common framework for maritime spatial planning, the need to define the legal
framework and permitting procedures in the maritime space of Cyprus. During the meeting a
PESTLE analysis took place to investigate the political, economic, social, technological, legal
and environmental aspects of the promotion of BE in our island. The participants stated the
importance of cooperation and knowledge sharing between the different entities in order to
solve important issues such as the permitting procedure and the maritime spatial planning, the
technological innovation and maturity as well as the possible environmental effects. The
importance of such meetings was stated as essential for preparing the national plan for the
maritime spatial planning.

4.

CONCLUSIONS

The main objective of the Maestrale project is to create initiatives in the MED region
for the development of offshore renewable energy. To this end, the project partners have
analysed and identified the potential of each BE form, in their region. All BE forms are
highlighted throughout the MED region, but these vary from region to region due to the
unique regional geomorphological characteristics. In addition to the energy potential, any
prospective BE projects must also take into account socio-economic factors, such as national
legislation and impact on the local society, which may affect the project development. The
Maestrale project will attempt to promote BE by bringing together Quadruple Helix actors to
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create a permanent network of cooperation through the establishment of regional BELs. The
aim of this cooperation is to identify any barriers which may affect the development of any
potential BE projects. Furthermore, BEL’s aim to promote different technologies, raise
awareness in public, provide training to local enterprises and eventually lead to at least two
feasible BE projects in each region.
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ABSTRACT
Madeira (Portugal) is one of the 9 European outermost regions and is currently under the
spotlight due to its role in coordinating the flagship CIVITAS Destinations project, whilst
levering electrical mobility policies.
For characterization of the baseline scenario that could support the promotion of
sustainable urban transport experiences, one has conducted evaluation campaigns at the
main gateway for entering into the Island, the airport. Results from the surveys about
mobility habits show that e-cars are not yet an option for tourists to move around Madeira.
In fact, only 0,3% of trips are performed by rented electrical vehicles. This result could
mean that work has to be done to widen the offer of e-rented cars. But one has also
realized that tourists don’t use electrical vehicles in their home town as well. This can be
a sign that Madeira can be at the forefront of this global change and lead by example (if
tourists have good experiences in using electrical vehicles during their holidays they
might be more willing to change from fossil fuel to electrically-powered vehicles).
In Madeira the ownership of electric vehicles has been growing sharply. In 2012, there
were only two fully electrical passenger vehicles circulating in the island. The number of
electrical vehicles reached 100 in early 2017 and 200 at the end of that year. In the
meantime, batteries are getting more and more reliable and recharging points are being
implemented extensively. Policy-makers and transport practioners envisage in electrical
mobility the way to effectively and noticeably address the objective of reaching an
attractive tourist destination, fossil free.
The local administration of Madeira is driving the revolution. One main local policy
document has been issued in March 2017 (the “Deployment Programme for Electrical
Mobility”). There is also running a national programme called Environmental Fund which
is subsidizing the take up of electrical cars and has paid for three new plug-in passenger
cars which will be delivered to Horários do Funchal (local public transport operator) in
March 2018.
At the cornerstone of the the electrification strategy there is CIVITAS-Destinations
project, which entails a package of effective electrical mobility measures: on one side, an
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operation for a common auction to purchase several vehicles for public administration
took place and, on the other side, the demonstrations of fully electrical buses were
essential to drive the transition of Public transport operators from diesel industry to
electromobility.
This is the sort of public-private partnerships and policies that suit a world class tourism
destination such as Madeira. With such framework the Region is nowadays a laboratory
region and a test bed where all the impacts generate can be properly evaluated. Plus, in
the hilly land of Madeira batteries are pushed to the limit due to the rough topography of
the island. Hence, there is an opportunity for manufacturers worldwide to follow with
attention our demonstration activities which can be regarded as stress tests for the electric
mobility options.
1

INTRODUCTION

Nowadays, 55% of the world’s population lives in urban areas, a proportion that is
expected to increase to 68% by 2050 [1]. In this undergoing process, cities and suburbs
will play a significant role, here relevant solutions are being tested to create sustainable
living conditions for residents and tourist. Cities will require mobility and energy
solutions that are sustainable, affordable, secure and inclusive, and integrated with
customer-centric infrastructure and services. Thus, the convergence between energy and
mobility policies is critical [2] to achieve long run objectives of preservation of human
health, quality of life and sustainable growth
Understanding the key trends in urbanization likely to unfold over the coming years, is
crucial the implementation of specific and measureables measurers to test innovative
solutions to make cities more sustainable. These results are essential to lead to feasible
and effective best practivethey can forge a new framework for cities and urban
development.
In the line of this paradigm, since 2008, the Portuguese Government defined and
implemented the Portugal Efficiency 2015 (PNAEE), an action plan aggregating a set of
energy efficiency programs and measures including local, regional and national measures
including electromobility promotion. With such plan Portugal has committed itself to a
target of 31% of gross final energy consumption coming from renewable sources by 2020
[3] and in its National Energy Strategy 2020, it also sets the objectives of having 60% of
electricity production and 10% of the energy consumption in transport coming from
renewable sources by 2020 [4].
Under the umbrella of such “green energy strategy” , Portugal launched the MOBI.E
Program specificly related to eletromobility. This program was aimed at creating a global
and technologically advanced approach to Electric Mobility. Such innovative electric
mobility model set the first national wide charging infrastructure [5]. The initiative is
nationwide and it involved, 25 Portuguese municipalities and a number of different
stakeholders: from research centers, to energy and IT companies. MOBI-E acted as an
effective plan for the transistion from fossil fuel mobility to electric mobility in cities and
nationwide.
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2

ELETROMOBILITY PLAN AND ACTIONS IN PORTUGAL AND
MADEIRA

Programa ECO.mob – Programa de Mobilidade Sustentável para a Administração
Pública 2015-2020
In the context of a worldwide strategy for green growth and the set of environmental,
climate and energy commitments, Portugal represents an example in the paradigm shift
that is required by society and stakeholders to support the transition to electromobility
In this context, Portugal promotes sustainable mobility through a more efficient and clean
mobility system, with a consistent incentive to the decarbonization of the Public Vehicle
Park (PVE). The improvement of the environmental and energy performance, it
contributesto the national objectives in this field, in order to achieve the specific objective
of promoting 30% of energy efficiency in the Public Sector established in the National
Program [6].
The ECO.mob Program aims to approach mobility in Public Administration from an
integrated perspective, valuing the mobility management in articulation with the
technological innovation in the PVE and the promotion of more sustainable behaviors.
The Programme to support Electric Mobility in the Public Administration is splitted in a
sequence of specific activities aiming the decarbonization and electrical transition
•
•
•
•
•

•

Financing for purchase and leasing of light electric vehicles (EV) in the PA. 1200 EV
are foreseen to be financed.
Financial aid for the acquisition of e-charging points and the respective systems of
geo-referencing and monitoring.
Incentive to support the substitution of urban service vehicles for electric vehicles
(public service of urban cleaning, gardens and other environmental services).
Incentive to support the introduction of electric and electric plug-in motorization
(residents and companies are eligible).
Incentive to support the introduction of electric buses in public transport fleets (PO
SEUR, PO Madeira 14-20 and PO Açores 2020).
Regulation for the installation of charging points in existing buildings and the
obligation to include an adequate electrical infrastructure for EV charging in new
urban infrastructures.
Expansion of public e-charging stations. Currently, the network covers 50
municipalities with over 1250 stations. Free electricity until the end of 2018 (2019 in
Madeira).

Operational goals of the ECO.mob Program are:

To achieve a 20% reduction in CO2 emissions from the PVE fleet in 2020;

Limit CO2 emissions from new passenger cars of the PVE by 2020 to a maximum of
95 g CO2 / km in at least 65% of new vehicles, according to Order no. 5410/2014
published in the National Official journal, 2nd series, of April 17;

Limit CO2 emissions of new light commercial vehicles from the PVE by 2020;

Limit the acquisition of light vehicles to vehicles that comply with the Euro 6
Standard;
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Replace combustion vehicles with electric vehicles, for a total estimated of
approximately 1200 vehicles.

3

MADEIRA - ELECTROMOBILITY PROGRAM IN MADEIRA (PMEM)

Electric mobility is a strategic pillar to achieve the objectives set out in the regional energy
policy, in particular in the Action Plans for Sustainable Energy of the Islands of Madeira
and Porto Santo, which aim to reduce energy dependence from abroad, reduction of
carbon dioxide emissions, the increase in the use of endogenous energy resources and the
reduction of energy influence in GDP.
Currently In Madeira region, the transport sector represents 55% of final energy
consumption, it’s the main factor of dependence on fossil fuels and greenhouse gas
(GHG) emissions, in particular CO2. Thus, electric mobility turns up as an opportunity
to promote Madeira as an environmentally friendly tourist destination, with strong use of
endogenous, sustainable energy resources with less carbon intensity, positioning it as an
island region of reference at EU level.
For that purpose, it was approved and is under implementation the Electromobility
Program in Madeira (PMEM), Resolution n.º 180/2017. The program aims at:
•
•
•
•
•
•
•

Integration of 30% of electric vehicles in Regional Government fleet;
To promote the integration of electric vehicles in public company fleets;
Public procurement procedure for the joint acquisition of electric vehicles for the
Regional Government public company fleets;
Expansion of e-charging network by creating six new fast e-charging points in the
Region;
To foster the expansion of the electric vehicle e-charging network in car parks,
shopping centres and hotel establishments;
Creation of regional incentives for electromobility aimed at the private sector and
citizens;
To promote the introduction of electric vehicles in public transport fleets.

The objective of the region will be to reach a share of between 5% and 10% of vehicles
powered by electricity by the 2020 horizon .

4

PORTO SANTO - SMART FOSSIL FREE ISLAND

Porto Santo is a small island of the archipelago of Madeira with a total area of 42 Km 2
and 5,5 thousand inhabitants with relevant seasonality peak during summer period.
The Porto Santo Sustainable Program, is an ambitious program that has been developed
by the Madeira Regional Government, through the Madeira Electricity Company (EEM)
and in partnership with the company Renault, SA. It aims to make the island of Porto
Santo a territory without fossil fuels and almost zero emissions of carbon dioxide, aiming
to ensure, in the medium and long term, its environmental, social and economic
sustainability and, at the same time, create a differentiating factor for the quality of life in
the island.
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Inline with this ambitious goal, on an experimental basis, the Regional Government in
partnership with the electricity company will provide 20 electric vehicles to 36 families,
public agencies, hotel, travel agency, rent-a-car, taxis and salespersons of the island of
Porto Santo. A two-month period of use per person was foreseen.
An intelligent charging network will be installed that will allow to study and test, together
with universities and electric vehicle manufacturers, the following features:
• Smart charge;
• V2G-Vehicle to grid;
• V2H-Vehicle to home.

Figure 1 – Electric Renault ZOE in Porto Santo
5

DESTINATIONS PROJECT – TOURISM AND ACTIONS FOR
ELECTROMOBILITY

Mobility issue is strictly related to quality of life, local economies and above all to
tourism. CIVITAS DESTINATIONS is a large innovative project cofounded by EU to
test in 6 touristic cities smart and intelligent solutions to attract more tourists to
sustainable transport options. Madeira is the lead partner in the project consortium and
since 2016 is testing specific measures to address specific needs of touristic mobility.
In Madeira in 2005, tourism was responsible for around 5% of all CO2 emissions, of
which 75% were caused by passenger transport [7]. Between 2009 and 2013, tourism’s
global carbon footprint has increased from 3.9 to 4.5 GtCO2e, four times more than
previously estimated, accounting for about 8% of global greenhouse gas emissions [8].
Given the rapid growth in tourism, it is clear that the sector will contribute to rapidly
growing emission levels, and increasingly interfere with global climate policy. [7]
The project scope is to foster a sustainable mobility approach in tourist destinations in
order to support the development of innovative, quality tourism products and services to
make destinations even more attractive. There is a large potential for synergies between
the electromobility and tourism sectors:
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5.1

CIVITAS MAD 4.1 Promote the uptake of clean vehicles by fleets operators

The Regional Environmental Agency of Madeira (AREAM) is working on a plan for the
campaign of incentive schemes for the acquisition of Electric Vehicles by residents and
companies (including taxi) and negotiating with private sector and municipalities to
install more e-charging stations on their facilities.
A specific campaign is also promoting withing restaurants, parking lots, shops, mall the
installation of charging spots to stimulate the electric vehicle ownership. At the same time
the extension such network shown to be a powerfull communication tool to improve the
image of such vehicles.
AREAM already installed 7 EVCPs and they already announced government incentives
for the acquisition of EV and are negotiating more e-charging stations with municipalities
and in private buildings (Municipality Regulation).
5.2

CIVITAS MAD 7.1 Electrical vehicles and clean fuels for public transport and
urban fleet

The Regional Public Transpor Operator (Horários do Funchal- HF) was, in 2006, a
pioneer in the purchease vehicles powered by Sodium Nickel Batteries. At the time four
mini buses were purchased, whose operation was limited to the center of Funchal. Since
then the engines and the battery autonomy have evolved considerably, allowing this
technology, already tested, to have a higher and better performance.
After that experience on December 2017 the demonstration of a "e.City Gold" (Lithiumtitanate Oxide battery) in the Region was carried out under the Civitas Destinations
Project, which is led by Horários do Funchal and is part of a measure coordinated by
AREAM. The initiative was a one-month experience in which an electric bus carried out
several different routes among regional operators. It was an enriching experience and was
important to tackle cultural negative perceptions, paving the way to electrified public
transport.
As result, the electric bus revealed that is technically feasible, cost-effective and
environmentally advantageous in relation to diesel and natural gas buses. When compared
to the diesel bus, achieved an 86% saving in energy costs (around 50 Eur/100km) and a
75% reduction in CO2 emissions (around 130 kg CO2/100km).
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Figure 2 - e.City Gold Bus used in CIVITAS project
The main limitations were the dimension of the bus and the distance of the chassis from
the ground, which prevented its circulation on some roads, and consequently on some
routes, whereby a smaller vehicle with greater approach and departure angles, could
increase the diversity of services to be carried out.
The battery capacity was another limitation felt on some routes, so, for the purchase of
electric buses, it would be necessary to consider increasing the battery capacity or
adopting fast charging infrastructures in some terminals, or the combination of both, for
the bus to operate continuously.
Under DESTINATIONS project was implemented a set of several actions that set up the
basis for sustainable urban transport, through the electromobility. Incentive schemes for
the acquisition of electric vehicles by residents and companies were carried out, release
of two brochures on electromobility (domestic and business sectors), collaboration with
private stakeholders (e.g. restaurants, hotels) to promote the installation of e-charging
stations on their facilities and supporting local municipalities in the installation of echarging stations.
Additionally, a one-week electromobility experience for members of the Regional
Government was carried out, the Move Initiative, where the regional government
promoted an electromobility initiative in the eleven municipalities of the Autonomous
Region of Madeira and cooperation agreement with the regional television channel for
the transmission of three TV programmes on electromobility.

6

CONCLUSION

Portugal and Autonomous Region of Madeira are creating all the conditions for a
sustainable transition to electromobility in all sectors, including private users, public and
private bodies and entities and public passenger transport operators.
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The local administration of Madeira along with CIVITAS-Destinations project are
driving the revolution, with the a public-private partnerships and policies that suit the
residents and a world class tourism destination such as Madeira. The region arises
nowadays as a laboratory and a test bed where all the impacts that these tests generate can
be properly evaluated.
Despite the electromobility among tourists in Madeira being an opportunity to be better
explored, once our tourist still prioritizes others modes of transport, by contrast, the
ownership of electric vehicles by residents has been growing sharply, where the number
of electrical vehicles almost doubled between early 2017 and the end of that year.
For a paradigm shift in mobility, continuous and joint efforts must endure, once several
challenges are still in place, for instance, the purchase of electric vehicles still implies a
greater initial investment compared to internal combustion motor vehicles. Thus, is
essential to continue with the fiscal incentives package, essential to contribute to the
introduction of a greater number of electric vehicles in the national and regional fleet.
The public incentive and the subsidy programs are essential to drive the transition of
diesel engine market of private and public fleets to the electromobility market. The
transition must take in account all the consumer side and the production side for
individual and collective vehicles with specific, step by step clear strategies.
Policy-makers and transport practioners envisage in electrical mobility the way to
effectively and noticeably address the objective of reaching sustainable mobility while
assuring attractive tourist destination, fossil free.
7
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ABSTRACT
Fostering a low carbon economy is a key pillar of EU policies for territorial sustainable
development and it is especially important for the mitigation of climate change in MED regions.
COMPOSE is an Interreg MED action aiming to increase the share of local renewable energy
sources in the energy mix and strategies in 11 Mediterranean regions. The project provides a
synthesis model for efficient RES development planning through the development of sustainable
energy supply chains and the enhancement of local businesses and implements 15 pilot
demonstration actions to enhance the use of RES and EE measures by exploiting the local potential.
3 of the demonstrations are implemented on the island of Crete, the one targeting to increase the
rate of Used Cooking Oil (UCO) recycling and to enhance its safe disposal in the city of Rethymno.
Recycling UCO to biodiesel offers a sustainable alternative for the exploitation of a
problematic waste and its transformation into an energy resource, contributing thus to the reduction
of environmental pollution and fossil fuel dependence (biodiesel from UCO could replace 1.5% of
today’s EU27 diesel consumption).
UCOs are classified as municipal wastes under the code 20 01 25 (edible oils and fats)
according to the European Waste Catalogue. They are actually oils and fats that have been used for
cooking or frying in the food processing industry, restaurants and at the consumer level, in
households. Inappropriate disposal of UCOs may generate major problems when discharged into
sewerage systems. EU members need to encourage the separate collection and the treatment of biowaste in a way that fulfils a high level of environmental protection. Even though UCO generated in
restaurants is often collected by authorized service providers, most countries lack efficient systems
to collect and treat UCO produced in households.
Through COMPOSE, the Renewable and Sustainable Energy systems Lab (ReSEL) of the
Technical University of Crete promotes the sustainable biodiesel production through local energy
production chains. A network of smart-bins is placed in Rethymno. The bins are equipped with
sensors combined with Global System for Mobile Communication (GSM) technology to transfer
real-time data via an online platform. Through this smart management system, the efficiency of the
collection system will be increased and operational costs are expected to be reduced. In addition,
fewer collection trips mean less fuel consumption and less greenhouse gas emissions. UCO will be
transferred to a small-scale biodiesel production demonstration unit that will also be set up in
Rethymno. The quality of the produced biodiesel will be tested through chemical analyses to be
undertaken by TUC. The pilot also aims to increase public interest in UCO recycling by motivating
a behavioural change among citizens.
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1

INTRODUCTION

When UCO is improperly disposed, it can cause significant environmental burden, however,
if collected and recycled it can be proven an efficient energy resource. While UCO generated from
restaurants and food industry is collected and treated, in most cases, by authorized service
providers, the most commonly met practice of disposing households’ UCO is to throw it in the
sewage system which can actually lead to several problems. UCO may clog the sewage system,
causing malfunctions in the filters and to oil/water separators. In several cases, the increase of the
water treatment cost, due to the oil fraction, has been estimated up to 25% [1].
UCO can be converted to biodiesel, a non-toxic liquid, safer than conventional diesel which
biodegrades four times more rapidly than petrodiesel [2]. In addition, biodiesel has the lowest
Greenhouse Gas (GHG) emissions among biofuels, ensuring 88% GHG emission savings [3].
The conversion of UCO into biodiesel can also be a crucial step towards a cleaner
environment within urban areas, in the long term, addressing the challenge of the European Union
to significantly reduce transport emissions and achieving the goals regarding climate change set in
the 2015 Paris Agreement [4].
This paper aims to summarize the essential steps that have been followed in order to set up the
pilot UCO collection network in Rethymno, as well as to sustainably convert the UCO collected to
biodiesel.
2

EU EXPERIENCE IN UCO HOUSEHOLD COLLECTION

UCO collection at households is not yet developed in Greece, as in other EU countries, since
there are no specific municipal recycling points for UCO. The success of such collection systems
strongly depends on the participation of individuals and probably the most important issue is to
convince/enable citizens to recycle their used oil instead of simply disposing it with other Municipal
Solid Wastes (MSWs), or even pouring it to the kitchens’ sinks. On the other hand, the major
technical challenge of recycling household UCO is its collection, mainly due to the high costs in the
logistics cost of such a process [5].
Trying to overcome these obstacles an extended survey, to track practical but also costeffective elements for the “UCO to biodiesel chain”, has been performed. Previous EU actions (e.g.
RecOil project [3]), as well as relevant practices in other EU cities, have been studied to identify the
most appropriate elements for an efficient UCO collection system. The key success factors for a
sustainable system have been recorded and the most crucial are presented below:


the motivation of citizens through setting up a “citizens’ friendly” UCO disposal scheme;



focus on citizens’ awareness with regular, targeted, multi-channel communication activities;



support from local administrations, the involvement of local municipal waste management
companies and engagement of the local stakeholders.
In UCO household collection two main methods are most frequently met [6]:



public collection points, and



door-to-door collection.

In the first collection method, UCO can be either poured directly in the public bins or
disposed after it has been bottled, in common plastic bottles, at home. Both collection methods do
have advantages and disadvantages that have been recorded during the RecOil project and briefly
presented in table 1.
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The door-to-door collection systems can be organized, however, a detailed collection schedule
must be arranged. High management and logistics costs for the implementation is actually the main
disadvantage of this method.
Through an extended survey covering 900 households and more than 40 UCO collection
systems in Europe, the RecOil team concluded that the most typical collection method is by far the
establishment of public collection points, in easily accessible public places that may attract many
people, like schools, supermarkets, parking lots, municipal buildings and most visited squares.
Table 1 Advantages and disadvantages of different collection systems [7]
System

Door-to-door
collection

Advantages

 UCO collector has direct contact with
citizens, so he may explain issues related to  Expensive and time-consuming collection
the required quality of the UCO (in order to
process (dependent upon the number of
be recycled) and how to dispose
households involved and the quantity of
inappropriate oils
UCO per point)
 Potential to deliver biodiesel to consumers
during the collection process

Public collection
points

3

Disadvantages

 Lower logistics costs
 Citizens become more and more
familiarized and motivated to recycle

 Difficult to define a rewarding benefit
 No direct control over the quality of the
feedstock
 High risk of UCO theft/vandalism events
 Limited hygiene of bins, which is linked to
spills or incorrect delivery of UCO

PILOT ACTION IN RETHYMNO MUNICIPALITY

According to the National Waste Management Plan, the UCO production in Greece is
estimated at 5 kg/person/year [8]. Considering that according to the latest census (2011) the
population of Rethymno Municipality is 55,525 inhabitants, it is estimated that UCO production is
about 277,625 kg. Taking into account that 40% comes from the households, the potential UCO
recovery from this sector amounts to 111,000 kg (123 m3) per year. By engaging citizens, this
amount can be significantly increased as a result of awareness campaigns and recycling rewards
schemes.
When setting up a “public collection points system” the following factors have to be taken
into account:
i. since the price of UCO in the market has been rising during the last years, one of the main
problems is UCO theft;
ii. large variations in the UCO quantity produced per household represents a barrier at the design
stage. Being difficult for the UCO collector to predict the fill level of the UCO bins, the UCO
collection routes are in most cases predefined regardless the fulfilment level of the UCO bins.
iii. the risk of UCO contamination with other kind of substances (liquids or solid wastes) is also
crucial, especially when used oils are collected in bulk.
Aiming to provide solutions to overcome the first two commonly faced obstacles, a research
study was focused on the “smart bin” solution referring actually to the intelligent monitoring of a
bin’s fill - level and the exact tracking of its location in a city.
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This monitoring allows the analysis of the progressive filling data of UCO bins through an
online web platform, which can create alerts in case of unauthorised movements of the bins,
unexpected temperature increase and can support the optimisation of the UCO collector’s routes.
The bottled UCO collection compared to the bulk collection is preferred and it is estimated
that it can minimize the risk of contamination with other fluids or wastes (obstacle iii) as well as the
aesthetic degradation of the UCO bin and surrounding ambient.
3.1

COMPOSE Common Methodology

In order to develop a sustainable UCO collection system, the core steps of the Common
Methodology for Demonstration (CMD) (Figure 1), developed in the frame of the COMPOSE
action, have been followed. The COMPOSE methodology for local RES planning takes into
account not only technical but also socio-economic and environmental aspects [9].

Figure 1: Indicative workflow of the Common Methodology for Demonstration
The formation of a Local Action Group (LAG), consisting of key stakeholders, is one of the most
vital elements of the methodology for the successful implementation of RES & EE projects. LAG
members’ engagement from the initial planning phase to the strategic decisions and the
development process is expected to act as a “driving force” for the implementation of the Pilot
Action in Rethymno. Stakeholders involved include the Municipality of Rethymno, the Waste
Management and Urban Environment Department, the Planning and Development Services
Directorate, the Municipal Enterprise of Water and Sewage, the Inter-Municipal Waste
Management Company; School Communities (schools that collect UCO, parent associations), the
Department of Education & Lifelong Learning and the HORECA related Associations.
LAGs’ fruitful discussions led to the approach, shortly presented in the simplified flowchart,
in Figure 2. Targeted LAG meetings mainly concerned the advantages and disadvantages of a
“public collection points” approach and efficient solutions to overcome potential barriers when
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supported by a smart monitoring system, UCO bins’ optimal siting and labelling, behavioural
change and awareness raising campaigns etc.

Figure 2: Simplified approach followed in the “UCO to Biodiesel” demonstration project in
Rethymno
3.2

Setting up the UCO collection network

UCO bins selected for this pilot are equipped with: a rubber rosette on the lid to easily dispose
bottled UCO; a lockable lid to prevent theft; wheels to be easily located and relocated if needed;
enough free space on the lid so that the smart sensor could be installed; a secondary bin put inside
to keep the outside bin as clean as possible and avoid sensors’ damage during collection (Figure 3).

Figure 3: UCO bins and smart sensors’ installation
The strategic siting of UCO collection points, in open public areas, is really important to
make the process convenient for the citizens. A list of criteria has been prepared to optimize UCO
bins’ siting. Hence, UCO bins should be sited:
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to locations easily accessible to a large number of citizens, for example, supermarkets, parking
lots, municipal/public buildings;



to neighbourhoods where families with kids live;



close to other waste bins (for MSW or recyclable materials);



inadequately illuminated roads (to deter vandalism/theft);



in areas that can easily be kept clean (to avoid aesthetic degradation and accidents);



in spaces that will not cause problems to vehicles’ circulation (e.g. road turnings, bus stops,
traffic lights);



at locations that will not hinder citizens walking or access to people with disabilities (e.g. close
to ramps);



at an adequate distance from soil or water beds (potential leakages must not reach soil);



at locations to be easily accessed by the UCO collector’s vehicle.

Based on these criteria the Municipal Department of Waste Management and Urban
Environment concluded to 30 priority locations that UCO bins should be placed.
4

SMART UCO COLLECTION SYSTEM

Smart sensors were installed, on the UCO bins’ lids, to measure the fulfilment level in
regular time intervals; however, these sensors continuously monitor the position of the bin and
instantly detect any significant changes. The online platform sends automated SMS or e-mail alerts
in case of UCO bin overfilling; unauthorised movement (away of the assigned area) or unexpected
temperature raise.

Figure 4: UCO bins monitoring through the web platform
Data recorded by the sensors are transferred wirelessly through GSM, in real time and are
monitored through the software application which enables the user to send work orders to the
drivers, with a list of the locations for collection and an optimal route. Summarizing, through the
online platform the UCO collector can:
 easily supervise the allocation of the UCO bins and be informed for unauthorised events
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 set/adjust the fulfilment level which will serve as a “collection time” alert
 observe the fulfilment level of the UCO bins and prepare optimized routes for its collection
 monitor the battery level of the sensor.
5

UCO TRANSFORMATION TO BIODIESEL

In order to close the “UCO to biodiesel” chain, a small-scale autonomous production unit is
procured to demonstrate locally the transformation of used cooking oils to biodiesel. Small-scale
machines do have great potential, when used by entities that have access to inexpensive feedstock
(UCO) of rather small however quantities [10]. This is actually the case of Rethymno Municipality
where collected UCO can be an ideal feedstock for such machines. The biodiesel produced can then
be used, as a fuel, to municipal diesel vehicles.

Figure 5: Autonomous small-scale biodiesel unit
Based on the experience gained through the RecOil Project [6], initial assumptions for the
potential UCO collection were made. In a moderate approach, a small scale unit with an annual
capacity of 30-35 m3/year can be considered sufficient for the aims of the demonstration project.
To produce 100L of biodiesel, there is a need of about 100L of UCO and approximately 17L
of chemicals (about 2L of catalyst and 15L of methanol). These numbers can slightly vary
according to the feedstock, however; a simple titration can provide the exact amount [11].
5.1

Quality testing

The Renewable and Sustainable Energy Systems’ Laboratory (ReSEL) of the Technical
University of Crete has performed, in the past, quality testing for the biodiesel produced from UCO
collected in Crete. Initial results from the ReSEL scale biodiesel production are presented in Table
2. Biodiesel produced through the new autonomous production unit will be implemented in the
forthcoming period and is expected to be optimized in order to fulfill the criteria set by the common
European standard for biodiesel EN 14214 “Automotive fuels - Fatty acid methyl esters (FAME)
for diesel engines - Requirements and test methods” [12].
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Table 2 Properties of biodiesel produced in ReSEL
Property
Ester Content

Measurement

Minimum

Maximum

Test Method

% (m/m)

91.20

96.50

0.00

prEN 14103

Density at 15 °C

kg/m³

888.20

860.00

900.00

EN ISO 3675
EN ISO 12185

Viscosity at 40 °C

mm2

5.33

3.50

5.00

EN ISO 310

°C

88.00

> 101.00

-

ISO / CD 3679

Cetane Number

-

53.40

51.00

-

EN ISO 5165

Water Content

mg/kg

1413.00

-

500.00

EN ISO 12937

Total Contamination

mg/kg

22.30

-

24.00

EN 12662

Copper Strip Corrosion (3hr
at 50 °C)

rating

1.00

Class 1

Class 1

EN ISO 2160

Oxidation Stability, 110°C

hours

4.7

6.00

mg KOH/g

0.16

-

0.50

pr EN 14104

-

112.0

-

120.00

pr EN 14111

Linolenic acid methyl ester

% (m/m)

1.9

-

12.00

pr EN 14103

Polyunsaturated (≥ 4 double
bonds) methylesters

% (m/m)

< 0.6

-

1.00

-

Monoglyceride Content

% (m/m)

0.9

-

0.80

pr EN 14105

Diglyceride Content

% (m/m)

1.8

-

0.20

pr EN 14105

Triglyceride Content

% (m/m)

4.1

-

0.20

pr EN 14105

Free Gylcerol

% (m/m)

0.009

-

0.02

pr EN 14105
pr EN 14106

Total Gylcerol

% (m/m)

0.9

-

0.25

pr EN 14105

mg/kg

< 0.5

-

10.0

pr EN 14107

Flash Point

Acid Value
Iodine Value

Phosphorus Content

6

Unit

pr EN 14112

CONCLUSIONS

UCO can have a significant negative impact on the environment when disposed to the ground
or the cities’ sewage systems. A solution for UCO proper management can be the energy recovery,
as it can be converted to biodiesel by simple chemical processes. Thus, the collection of UCO and
its transformation into biodiesel represents an opportunity for the EU to decarbonize its transport
system and to address the environmental problems that the wrong disposal of UCO may produce.
The potential UCO recovery from households in Rethymnon Municipality, is estimated at
123m3/year. Besides the behavioural change and awareness raising campaigns, a reliable and
convenient (for both citizens and collector) UCO collection system needs to be set up. A “smart
approach” is considered that can work efficiently to optimize UCO collection process and recover
the maximum available UCO quantities.
Smart sensors installed on the UCO collection bins can provide information on bins’ location
and fill level providing the UCO collector the ability to optimise the collection routes. Within this
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demonstration project, 30 “smart bins” have been installed in Rethymno and 20 additional is
expected to be located soon at schools.
Over recent years, small autonomous biodiesel units are commercially available at relatively
low cost, capable to produce certified output suitable for use in conventional diesel engines. These
units may be proven an efficient “tool” for small municipalities, to enhance the local transformation
of UCO to biodiesel. UCO collected from households in Rethymno will be the feedstock for the
small-scale autonomous biodiesel production unit installed at Rethymno. The biodiesel produced
will be tested by ReSEL TUC.
Still, various barriers at EU and national level are limiting the use of UCO as feedstock.
Appropriate policies and supporting measures can lead to the efficient implementation of the UCO
to biodiesel chain and can facilitate the expansion and replication of such initiatives. It is important
that policymakers are aware of the benefits of UCO use as a raw material to the biodiesel
production, so as to encourage and facilitate the implementation of the UCO to biodiesel chain, at
the local level, adopting also a bottom-up approach.
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ABSTRACT
The transportation sector plays a key role in the economic development of Cyprus and creates
high backward linkages in the economy both in growth and recession times. However, the
transportation and mainly the land transport sector, is a primary source of carbon dioxide(CO2)
emissions. During the economic downturn period, the CO2 emissions in Cyprus reduced by 13%,
while the CO2 emissions of the land transport sector reduced by 31%. However, in the post-crisis
period, i.e., from 2014 to 2016, the CO2 emissions in Cyprus increased by 5.7%, which is the fourth
highest increase in the EU-28. The CO2 emissions of the land transport sector increased by 17%.
An environmentally-extended input-output model was applied to estimate the direct and
indirect CO2 emissions of the economic sectors, accounting for all monetary inter-industry
transactions. Our analysis indicates that the land transport sector creates the third highest (direct and
indirect) CO2 emissions within Cyprus economy; for every 1 million euro increase in the final
demand of the sector’s services and products, 407 additional tonnes of CO2 are emitted. The
electricity, gas and water sector and the metal and non-metal products sector generate the highest
CO2 emissions within Cyprus economy.
A case study isle in an area in the centre of the city of Limassol was selected to develop smart
decarbonisation strategies in urban isles through balancing locally the energy systems and the
reduction of CO2. Our results showed that the CO2 emissions corresponding to transportation from
and to the centrally located urban isle with an average of 1200 visitors per day were
132kgCO2/m2yr. The CO2 emissions attributed to land mobility, cars and public buses, have the
greatest share, more than 50%, over the total emissions of the urban isle under study.
Due to anthropogenic activities, temperature in the climate hot-spot of the eastern
Mediterranean is increasing at a higher rate than the global average warming. Moreover, future
climate projections indicate a further increase of mean temperature throughout the year, which is
expected to exceed 2C by the end of the century, even under intermediate future scenarios.
Considering that the observed and projected warming and associated impacts are strongly
depending on the emissions of greenhouse gases, this study highlights the importance of
implementing cost-effective strategies and technologies towards a decarbonisation pathway of the
transport system in order to contribute to the mitigation of human induced climate change.
1. INTRODUCTION
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Rapid economic and population growth have contributed to increasing demand for energy.
The abundant use of fossil fuels (mainly coal and oil) to meet energy demands has adverse effects
on climate and environment, such as global warming, sea level rise and ocean acidification,
particularly related to the emission of carbon dioxide (CO2), that is, the most important
anthropogenic greenhouse gas (GHG).Air pollution from economic activity has imposed large
health and economic burden to society (Lei et al., 2018; Giannadaki et al., 2018).The
Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report (AR5) confirmed the
assertion that the warming of our climate system is unequivocal and is associated with the increased
anthropogenic GHG concentrations (IPCC, 2013). The same report (AR5) highlights the necessity
of keeping the temperature rise less than 2oC relative to preindustrial levels and reducing CO2
emissions globally by 41-72% by 2050 and by 78-118% by 2100 with respect to 2010 levels in
order to avoid the worst effects of climate change.
Transport is one of the major and fast-growing emitters of CO2 and one of the hardest sectors
to decarbonise, given the continuing growth in demand for transport services and the rapid increase
in demand for faster transport modes (Sims et al., 2014).Therefore, setting the transport sector on a
low-carbon development pathway is necessary for mitigating climate change and stabilizing global
warming below 2oC (Lah, 2017). However, it is widely acknowledged that current measures in most
countries will not be sufficient to bring transport on to a 2oC pathway (Lah, 2015). Two main
barriers have prevented substantial reductions of CO2 emissions in the transport sector, namely,
incomplete international agreements and the high cost of clean technologies (Santos, 2017).
In the European Union (EU-28), there is a general downward trend to GHG emissions during
the 1990-2015 period. More precisely, GHG emissions in 2015 were decreased by 22% compared
to 1990 levels (Eurostat, 2017a). On the contrary, the GHG emissions of the transport sector, which
is the second most important source sector in the EU-28 (23% contribution in 2015), have been
increased by 16% from 1990 to 2015. Within the sector, land transport is the biggest emitter
accounting for 40% of all CO2 emissions from transport (Eurostat, 2018).
A large part of literature focuses on examining alternative approaches for reducing CO2
emissions, including technological and managerial options for improving energy efficiency
(Worrell et al., 2001), deploying renewable energy, such as solar, wind and hydropower (Neuhoff,
2005), increasing the usage of low carbon fuels, such as natural gas, hydrogen and nuclear power
(Sims et al., 2003), and capturing and storage of CO2 (Leung et al., 2014). However, less work has
been devoted to global warming mitigation and CO2 emissions reduction at macroeconomic level
(Cortés-Borda et al., 2015).Studying these relationships in the area of macroeconomics offers
valuable information at both sectoral and spatial level. The environmental extension of
macroeconomic models such as theenvironmentally-extended input-output analysis (EE-IOA)
models has become a valuable tool for describing interdependency among economic sectors and
CO2 emissions throughout the world (Hawkins et al., 2015). Capturing both direct and indirect
emissions of economic sectors from upstream production can provide an integrated estimate of
sectors’ contribution to climate change mitigation policies (Suh, 2006).
Given the importance of the transport sector in explaining the recent evolution of CO2
emissions and considering that the increase in the final demand of several sectors typically leads to
a significant increase in CO2emissions, a detailed analysis of the most-emitting transport system,
that is, land transport, is of major relevance. Our study focuses on Cyprus, an island located in the
eastern Mediterranean climate change hot-spot (Giorgi, 2006), where the current warming trends
are well above the global and Northern Hemisphere land temperature trends (Zittis and
Hadjinicolaou, 2017), while significant decline in precipitation is observed since the beginning of
the 20th century (Zittis, 2017). Considering that most of climate projections suggest that the
observed warming and drying in the region will be further intensified unless anthropogenic GHG
emissions and concentrations are substantially decreased within the next decades (Lelieveld et al.,
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2016), the design of smart decarbonisation strategies for the transport sector is of utmost
importance.
The study applies an EE-IOA model to investigate the economy-wide effects of the land
transport sector in CO2 emissions in Cyprus.The analysis at macro level isalso combined with an
analysis of the transport sector at micro level. An urban isle located in the center of the Limassol
city was selected to exploremobility CO2 emissions, thus allowing an integrated assessment of the
land transport CO2 emissions in Cyprus and providing valuable insights for alternative
decarbonisation pathways.
After this introductory section, the structure of the paper is as follows. The next section
presents climate change projections for Cyprus and CO2 emissions during the recent economic crisis
and economic recovery periods. Section 3 outlines the methodology of the study and Section 4
presents the results of the analysis. The paper ends with the discussion of the results and
conclusions drawn from the analysis.
2. GLOBAL WARMING, ECONOMIC ACTIVITY AND CO2EMISSIONS IN CYPRUS
2.1 Global warming, CO2 emissions and regional impact in Cyprus
Global earth system models are the main tools in providing estimations of future climate by
numerically resolving equations that represent physical processes occurring in the atmosphere,
oceans and land. However, to identify and tackle the adverse impacts of global warming at a
country level, information on higher temporal and spatial resolution is required. Thus, output from
regional climate models that cover a limited area of the globe is often utilized (Giorgi and
Gutowski, 2015). Within this study, we employed a large number of state-of-the-art regional
climate projections for Cyprus derived from the European domain of the Coordinated Regional
Downscaling Experiment (EURO-CORDEX). Our large ensemble consists of bias-adjusted output
from 30 simulations in approximately 12-km horizontal resolution and it is derived from different
combinations of global/regional models(see Table A1, Appendix A).
We focus on near-surface temperature, an atmospheric variable that has a direct impact on
humans and ecosystems, while it is also most straightforwardly affected by anthropogenic activities
and changes of GHG concentrations in the atmosphere. Several scenarios/pathways have been
developed to address the uncertainties introduced by important drivers regarding future climate
projections (i.e., emissions of GHG, demographics, land-use changes, socio-economic changes, and
technological advances).
The Representative Concentration Pathways (RCPs) approach, which was adopted by the
Intergovernmental Panel on Climate Change (IPCC) in their latest assessment reports, was
employed here. More precisely, we investigated three future pathways (RCP2.6, RCP4.5, RCP8.5)
ranging from more optimistic to “business-as-usual” estimations (see Box A1, Appendix A). Most
of the available regional climate projections utilized in this study are under RCPs 4.5 and 8.5 (Table
A1, Appendix A). The data of global CO2 equivalent concentrations for each of these three
pathways were obtained from the RCP Database of the International Institute for Applied Systems
Analysis (IIASA).
The projections of annual 2-m temperature averaged over Cyprus (land grid points only) are
presented in Figure 1. The time-series consist of a common historical period (1951-2005) and
30future projections under the three RCP pathways previously described. The increasing trends are
in line with global temperature projections and GHG concentration. Temperature under all
scenarios is projected to increase until 2030s. During this decade the three scenarios begin to
differentiate. On one hand, RCP2.6 suggests a stabilization of annual mean temperature over
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Cyprus to the level of 19 C, that is, 1.5 C increase since mid-20th century. This pathway requires
immediate actions and substantial decreases of GHG emissions and concentrations. One the other
hand, the “business-as-usual” RCP8.5 indicates that the mean annual temperature will reach 22C
(1 C) by the end of the 21st century, that is, an increase of 4.5-5C since 1950s. The results of the
intermediate RCP4.5 pathway lie between RCP2.6 and RCP8.5 pathways. Compared to the mean of
global projections presented by IPCC (2013), the increase of temperature increase over Cyprus is
consistent with global estimates for RCPs 2.6 and 4.5, while for RCP8.5 regional warming is
stronger. However, we have to note that the size of the two ensembles is different and the sets of
climate models are not consistent.

Figure 1.Annual time-series of projected temperature averaged over Cyprus and based on 30
EURO-CORDEX regional climate simulations. The global CO2 equivalent concentrations for three
RCP pathways are superimposed.
According to the EURO-CORDEX simulations for the future, the projected warming is not
uniform throughout Cyprus regardless the small area of the island (Figure 2). The north-east part of
the country is expected to warm more, a pattern that is more evident for the intermediate (RCP4.5)
and “business-as-usual” (RCP8.5) scenarios. Noteworthy, this region encompasses Nicosia, the
capital and most populated city of the Republic of Cyprus. Additionally, the projected warming is
unevenly distributed throughout the year and is found enhanced during the already warm summer
season.
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(a)

(b)

(c)

(d)

Figure 2.Mean annual 2-m temperature over Cyprus for the reference period 19852005 (a), and projected temperature changes for the end of the 21st century (20802100) for three RCP pathways (b, c, d).
2.2 Economic growth and CO2 emissions in Cyprus
The European economy experienced a period of severe economic downturn during the last
decade (Giannakis and Bruggeman, 2017a).Cyprus entered in recession in 2012 experiencing large
economic output and employment losses (Giannakis and Mamuneas, 2018). The economic output
was reducing for three consecutive years (2012-2014) with a total loss of 12% at current markets,
while the economic output of the land transport sector shrunk by 6% (Figure 3).During the
economic downturn period, the CO2 emissions in Cyprus reduced by 13%, while the CO2 emissions
of the land transport sector reduced by 31%. In the post-crisis period, i.e., from 2014 to 2016, the
CO2emissions in Cyprus increased by 5.7%, which is the fourth highest increase in the EU-28. The
highest increase in CO2 emissions was recorded in Portugal (6.3%), while the highest decrease was
registered in Malta (-28%); the CO2 emissions in the EU-28 were marginally reduced by 0.6%
(Eurostat, 2018). The same period, the CO2 emissions of the land transport sector in Cyprus
increased by 17% (increase of 3.3% at EU-28 level).
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Figure 3. Total and land transport sector GDP and CO2 emissions growth rate in Cyprus, 20082016.Source: Eurostat (2017b; 2018)

3. METHODOLOGY
3.1 Input-output analysis
Input-output analysis (IOA) consists of a system of linear equations describing the
distribution of the output of the sector among the rest sectors of the economy over a stated time
period (Miller and Blair, 2009), and it has been widely applied for policy impact evaluation and
technical change analysis (Giannakis et al., 2014; Giannakis and Bruggeman, 2017b). Below, we
briefly review the IO methodology, while in the Section 3.2 we introduce the basic concepts of the
EE-IOA.
For an economy with 𝑛 sectors, the 𝑖 sector distributes its output through sales to the other
sectors and final demand as follows:
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𝑥𝑖 = ∑𝑛𝑗=1 𝑥𝑖𝑗 + 𝑦𝑖

(1)

Where𝑥𝑖 is the total output of sector 𝑖;𝑥𝑖𝑗 describes interindustry sales by sector 𝑖 to all sectors
𝑗 (𝑖, 𝑗 = 1, … , 𝑛); 𝑦𝑖 is the final demand for sector 𝑖 ′ 𝑠 product.
Thetechnical coefficients aij represent the value of the output from sector 𝑖 that is required to
produce one unit of output in sector 𝑗, and are calculated as follows:
𝑎𝑖𝑗 = 𝑥𝑖𝑗 /𝑥𝑗

(2)

The Eq. (1) can be written in matrix notation as follows:
𝑋 = 𝐴𝑋 + 𝑌

(3)

𝑋 = (𝐼 − 𝐴)−1 𝑌

(4)

Where (𝐼 − 𝐴)−1 is the Leontief inverse or the total (direct and indirect) requirements matrix.
3.1.1 Environmentally-extended input-output analysis
The IOA framework has been incrementally applied to investigate the interaction of the
economy with the environment (Leontief, 1970).
The extension of IOA models to EE-IOA models involves the addition of an exogenous
vector of pollution intensity, here denoted as 𝐷 = [𝑑𝑖 ], that is, CO2 emissions (𝑒𝑖 ) per unit of each
sector’s output (𝑥𝑖 ) calculated as follows (Miller and Blair, 2009):
𝑒

𝑑𝑖 = 𝑥𝑖

𝑖

(5)

The total (direct and indirect)CO2 emissions (𝐸)can be calculated as follows:
𝐸 = 𝐷(𝐼 − 𝐴)−1 𝑌

(6)

3.1.2 Data and application of the EE-IOA model
The RAS technique, a widely used method for updating IOAtables was used to update the
latest available 2010 symmetric IOA table to 2016 (for more information see Miller and Blair,
2009; Giannakis and Mamuneas, 2018). The initial scheme of 65 sectors of economic activity was
aggregated into 22 economic sectors (see Appendix B). The 2010 IOA table for Cyprus was
obtained by the Statistical Service of Cyprus (Cystat, 2017). The sectoral CO2 emission data were
obtained by the Eurostat (Eurostat, 2018). Although the well-knownassumptions of the EE-IOA
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technique, i.e., linearity, homogeneity, proportionality, and uncertainties in source data (Wiedmann,
2009), EE-IOA has been extensively used for assessing the overall contribution of economic sectors
to greenhouse gases emissions (Morán and del Río González, 2007; Alcántara and Padilla, 2009;
Dias et al., 2014; Cortés-Borda et al., 2015).
3.2 Study area
The urban isle is located in the built-up area of the center of Limassol, which is the second
largest city in Cyprus, adjacent to the main commercial street (Anexartisias street) and the
Headquarters of the Cyprus University of Technology (Figure 4). There are various open spaces
nearby, such as squares and parking lots as well as university education buildings, retail stores,
cafeterias and bars. The characteristics of the urban isle are presented in Table 1.

Figure 4. The Urban Isle, in green, within the urban fabric
Table 1.Urban isle characteristics.
Latitude &longitude
Altitude [m]
Total area [m²] (including pavement)
Total built area [m2]
Non-residential buildings [number]
Non-residential units [number]

34°70Ν&33°02Ε
23
4267
5398
12
21
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Limassol is characterized by car-oriented transport development patterns. Car network
represents 62% of the total transport network (585 km), cycling network, including all cycling paths
and lanes, represents 20% (185 km) and public transport network represents only 18% (170 km)
(CIVITAS, 2020). This car-dominated transport infrastructure characterizes the whole island. It is
estimatedthat less than 20% of the total transportation in Cyprus, measured in passenger-kilometres
(pkm), is performed by buses with the rest being carried out by passenger cars (Eurostat,
2017c).The use of public buses is even lower in Limassol, that is, 1.5%; the automobile is the
dominant mode of transportation in the city (92.1%), followed by walking (5.7%)and cycling
(0.7%).The mean occupancy per car is estimated at 1.4 people and the mean time per single ride at
18min, which corresponds to an approximate distance of 7km. The mean bus occupancy is
estimated less than 50%, corresponding to a maximum of 25 passengers per ride (Demetriou, 2018).
The urban isle can be approached by both public transportation and private cars. The public
transportation in Limassol is organized mainly around bus routes which start from the central city
station (Leontiou EMEL). An intercity bus station is also connected to central city station. From the
central city station passengers can reach the isle by reaching a nearby bus station(Themistocleous
Station), the distance of which to isle is around 100m. The distances for car driving were calculated
from the nearest high-way roundabout to the isle, which acts as a connecting point with the other
cities as well as the city suburbs1. Finally, in the urban isle there are many parking lots, six of which
can be found within a walking distance of 200m, amounting to 800 parking spots (Figure 5).

Figure 5. The parking spaces at a 200m from the Isle - Limassol
3.3 Questionnaire survey

1

Average CO2 emissions per transport modal, i.e., public transportation and passenger cars, were obtained from the
following
database:https://www.delijn.be/en/overdelijn/organisatie/zorgzaam-ondernemen/milieu/co2-uitstootvoertuigen.html

394

A questionnaire survey was conducted onsite on October 27th 2016, between 10:00 a.m. to
12:00p.m. to identify the number of people visiting the area, both for work and leisure. The owners
and employees were individually interviewed to obtain this information. Respondents were asked to
indicate the number of employees working at the store/office as well as the visitors the premise
attracts daily on average. More precisely, they were asked to provide a precise number for the
employees and a range of X to X+10 for visitors up to 100, X to X+100, for 100 to 500 visitors and
an approximation to the nearest hundred if the visitors exceeded the 500.
4. RESULTS
4.1 Environmentally-extended input-output multipliers analysis
The IOA and the EE-IOA multiplier analysis identified the capacity of industries to generate
economic output throughout the economy and their contribution in CO2 emissions (Table 2).
Table 2.Economic output multipliers and CO2 multipliers for the economic sectors of Cyprus
(2016)
Sectors of Economic
Activity
Agriculture
Mining
Food Manufacturing
Textile
Wood and Paper
Chemical and Plastic Products
Metal and non-metal products
Machinery and equipment
Electricity, gas and water
Construction
Trade
Accommodation and Food
Services
Land transport
Water transport
Air transport
Warehousing, postal and courier
activities
Banking - Financing
Real Estate
Public administration
Education
Health
Other Services

Output
Multipliers
1.54
1.67
1.83
1.38
1.44
1.33
1.37
1.27
1.30
1.76
1.35

8
5
1
12
10
16
13
19
18
2
14

CO2
Multipliers
77
165
69
37
58
292
1,785
45
2,028
79
106

1.50

9

35

17

1.39
1.76
1.70

11
3
4

407
44
1

3
15
22

1.66

6

28

18

1.60
1.23
1.22
1.14
1.33
1.30

7
20
21
22
15
17

190
79
27
6
5
160

5
10
19
20
21
7

Rank

Rank
11
6
12
16
13
4
2
14
1
9
8

The food manufacturing sector creates the highest direct and indirect effects on the output of
the Cypriot economy, that is, for each 1 million increase in the final demand for the products of the
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sector, the total output of the economy will be increased by 1.83 million Euro (Table 2). The output
multiplier for the land transport sector is relatively low (11th in rank) indicating weak backward
linkages with the other sectors. However, the EE-IOA multiplier analysis indicates that the land
transport sector activities generate large CO2 emissions. The meaning of the land transport
multiplier (3rd in rank) is that for every 1 million Euro increase in the final demand for the products
and services of the sector, 407 additional tonnes of CO2 will be emitted. Contrary to the land
transport sector, the water transport and the air transport sectors create high economic multiplier
effects with the rest sectors of the economy (3rd and 4th in rank respectively), emitting relatively low
CO2 emissions (15th and 22nd in rank, respectively). The Electricity, gas and water sector (1st in
rank) and the Metal and non-metal products sector (2nd in rank) are the most important (direct and
indirect) CO2emitters. On the contrary, services sectors such as the Public administration, the
Education and the Health sector generate relatively low CO2 emissions.
Statistical analysis indicates a weak negative correlation (-0.21) between the economic output
and CO2 multipliers for Cyprus. These findings reveal that the production sectors in Cyprus can
create strong economic backward linkages in the economy and invigorate economic growth without
substantially increasing their CO2 emissions.
4.2 CO2 emissions of alternative transport modals in the urban isle
The survey results revealed that the employees in the urban isle were 130, while the number
of visitors (locals, students, tourists) ranged from 970 to 1240, averaging to a total of 1200 people
travelling to the area daily. It was estimated that 1105 of them arrived by car (92.1%) and 18 by bus
(1.5%), corresponding to CO2 emissions of 1923kgCO22 and 22kg dailyCO23 from cars and buses
respectively. The remaining 77 people reach the destination either by bike or on foot, thus not
contributing to GHG emissions.
On an annual base the total emissions attributed to mobility are 0.36kgCO 2/m2 at a daily base
or 132kgCO2/m2 at an annual base. The results highlight the environmental burden of mobility in
Limassol in terms of CO2 emissions. The CO2 emissions attributed to mobility have a share of more
than 50% over the total emissions of the urban isle under study, with the remaining emissions being
due to the buildings’ energy consumption and the pubic lighting (CARSA, 2017).
The comparative advantages of using buses instead of cars in terms of environmental
performancewere revealed by developing alternative scenarios for mobility focusing on the CO2
emissions from public transport. More precisely, in Scenario-A, all the current transport by car is
replaced with public transport. Considering 45 bus rides daily, the annual CO2 emissions per square
meter are expected to be reduced by 50%, reaching 66kgCO2/m2. The Scenario-A, although
achieving high energy reductions is not realistic, since it excludes completely the cars. In a second
scenario (Scenario-B), that is more balanced, transportation is divided among the different means as
follows: 70% car, 8% bus, 7% bike and 16% walk. The annual CO2 emissions resulting from the
implementation of Scenario-B are 105kgCO2/m2, corresponding to a reduction of more than 20%
compared to the status quo. Further decrease in car use, in favor of public transport, walking and
biking will result to even higher reductions in CO2 emissions, while at the same time a transition
towards alternative fuelled vehicles is deemed necessary, to fully transform the transport sector
from energy polluting to green and sustainable.
5. DISCUSSION

2
3

Source: Ministry of Infrastructure, Transport and Networks (2018).
Source: Merkisz et al. (2016)
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In this study we performed an empirical analysis of the contributions of the land transport
sector in CO2 emissions at macro (EE-IOA) level and micro (urban isle) level. The results of the
EE-IOA model indicate the large direct and indirect CO2 emissions of the land transport sector in
Cyprus as well as the relatively low economic backward linkages with the rest sectors of the
economy. On the contrary the water transport sector and the air transport sector create high
backward linkages and multiplier effects with the rest sectors of the economy with relatively low
CO2 emissions. Giannakis and Mamuneas(2018) found that the transportation sector and the food
manufacturing industry are the sectors with the highest backward linkages in the Cypriot economy
overtime, i.e., in both economic growth and crisis periods. The Electricity, gas and water sector and
the Metal and non-metal products sector create the highest direct and indirect CO2 emissions in
Cyprus followed by the land transport sector. Our findings are aligned with the results of Morán and
del Río González (2007) study, who found with the use of EE-IOA that the sectors with the highest
CO2 emitting power in Spain are electricity, non-metallic and metallic products, chemical industry
and terrestrial transport. Dias et al. (2014) found in the municipality of Aveirothat the land transport
and transport by pipelines sector has the highest (direct and indirect) contribution on GHG
emissions, i.e., 22% of total emissions.
Our findings at macro level highlight the need of encouraging the development of production
sectors that can at the same time be economically viable and environmentally sustainable. On the
contrary, traditional sectors of economic activity, such as land transport, which create relatively low
economic backward linkages but high GHG emissions, should be adapted towards a more
environmentally-friendly context.
The analysis at the urban isle revealed the environmental benefits of increasing the use of
public transportation. However, the relatively large CO2 emissions of the public transport in the
urban isle highlight the need for uptaking low-carbon technology in the sector.
Financial and institutional barriers including the high investment costs to develop lowemissions transport systems, the low turnover of stock and the low impact of a carbon price on
petroleum fuels, impede the uptake of low-carbon technology (Sims et al., 2014). For example, the
high cost is one of the main obstacles for the transition to electric drive vehicles, which can be
decreased however as scale increases (Greene et al., 2014).Until the cost of the clean technologies
reduces enough to become economically attractive, subsidies and taxes are needed (Santos, 2017).
Sims et al. (2014) support that subsidies and taxes need to be decided on environmental criteria
rather than on economic efficiency criteria, and the Paris Agreement has shown the way for these
environmental oriented subsidies and taxes to become politically feasible. These traditional
economic instruments could be complemented with increased governmental support to both public
and private research for improving the efficiency of clean technologies and internalising knowledge
externalities (Dechezlepretre et al., 2014). However, policy interventions in the transport sector
require a strong political commitment to remain in place on the policy agenda as they rely on
investments that are cost-effective only over the long term (Lah, 2017).
Changing people's behaviour towards preferring public transport, low fuel consumption
vehicles (e.g., hybrid) or non-motorised vehicles (e.g., bikes) can lead to important reductions of
GHG emissions (Dias et al., 2014).Investing in walking and cycling infrastructure could result in
higher rates of public transport usage, as these modal alternatives could act as feeder to public
transport systems (Lah, 2015). For example, public transport in Cyprus has a great potential for
increase as a very low share of citizens living in cities use public transport. However, the
improvement of the quality of public transport services requires a clear understanding of consumer
needs and expectations. Based on this information, strategies could be developed aiming at
improving consumers’ satisfaction and making more attractive public transport to users.
CONCULSIONS
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The results of the macroeconomic analysis highlight the large direct and indirect CO 2
emissions of the land transport sector in Cyprus. The study of an urban isle at micro level also
confirmed these findings, indicating the high share of mobility in the total CO2 emissions.
Considering the projected temperature increase for Cyprus, that is, more than 2oC by the end of the
century, the need of investing in clean technologies for the mobility sector is of utmost importance.
The land transport is one of the hardest sectors to decarbonize, thus subsidies and taxes are needed
to make the low-carbon technology economically attractive. Cities such as Limassol are currently
trying to recover from a car-dominated regime in urban planning design by re-allocating road space
for public transport and non-motorized vehicles. A better integration of European cohesion policy
with environmental and transport policy is required for the formulation of sustainable urban
transport strategies.
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Appendix A
Table A1. Description of the ensemble set of regional climate simulations used.
Global Model

Regional Model

CNRM-CM5 (r1)

CCLM

Modelling
Center
CLM Community

CNRM-CM5 (r1)

RCA4

EC-EARTH (r12)

RCP2.6

RCP4.5

RCP8.5

X

X

SMHI

X

X

CCLM

CLM Community

X

X

EC-EARTH (r12)

RCA4

SMHI

X

X

EC-EARTH (r1)

RACMO22E

KNMI

X

X

EC-EARTH (r3)

HIRHAM5

DMI

X

X

HadGEM2-ES (r1)

CCLM

CLM Community

X

X

HadGEM2-ES (r1)

RACMO22E

KNMI

X

X

HadGEM2-ES (r1)

RCA4

SMHI

X

X

IPSL CM5A-MR (r1)

RCA4

SMHI

MPI-ESM-LR (r1)

RCA4

SMHI

X

X

MPI-ESM-LR (r1)

CCLM

CLM Community

X

X

MPI-ESM-LR (r1)

REMO

MPI-CSC

X

X

X

MPI-ESM-LR (r2)

REMO

MPI-CSC

X

X

X

X

X
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Box A1. Description of Representative Concentration Pathways
RCP2.6: The RCP2.6 is developed by the IMAGE modeling team of the Netherlands
Environmental Assessment Agency (Van Vuuren et al. 2007). The emission pathway is
representative for scenarios in the literature leading to very low greenhouse gas concentration
levels. It is a so-called "peak" scenario: its radiative forcing level first reaches a value around
3.1 W/m2mid-century, returning to 2.6 W/m2 by 2100. In order to reach such radiative forcing
levels, greenhouse gas emissions (and indirectly emissions of air pollutants) are reduced
substantially over time.
RCP 4.5: It is developed by the MiniCAM modeling team at the Pacific Northwest National
Laboratory's Joint Global Change Research Institute (Clarke et al., 2007). It is a stabilization
scenario where total radiative forcing is stabilized before 2100 by employment of a range of
technologies and strategies for reducing greenhouse gas emissions. It is often considered as
an intermediate scenario.
RCP8.5: The RCP 8.5 is developed by the MESSAGE modeling team and the IIASA
Integrated Assessment Framework at the International Institute for Applies Systems Analysis
(IIASA), Austria (Riahi et al., 2007). The RCP8.5 is characterized by increasing greenhouse
gas emissions over time representative for scenarios in the literature leading to high
greenhouse gas concentration levels. It is often considered as a “business-as-usual” scenario.
Source: http://www.iiasa.ac.at/
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Appendix B
Table B1. NACE codes of Cyprus input-output table economic sectors, 2016.
n/n
G1
G2
G3
G4
G5
G6
G7
G8
G9
G10
G11
G12
G13
G14
G15
G16
G17
G18
G19
G20
G21
G22

Sector
Agriculture
Mining
Food Manufacturing
Textile
Wood and Paper
Chemical and Plastic Products
Metal and non-metal products
Machinery and equipment
Electricity, gas and water
Construction
Trade
Accommodation and Food Services
Land transport
Water transport
Air transport
Warehousing, postal and courier
activities
Banking - Financing
Real Estate
Public administration
Education
Health
Other Services

Description NACE*
A01, A02, A03
B
C10, C11, C12
C13, C15
C16, C17, C18
C19, C20, C21, C22
C23-C25
C26--C33
D35, E36, E37-39
F
G45-G47
I
H49
H50
H51
H52-H53
K64-K66
L68
O84
P85
Q
J58, J59, J60, J61, J62-63, M69-70,
M71, M72, M73, M74, M75, N, RS,
T, U

*

NACE:Statistical classification of economic activities in the European Union
Source: Eurostat (2008).
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ABSTRACT
Low voltage distribution grids (LVDGs) are evolving from their traditional passive behaviour
into highly active systems and will have a very significant role in the future power systems. Their
secure and reliable operation will require effective control schemes which in return require reliable
and accurate monitoring systems. So far, there have been little to none research efforts regarding
appropriate monitoring schemes for LVDGs and most of the existing works rely on the three phase
Weighted Least Squares (WLS) state estimation method which was originally developed for Medium
Voltage Distribution Grids (MVDGs). However due to different characteristics between MVDGs and
LVDGs this method may not be suitable for the monitoring of LVDGs. This paper investigates the
performance of the WLS state estimator on a radial low voltage test feeder, where it is implicitly
assumed that every consumer is equipped with a Smart Meter (SM). Due to the random nature of the
measuring errors, the analysis is conducted in a Monte Carlo fashion. The investigation indicates that
a significant error is imposed in the monitoring of the LVDG which is related to the loading conditions
and the asymmetric operation of the distribution grid.
1

INTRODUCTION

The need for a sustainable future requires the evolution of power systems and the generation of
electric energy by environmental friendly resources. During this transition, LVDGs will experience
vast changes to their operation and infrastructure in order to evolve into active grids [1]-[2], where
proper monitoring schemes will be of paramount importance. In [3], the authors discussed and
presented the features and capabilities of the next generation of SMs before presenting an
experimental sensor network consisting of 48 SMs. The SMs are used to monitor an LVDG with high
penetration of PVs in North Italy. A similar approach is followed in [4] where a WLS State Estimator
(SE) is used for monitoring an LVDG in Germany by SMs with a reporting rate of 15 minutes. In [5],
the possible time skewness of the SM measurements is considered and a new method for assigning
measurement weights is proposed. This method depends on the time that has passed since an SM
measurement was last updated and was used in the WLS SE. This work is extended in [6] by taking
into consideration the possible load variation between the SMs’ updating intervals. In [7], a
performance comparison is made between the three phase WLS SE with nodal voltages as state
variables and the WLS SE with the branch currents as the state variables. The analysis was performed
by expressing the state variables in both rectangular and polar form. The results of this work clearly
show that the type of the state variables (either current or voltage) yields identical results, regardless
of the plane that they are expressed. However, the estimators are more computationally efficient when
the states are expressed in rectangular form than in the case that are expressed in polar form.

406

From the aforementioned works, it can be concluded that currently the most widely used
monitoring method for LVDGs is based on the three phase WLS SE scheme with the state variables
as nodal voltages or branch currents. An ambiguous assumption in these works is that both MVDGs
and LVDGs have similar characteristics. This is because the three phase WLS SE is developed for
the MVDGs and is implicitly applied to the LVDGs. However, the conventional three phase WLS SE
(C-WLS SE) approximates the voltage across the neutral conductor to zero (multi grounded neutral),
which simplifies the problem formulation. A common configuration in LVDGs is that the neutral
conductor is grounded only at the secondary side of the MV-LV transformer substation and since this
kind of systems consist of mainly single phase loads, a significant portion of the total load current
flows through the neutral conductor due to the asymmetric loading conditions. The current that flows
through the neutral conductor creates voltage drops across it and hence the assumption made by CWLS SE is no longer valid, leading to inaccurate results.
Thus, the aim and contribution of this paper is to investigate the accuracy of C-WLS SE when
used for the monitoring of an LVDG that has its neutral conductor grounded only at the secondary
side of the MV-LV transformer substation. A radial low voltage test feeder, which is assumed
observable by SMs is used. Further, different scenarios are examined and the accuracy of C-WLS SE
is evaluated by comparing the estimated states with the true states of the system.
2

THREE-PHASE WEIGHTED LEAST SQUARES STATE ESTIMATION

The C-WLS SE procedure requires redundant measurements from the system for providing the
best estimated states of the system that maximizes the likelihood probability for a given set of
measurements (observations) [8]. A measurement can be modelled as,
𝑧 𝑚𝑒𝑎𝑠 = 𝑧 𝑡𝑟𝑢𝑒 + 𝑒,

(1)

where 𝑧 𝑡𝑟𝑢𝑒 is the actual value of the measured quantity and 𝑒 is the measurement noise assuming
that it follows a normal distribution with zero mean and a known variance [9], i.e. 𝑒 ∼ 𝑁(0, 𝜎 2 ).
According to the C-WLS SE theory, the available measurements are related mathematically with the
state variables through nonlinear functions as,
𝑧 = ℎ(𝑥) + 𝑒

(2)

where 𝑧 is a vector containing the available measurements, ℎ(𝑥) is a vector containing the nonlinear
functions that relate the state variables with the available measurements, 𝑥 is the state vector
containing the state variables and 𝑒 is the measurement error vector.
2.1

The Weighted Least Square State Estimation Procedure

Under the framework of WLS SE, the estimated states are obtained by minimizing the
summation of the squared measurement residuals that are weighted by the corresponding device’s
measurement variance error [8]-[9],
𝑛

min 𝐽(𝑥) = ∑
𝑥

𝑖=1

[𝑧𝑖 − ℎ𝑖 (𝑥)]2
𝜎𝑖2

= [𝑧 − ℎ(𝑥)]𝑇 𝑅−1 [𝑧 − ℎ(𝑥)]

(3)

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑐(𝑥) = 0,
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where 𝑛 is the number of available measurements, 𝑅 is the measurement error covariance matrix
which is diagonal since the measurement errors are assumed uncorrelated [10]. As it is shown in (3),
the problem is formulated as a constrained optimization problem with equality constraints in vector
𝑐(𝑥) that contains nonlinear functions relating the virtual measurements of zero power injection nodes
with the state variables. The constrained WLS SE problem can be solved by the use of the
Langrangian method. However, due to the nonlinear functions that are being used, an iterative scheme
is necessary in order to find the optimal state. Hence, by applying the Langrangian and the GaussNewton iterative method in equation (3), the below iterative scheme arises,
−1

[

𝐻 𝑇 (𝑥 𝑘 )𝑅 −1 𝐻(𝑥 𝑘 ) −𝐶 𝑇 (𝑥 𝑘 )
Δ𝑥
]
]=[
𝜆
𝐶(𝑥 𝑘 )
0

𝐻(𝑥 𝑘 )𝑅 −1 Δ𝑧 𝑘
[
]
−𝑐(𝑥 𝑘 )

(4)

Where Δ𝑥 = 𝑥 𝑘 − 𝑥 𝑘+1 , Δ𝑧 = 𝑧 − ℎ(𝑥 𝑘 ), 𝜆 is the Lagrangian multipliers vector, 𝐻(𝑥 𝑘 ) =
𝜕ℎ(𝑥)
𝜕𝑐(𝑥)
| 𝑘 , 𝐶(𝑥 𝑘 ) = 𝜕𝑥 | 𝑘 .
𝜕𝑥
𝑥

2.2

𝑥

Measurement Functions

The monitoring of an LVDG is enabled by the use of SMs. These devices can provide per phase
measurements of active/reactive power injection, per phase voltage magnitudes as well as per phase
current magnitudes [3]. Without loss of generality the states of the system in this work are chosen to
be the nodal voltages expressed in polar form (𝑥 = [𝜃 |𝑉|]). Hence, every three phase system node
will have six state variables, except for the reference node that has its angles fixed at 0°, +120° and
−120°. The nonlinear functions that relate the active and reactive power injection measurements with
the state variables are,
𝑝
𝑃𝑖

𝑄𝑖𝑝

=

=

𝑛
𝑐
𝑝
𝑝𝑚
𝑝𝑚
|𝑉𝑖 | ∑ ∑ |𝑉𝑘𝑚 |(𝐺𝑖𝑘 𝑐𝑜𝑠𝛿𝑖𝑘
𝑘=1 𝑚=𝑎

𝑝𝑚

𝑝𝑚

(5)

+ 𝐵𝑖𝑘 𝑠𝑖𝑛𝛿𝑖𝑘 )

𝑛
𝑐
𝑝
𝑝𝑚
𝑝𝑚
|𝑉𝑖 | ∑ ∑ |𝑉𝑘𝑚 |(𝐺𝑖𝑘
𝑠𝑖𝑛𝛿𝑖𝑘
𝑘=1 𝑚=𝑎

𝑝𝑚
𝑝𝑚
− 𝐵𝑖𝑘
𝑐𝑜𝑠𝛿𝑖𝑘
)

(6)

where 𝑛 is the number of nodes, 𝑃𝑖𝑝 and 𝑄𝑖𝑝 is the injected active and reactive power respectively at
𝑝𝑚
node 𝑖 and in phase 𝑝, 𝛿𝑖𝑘
is the phase angle difference between phase 𝑝 of node 𝑖 with phase 𝑚 of
node 𝑗 and 𝑌 = 𝐺 + 𝑗𝐵 is the admittance matrix of the system. Voltage magnitude measurements can
𝑝
𝑝
be directly related to their corresponding state variable (𝑉𝑖 = 𝑉𝑖 ).
2.3

Feeder Model

In Fig. 1, a typical four wire distribution line is illustrated along with the mutual coupling
between phases. As it was mentioned, C-WLS SE assumes that the neutral conductor represents a
zero potential across the whole system, i.e. it is grounded at multiple points as illustrated in Fig. 1.
Such a line will be characterized by a 4X4 impedance matrix containing the series and mutual
impedances of the four conductors,

𝑍4𝑥4

𝑧𝑎𝑎
𝑧𝑏𝑎
= [𝑧
𝑐𝑎
𝑧𝑛𝑎

𝑧𝑎𝑏
𝑧𝑏𝑏
𝑧𝑐𝑏
𝑧𝑛𝑏

𝑧𝑎𝑐
𝑧𝑏𝑐
𝑧𝑐𝑐
𝑧𝑛𝑐

𝑧𝑎𝑛
𝑧𝑏𝑛
𝑧𝑐𝑛 ]
𝑧𝑛𝑛

(7)
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where each element of the impedance matrix in (7) can be calculated by the use of the Carson’s
equations [11]. However, with the assumption that the neutral conductor is at zero potential across
the whole system, the 4X4 impedance matrix can be reduced to a 3X3 matrix by the use of Kron’s
reduction method as,

′
𝑧𝑖𝑗
= 𝑧𝑖𝑗 −

′
𝑧𝑎𝑎
′
= [𝑧𝑏𝑎
′
𝑧𝑐𝑎

𝑍3𝑥3

𝑧𝑖𝑛 × 𝑧𝑛𝑗
𝑧𝑛𝑛
′
𝑧𝑎𝑏
′
𝑧𝑏𝑏
′
𝑧𝑐𝑏

(8)

′
𝑧𝑎𝑐
′
𝑧𝑏𝑐
]
′
𝑧𝑐𝑐
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Fig. 1: Section of a four wire distribution line
3

INVESTIGATION OF THE C-WLS SE ACCURACY

In order to evaluate the performance of C-WLS SE, the test system illustrated in Fig. 2 is used.
This test system is implemented in MATLAB/Simulink where the power flow results for a given
scenario represent the ideal measurements, which are actually the true state of the system.
Measurement noise that follows a normal distribution with zero mean and a standard deviation that
is expressed as a percentage of the full scale reading of the measuring device is added to the ideal
measurements. Additionally, it is assumed that the SMs belong to accuracy class 1 for the active
power measurements and to class 2 for the reactive power measurements, with a 95% confidence
interval. In Table 1, the maximum measurement errors of each quantity are presented.
The test system has in total 30 consumers which are also equipped with a SM. Out of these 30
consumers, 9 are connected at phase A, 11 at phase B and 10 at phase C. The voltage is stepped down
from the medium voltage level with a 200 kVA, D-Yg transformer at the MV/LV substation. The
main feeder lines (illustrated with light blue colour in Fig. 2) are four wire, overhead aluminum lines
with a thickness of 100 mm2. From the wooden poles to the consumers, a two wire overhead
aluminum lines are used with thickness of 22 mm2. In Fig. 3, the geometry of the main lines is
presented, while in Tables 2 and 3 the corresponding impedance matrices are provided.
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Fig. 2: Test Feeder
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Table 1: Summary of SM accuracy
Full
Scale

Maximum
measurement error

Standard Uncertainty =
(Maximum error / 1.96)

Pinj measurements

9.2kVA

1%

0.51%

Qinj measurements

9.2kVA

2%

1.02%

300V

0.6%

0.3%

Type of measurement

Voltage measurements

50 m

15 m
10 m

9.8 m

0.3 m

9.7 m

9.5 m

9.4 m

9.2 m

9.1 m

8.9 m

10 m

Fig. 3: Geometry of distribution lines
Table 2: Impedance matrix of 4x100 mm2 OH aluminum Line
4x100 mm2 OH aluminum Line
R (Ω/km)

L (H/km)

0.3187

0.0482

0.0482

0.0482

0.0024

0.0016

0.0014

0.0013

0.0482

0.3187

0.0482

0.0483

0.0016

0.0024

0.0016

0.0014

0.0482

0.0482

0.3188

0.0483

0.0014

0.0016

0.0024

0.0016

0.0482

0.0483

0.0483

0.3188

0.0013

0.0014

0.0016

0.0024

Table 3: Impedance matrix of 2x22 mm2 OH aluminum Line
2x22 mm2 OH aluminum Line
R (Ω/km)

L (H/km)

1.2753

0.0482

0.0025

0.0016

0.0482

1.2753

0.0016

0.0025

In total, the test system has 38 nodes, out of which 8 are three phase and 30 are single phase
nodes. Accounting for the reference node (node 1 in Fig. 2) there are in total 105 state variables (51
are the phase angles and 54 are the voltage magnitudes). Hence, the state vector 𝑥 is formulated as,
𝑇

𝑥 = (𝜃̂1 ⋯ 𝜃̂51 , |𝑉̂ |1 ⋯ |𝑉̂ |54 )

(10)

For the execution of the C-WLS SE, there are in total 93 measurements from the measuring devices
and 42 virtual measurements corresponding to zero power injection nodes. In order to evaluate the
performance of C-WLS SE under any scenario, it is necessary to conduct the analysis in a Monte
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Carlo fashion as the results will be biased by the random nature of the measurement errors (a small
measuring error will yield better results and may lead to inaccurate conclusions). In this sense, each
scenario is executed 1000 times, with measurement errors that follow a normal distribution and with
standard uncertainties as described in Table 1. Then, to unbiased the results from the random nature
of the measuring errors, the performance of C-WLS SE is evaluated by investigating the average error
between the estimated state and the true state of the system (over 1000 Monte Carlo trials). The
methodology is tested under different loading conditions (percentage of the MV-LV transformer’s
nominal power and at 0.9 lagging power factor).
3.1

Case Study Results:

In Fig. 4, the maximum error of the estimated voltage magnitudes for each Monte Carlo
iteration for different loading conditions is presented. The maximum voltage error of the C-WLS SE
under one iteration of the Monte Carlo can be calculated as,
Δ|𝑉|𝑖 𝑚𝑎𝑥 = max{|𝑉̂𝑗𝑖 − 𝑉𝑗𝑖 |}

(11)

where 𝑖 is the 𝑖-th Monte Carlo iteration, 𝑉̂𝑗𝑖 is the estimated value of the 𝑗-th voltage magnitude state
variable ( 𝑗 = 1, 2, … , 54) in the 𝑖-th iteration and 𝑉𝑗𝑖 is the true value of the corresponding state
variable. Based on Fig. 4, it can be concluded that there is a clear dependency of the performance of
the C-WLS SE on the loading conditions of the LVDG. It is important to note that this methodology
if applied to MVDGs then it should have a relative constant performance regardless of the loading
conditions. This is clearly not the case when applied to the LVDGs with a neutral grounded only at
the substation. The main reason behind this dependency is due to the non-zero potential across the
neutral conductor due to the non-symmetrical loading conditions, which can affect the results in two
different ways. First, the system model used for the construction of the measurement functions
deviates significantly from the actual system due to the use of Kron’s reduction method that modifies
the 4X4 impedance matrix (that characterizes a line) into a 3X3 matrix. Actually, the application of
this method requires the assumption of having zero potential across the neutral in the whole system.
Since this is no longer valid, the resulting impedance matrix will not be an accurate representation of
the actual system. Secondly, the voltage measurements provided by the SMs will be phase-neutral
measurements. Since the neutral voltage can have significantly different values across the system, all
voltage measurements will be expressed at a different reference voltage. The C-WLS SE however
assumes that each measurement is phase to ground measurement [9] expressed at the same reference
voltage. As the loading condition of the system increases so does the voltage drop across the neutral
conductor which leads to the performance deterioration of the C-WLS SE. This is more evident in

Fig. 4: Maximum voltage error over 1000 Monte Carlo trials
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Fig. 5 where the average maximum voltage error for the various loading conditions is presented. The
average maximum voltage error is calculated as,
MC

1
𝐴𝑣𝑔(Δ|V|max ) =
∑ max {|𝑉̂ji − Vji |}
MC

(12)

i=1

where MC is total number of Monte Carlo iterations (in this case MC = 1000). Based on these
findings, it is advised that the C-WLS SE should not be used for the monitoring of high loaded
LVDGs.

Figure 5: Average maximum voltage error

4

CONCLUSION

LVDGs will be of the utmost importance during the transition and evolution of power systems
towards a decarbonized future. Their reliable and accurate monitoring will be the basis of any control
scheme that will have to be implemented in order to allow higher penetration levels of DERs. In this
paper the conventional monitoring method of LVDGs was investigated regarding its accuracy under
various different loading conditions. Due to the assumption made by the C-WLS SE regarding the
voltage across the neutral conductor, its performance was highly dependent on the loading conditions.
The performance of the control scheme is directly affected by the input from the monitoring system,
hence it is of paramount importance to have an accurate monitoring system otherwise the decided
control action may in fact worsen the system’s condition.
Based on the findings of this paper, the C-WLS SE should only be used in the monitoring of
lightly loaded LVDGs in order to guarantee that the inherent error of this method will lie within
satisfactory limits for a specific application. In the case of highly loaded LVDGs and intense
asymmetrical loading conditions, this method should only be used to give a rough estimate of the
system’s state and should not be used for any decision making that could affect in a significant degree
the operation of the system. Finally, this shows that as LVDGs are becoming more active and more
information is available (smart meters, smart power inverters, EVs, demand response schemes etc.)
there is a high necessity for proper monitoring methods that are tailored by the characteristics of
LVDGs.
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ABSTRACT
In order to increase the efficient allocation of renewable energy sources (RES), the microgrid concept
has been arisen, as a controllable entity being able to operate both grid-connected and isolated in
island mode. In distribution grids with a high RES potential like Cyprus island, controllable entities,
such as microgrids and nanogrids, can play a significant role. This paper deals with the
implementation of a nanogrid, which has the ability to operate both in grid-connected and islanded
mode. The nanogrid has been set up at the premises of FOSS Research Centre for Sustainable Energy,
University of Cyprus. It acts as a testbed and a subset of the planned microgrid of the University of
Cyprus (UCY) and includes the existing PV installations, Battery Energy Storage Systems (BESS),
smart meters, existing electrical loads, a controllable electric load and an Electric Vehicle (EV)
charging station.
Extensive simulation scenarios are carried out by using tools such as Matlab/Simulink and PowerSim.
Energy production and consumption are simulated and tested for steady-state, dynamic and transient
conditions. Furthermore, the operation of a bidirectional EV charging system for vehicle-to-grid
(V2G) integration is investigated. Block diagrams, showing implementation using power electronics
along with corresponding results, are shown for better understanding of the pilot objectives.
Implementation and experimentation with the nanogrid under investigation will improve future
research on the university’s microgrid.

I . INTRODUCTION
Microgrids are usually low voltage distribution networks that comprise of distributed generation
sources, energy storage systems and loads being able to operate either interconnected or isolated from
the main distribution grid as a controlled entity [1]. Microgrids make RES, Battery Energy Storage
Systems (BESS) and efficiency technologies more attractive by integrating them into a unified energy
system [2]. Their operation enables the system to mitigate disturbances and, if necessary, operate
isolated from the grid [3], while it is also beneficial to utility grid by providing on-demand generation
and ancillary services. The aforementioned attributes offer increased control over fluctuations in
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demand and can lower costs for the microgrid operator by offsetting peak loads with local generation
and reducing overall grid congestion [4].
UCY has set a target of becoming an energy optimal microgrid in the scope of improving the energy
efficiency of the campus and its zero energy green objectives. The envisaged establishment of UCY
microgrid is expected to make the University energy neutral, rendering it a green campus. The
university campus is currently undergoing new construction infrastructure, while an investment
project for the installation of Photovoltaic (PV) systems and battery equipment will be implemented
in two phases. Based on a techno-economic study for the combined placement of PV systems and
BESS in the campus area, a 5 MWp PV system and a 2.35 MWh BESS will be installed during the
first phase of the microgrid implementation project. At the second implementation phase, a 5 MWp
PV system and 5.15 MWh of BESS will be installed, resulting in aggregated 10 MWp PV installations
and 7.5 MWh of BESS. The main objective of the microgrid is the transformation of the university
campus into a living lab, where the energy consumption will be fulfilled by PV generated energy that
is efficiently managed through the effective use of the BESS. The target is to minimize the energy
consumption costs and nullify the CO2 footprint of the university campus.
A nanogrid is a single voltage, price, reliability, quality, and administrative domain that can isolate
implementation details within it and enable connections with other grids [5]. It is defined as a small
grid topology where local small-scale generators and loads have been connected [6]. Distributed RES
in conjunction with BESS are used to supply continuous power to the small local loads of a nanogrid,
while power electronic converters are used to interface the sources and loads [7]. To minimize the
operating cost of the nanogrid, its sources must be scheduled in a prioritized fashion. The intermittent
renewable sources should be used first, and any excess PV generated power should be primarily used
to charge the BESS, in order to stabilize the electrical parameters within the nanogrid.
The operation of the FOSS nanogrid lies within the scope of the PEGASUS Project, which is an
Interreg MED transnational programme co-financed by the European Regional Development Fund.
PEGASUS’s main objective is to contribute to an increased, efficient and effective use of renewable
energy sources (RES) using microgrid technologies. It focuses on seven Mediterranean areas, where
microgrids are being set up and eventually aims to promote their benefits to the associated
communities. PEGASUS also aims to investigate the technical and administrative obstacles, which
are currently hindering the implementation of such microgrids.
The nanogrid under study is able to adapt to different sorts of energy sources, loads and storage
devices, and to critical situations, such as islanded operation of the nanogrid. Consequently, the
measurements from the FOSS nanogrid will serve as a test bed for the university microgrid and will
illustrate the benefits of utilizing this kind of system into the power grid. The results of the project
can be transferred to similar large entities of the public (or private) sector, such as other university
campuses, hospitals, hotels, ports, etc. Furthermore, the pilot outcomes could improve local
acceptance of RES projects and provide a framework for the future implementation of communitybased renewable energy projects.
The paper is organized as follows: Section II provides a general description of the FOSS nanogrid,
while Section III presents a detailed description of the nanogrid components. Section IV describes
the nanogrid model and demonstrates simulation results. Finally, conclusions are made in Section V.

II. FOSS NANOGRID GENERAL DESCRIPTION
The FOSS Research Centre nanogrid is located in Nicosia, Cyprus. The production of the nanogrid
is based exclusively on a PV system of aggregated power equal to 34.9kWp, while the main electrical
consumption corresponds to the building loads, as they appear in the single line diagram. Apart from
the existing loads and RES, new equipment that has been installed including a programmable
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electrical load to facilitate alternative load capabilities and emulation of residential consumption
profiles, a smart EV charging station, a 10 kWh BESS with a dedicated energy management system
and a central software management system for data collection, monitoring and analysis. Therefore,
the measurements concern the active and reactive power (imported and exported), voltage magnitude
for each phase and frequency at the Point of Common Coupling (PCC) of the nanogrid with the main
electrical grid of the university campus. For this reason, three new smart bidirectional meters have
been installed together with other complimentary sensors and accessories to ensure adequate
observability. Table I details the different components of the FOSS Nanogrid, while Figures 1 and 2
show the functional schematic and the single-line diagram of the FOSS nanogrid respectively.

TABLE I.
COMPONENTS
Real Systems

Semi-Emulated
Systems
Other Systems

FOSS NANOGRID COMPONENTS

UNITS
PV installations (34.9 kWp)
Battery Energy Storage System (10 kWh)
Controllable Electronic Load
Schneider Electic PM 8240 Smart Metering Devices (3 units)
EV charging/ discharging station ( EV discharging mode is emulated as
there is currently no V2G capability)
Battery Energy Storage System (200 kWh)
Nanogrid switch, static switch

Figure 1. Functional schematic of FOSS nanogrid
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Figure 2. FOSS nanogrid Single Line Diagram
The units that comprise the FOSS nanogrid are:
i) Real Systems. Apart from the building loads, there are four different types of real systems: PV
Systems, a BESS, a controllable electrical load and three smart metering devices which measure in
real-time the consumption and generation of the nanogrid. The generation and consumption patterns
derived from the advanced metering infrastructure are used to develop the optimal scheduling model
for the nanogrid.
ii) Semi-emulated Systems. There are two systems that are used to emulate real behaviour of
components of the nanogrid. These systems refer to the existing EV charging/discharging station and
a future large BESS installation of 200 kWh. Currently, the EV charging station is installed, without
being able to provide V2G services.
iii) Other Systems. There are other components that play an important role in the operation of the
nanogrid. Such units are the nanogrid switch and the static switch. Their operation has been emulated
and they will be installed in the FOSS nanogrid in the near future.
III. FOSS NANOGRID COMPONENTS
A. Real Systems
1) PV systems: 34.9 kWp of grid-connected PV systems have been installed and monitored at the
outdoor PV test facility (PV-Lab) at FOSS premises. The installation comprises of fixed plane PV
systems, being installed at the optimum annual energy yield angle of 27.5°, and Concentrated
Photovoltaic (CPV) Systems.
2) BESS: A 10 kWh BESS has been installed in order to compensate solar power intermittency and
improve nanogrid power quality. The PV energy production is used to supply the nanogrid loads,
while any excess PV generation is used to charge the battery, before injecting energy to the grid. In
case that the nanogrid aggregated load exceeds the PV output, the energy imbalance is absorbed from
the BESS, until the battery is fully discharged. The nominal power of the BESS inverter corresponds
to 2.5 kW, which is ideally suited to handle the electricity demand of an average private households.
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3) Controllable Electronic Load: The programmable electronic load of the nanogrid can simulate
several load conditions under high crest factor and varying power factors with real-time
compensation, even under high-order harmonic voltage pollution. In the case of the FOSS nanogrid,
it is mainly used to emulate the operation of representative household appliances. Furthermore, the
electronic load is able to provide a variety of fully controllable loads. For this reason, a large variety
of operation modes is offered, such as Constant Current mode (CC), Constant Voltage mode (CV),
and Constant Power mode (CP).
4) Smart Metering Devices: A smart meter is an advanced meter that can be used to identify and
measure power consumption and production electronically and can communicate this information to
another device. Smart meters that have bidirectional communication capacity are considered as main
components for the operation of the smart grid. The FOSS nanogrid is equipped with three
bidirectional smart meters in order to monitor the PV generation and consumption of the office
buildings. Smart meters’ data is used to segregate total electrical demand profile of the nanogrid into
flexible and non-flexible loads and coordinate nanogrid’s electrical output power and grid
import/export. A scheduling based on the retrieved smart metering data can facilitate the nanogrid
control and activate the implementation of a Demand Response program.
B. Semi-emulated Systems
1) EV charging/discharging station: An EV charging station is located in the nanοgrid premises.
This EV charging station supports Grid-to-vehicle (G2V) operation, however it does not offer
Vehicle-to-grid (V2G) services. For this reason, the discharging operation is emulated, ensuring the
seamless transition from charging to discharging mode. Generally, the EVs can be considered as
mobile loads that are able under certain circumstances to operate as storage units. The operation of
the charging station could contribute to the improvement of the load factor of the nanogrid.
2) Battery Systems: A large BESS of 200 kWh will be simulated based on the operation and the
control parameters of the 10kWh installed battery system. The aim of this BESS is focused on
ensuring the uninterruptable operation of the nanogrid, even under grid unavailability, where the
islanded operation of the nanogrid will be activated.
C. Other Systems
1) Nanogrid switch: Some other components and systems will be simulated for the operation of the
nanogrid. The main function of these components is to mitigate harmonics, improve the quality of
electricity supply and correct the power factor. The nanogrid switch will be simulated to demonstrate
the connection of the nanogrid with the main utility grid. In the islanded mode the switch is open,
while in the grid-connected mode the switch remains closed. If the nanogrid controller detects a grid
fault or receives a disconnecting signal in grid-connected mode, the switch is activated and the
nanogrid switches from grid-connected to island mode operation.
2) Static switch: The static switch can disconnect and reconnect flexible loads and energy sources
from/to the nanogrid with minimal disruption to the nanogrid operation, thereby improving reliability
and ensuring that generation units do not compromise nanogrid voltage and frequency limits of the
distribution network loads.
IV. NANOGRID MODELLING AND SIMULATIONS
The model of the nanogrid studied in this paper is illustrated in Fig. 3. Building loads, PV
installations, an EV charging/discharging station, an electronic load and an installation of a 200 kWh
BESS are considered for the simulations carried out. Nanogrid operational modes are simulated and
tested for steady-state, dynamic and transient conditions by using tools like Matlab/Simulink and
PowerSim. The various network configurations that have been investigated are the following:
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Figure 3. FOSS nanogrid model
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I) grid-connected operation mode that balances the flow at Point of Common Coupling (PCC), II)
static and dynamic simulations of nanogrid’s islanding operation [8] to test the grid stability, III)
transition from grid-connected to islanded mode and IV) transition from islanded to grid-connected
mode. Configurations I and II have been examined in order to test the nanogrid topologies that
maximize the self-consumption of the energy produced by RES and ensure the grid stability under
both operation modes. Configurations III and IV investigate the behaviour of the nanogrid system
during transition between grid-connected and islanded mode of operation. Transition from one mode
to another might introduce severe transients in the system; thus, special control schemes are needed
to ensure a proper and stable transition [9]. Analytical results of the two configurations are presented
below.
A. Transition from grid-connected mode to islanded
The first simulation test deals with the transition from the grid-connected to islanded mode. In this
case, two types of islanding are possible: planned and unplanned (in case of emergency or fault). The
control strategy remains the same in both types. When the main grid is connected, frequency f and
voltage magnitude V of the common bus are generally constant and near their nominal values, at 50Hz
and 400V respectively. Consequently, the RES units do not contribute in the power sharing as they
deliver their maximum power independently of the operational status of the network, while RES
curtailment is not allowed.
In order to ensure the seamless transition to islanded mode, a grid-forming source is needed, which
will be responsible for controlling the voltage magnitude and frequency within the nanogrid. This
role is undertaken by the control strategy of the BESS. Therefore, the BESS switches from gridconnected mode, which refers to a self-consumption maximization strategy of the BESS, to islanding
mode of operation, which refers to a grid-forming operation of the BESS. In order to keep voltage
and frequency within allowable limits, the BESS provides the proper amount of active and reactive
power and ensures the seamless transition and the safe operation of the nanogrid in islanded mode,
by absorbing any mismatch between power production and consumption. The control is structured
with the following concept: when the monitored frequency of the nanogrid falls under the minimum
allowable value (i.e. 49Hz for weak grids), the BESS discharges by providing the necessary amount
of active power to restore the frequency to an allowable value. On the other hand, when the frequency
exceeds the maximum allowable value (i.e. 51Hz for weak grids), the BESS charges in order to
balance the nanogrid. In case of deep discharging or overcharging of the BESS, the nanogrid will not
be able to operate properly and will collapse.
As it can be seen in Fig. 4, at t=0.4 s the main grid suddenly collapses and the nanogrid goes into
islanded mode. An adequate transition to islanded mode, with limited switching transients, is
achieved, as can be deduced from Figs. 5 and 6. The voltage magnitude of the nanogrid is presented
in Fig. 5, while it can be seen in Fig. 6 that the PV generation, along with the BESS, are able to cover
the load demand of the nanogrid.
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Figure 4. Voltage profile at MV level

Figure 5. Voltage profile at the nanogrid during the islanding switch

Figure 6. Active power of main grid, PV installations, BESS and nanogrid load demand
421

B. Transition from islanded to grid-connected mode
Opposed to islanding, the transition from islanded to grid-connected mode should be generally
planned. Before the transition, the phase angle and rms value of the PCC voltage at the nanogrid and
the utility grid can differ. Furthermore, the utility grid and the nanogrid can operate at a different
frequency, as the controllers in both networks may not force the frequency to its nominal value (i.e.
50Hz). Therefore, the violent activation of the PCC switch without synchronization would lead to
large transients, i.e. abrupt voltage and current changes.
In order to implement a smooth transition to the grid-connected mode, a synchronization process is
required. During this process, the BESS absorbs or releases the appropriate quantity of active power
to adjust the voltage magnitude and the frequency of the nanogrid accordingly for synchronization.
As shown in Figs. 7-9, the transition from the islanded to the grid-connected mode is seamless. The
rms voltage synchronization block changes the output of the droop controller gradually, forcing the
nanogrid PCC voltage towards the main grid PCC voltage. Similarly, a phase angle synchronization
is enabled by a phase synchronization block that controls the phase angle of the nanogrid towards the
phase angle of the main grid. When the voltage magnitude, frequency and phase angle of the nanogrid
and utility grid voltage are equal, the PCC switch closes and the transition is completed. Figs. 8 and
9 show the frequency and the allocation of the active power of the BESS.

Figure 7. Utility grid and nanogrid voltages at the activation of the central nanogrid
switch

Figure 8. Frequency of the battery before and after the synchronization
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Figure 9. Active power of the central battery during the synchronization process

V. CONCLUSIONS
In this paper, the FOSS nanogrid, which includes PV installations, a BESS and an EV chargingdischarging station, has been thoroughly described. The main goal of the nanogrid is the construction
of an experimental platform that can efficiently integrate RES and other types of sources into the
power grid. The components comprising the FOSS nanogrid have been presented and the nanogrid
modelling has been illustrated.
Simulations show that the nanogrid is capable of both grid-connected and islanded operation. In the
grid-connected operation mode, the control strategy is based on the optimization of self-consumption
and the maximization of self-sufficiency of the nanogrid. In the islanded operation mode, the aim of
the nanogrid control strategy is to provide a stable and high-quality power supply to the connected
loads. Proper power balance and voltage control is achieved by ensuring that frequency deviations
are restrained among certain allowable limits. Furthermore, transition between grid-connected and
islanded modes is simulated. Islanding does not require any additional measures as the islanded
control strategy is sufficient enough for a seamless transition. For transition from islanded to gridconnected mode, which is a planned event, a synchronization procedure is developed. A smooth
mode-transmission is achieved by modifying certain parameters of the BESS, and consequently the
nanogrid, with a synchronization procedure to connect the islanded microgrid with the utility.
The obtained results refer to a small nanogrid, that could serve as a test bed for the implementation
of the UCY microgrid. However, the approach of this study could be broadly applicable to other
large-scale microgrid systems.
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ABSTRACT
The present paper describes the architecture and implementation of the Control System at the
Platform for Research, Observation and TEchnological Applications in Solar energy (PROTEAS) in
Cyprus. The Control System has been designed taking into consideration all developmental and
operational needs for a modern and robust system, suitable for an experimental facility. It has been
designed for a decentralized and distributed architecture and provides the flexibility to the
developers to modify and extend the system easily. The functionality of the Control System is
presented, giving emphasis to the special characteristics of the plant subsystems and in particular
those of the cogeneration facility of electricity and desalinated seawater. The adopted measures to
ensure the uninterruptible and safe operation of the plant are also presented. The PROTEAS Control
System has proven sufficient till now, while plans for its further improvement and expansion are
underway.
1

INTRODUCTION

The development of an efficient and reliable Control System (CS) at Concentrated Solar
Power (CSP) plants is crucial, as it is essential for their smooth operation and it helps to improve
their performance and safety. The CS must meet the needs of the plant, which presupposes the
appropriate selection and incorporation of sensing elements, actuators, communication protocols,
terminals and power supply system for the accurate and uninterrupted data acquisition and control.
It should concurrently take into account possible future expansions and modifications. In each CSP
plant the CS concerns mainly for the control of the heliostats field and the control of the thermal
process variables [1].
This paper refers to the CS at the Concentrated Solar Power − Desalinated Sea Water (CSPDSW) plant of The Cyprus Institute at the Platform for Research, Observation and TEchnological
Applications in Solar energy (PROTEAS) [2]. PROTEAS located at Cyprus was inaugurated in
2015 for the evaluation, development and testing of solar energy and seawater desalination
technologies. As it is shown in figure 1 the CSP-DSW plant incorporates the heliostat field and the
Integrated STOrage and REceiver (ISTORE) for solar energy harvesting, the thermal energy storage
tank which ensures the co-generation of electricity and desalinated seawater on a 24/7 basis
followed by a steam turbine for electricity production and the Multiple-Effect Distillation (MED)
unit for seawater desalination.
In the remainder of the paper we present: in section A the hardware of each subsystem, in
section B the architecture and its implementation tools, in section C the main functions of the CS
and in the last section the power supply system, selected interlocks and alarm conditions.
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Figure 1: View of the central tower CSP-DSW facility of The Cyprus Institute at PROTEAS with
the heliostat field and the cavity receiver (ISTORE) (left), simplified schematic of the CSP-DSW
plant (right) [2].
2

SUBSYSTEMS HARDWARE

The CS monitors and controls the smooth operation of all subsystems, paying attention to
their special characteristics.
• The heliostat field has been designed and built in collaboration with the Commonwealth
Scientific and Industrial Research Organization (CSIRO) of Australia [2]. The heliostats
CS operates autonomously and it is interfaced to the main CS for the exchange of several
parameters. Each heliostat is equipped with two linear actuators for employing spinningelevation tracking. The heliostat CS applies an open loop. This fact makes the control
easier, but necessitates the engagement of the heliostat calibration software which takes as
input information from cameras, recording the reflection of each heliostat as it is
periodically monitored on a calibration target directly above the receiver (see figure 1).
• The ISTORE unit operates for thermal energy storage and receiver purposes. This novel
receiver shows outstanding inertia to Direct Normal Irradiance (DNI) fluctuations. The
ISTORE is currently equipped with 164 thermocouples (TCs) (144 TCs welded on the
cavity surface both on the molten salt (MS) and air sides and 20 TCs immersed in the MS
volume). A pressure sensor has been also placed for the measurement of the hydrostatic
pressure, while there are three extra instrumentation ports on the top of ISTORE for the
future integration of new sensors. The ISTORE receiver is supported by two immersed
heaters of nominal capacity of 18 kW for preheating purposes.
• The thermal energy storage tank contains MS in temperatures up to 580oC in a nonpressurized environment. The salt level inside the tank is measured with an ultrasonic
sensor on one hand and a custom designed floater connected with a variable resistance
sensor on the other hand. Such measurements are complemented with TCs positioned at
different levels of a thermocouple “tree” immersed in the salt. Another sensor measures
also the hydrostatic pressure. Five heaters of total electric capacity of 45 kW are installed
as a backup system.
• The thermal storage tank and ISTORE receiver are connected via the pipeline system
through which MS is pumped to the receiver with a variable speed pump. Heat Tracing is
achieved with heating tapes placed along the pipelines, while currently an alternative
system for heat tracing with hot air coming from heat exchangers is under evaluation. 50
TCs are either welded on the surface of the pipes or placed inside the pipes at selected
positions. Two valves are connected to the pipeline, one at the return line after the ISTORE
for MS draining and an I/O valve at the feed line for breaking the siphon-effect when
closing the pump. The MS pump is equipped with several sensors to monitor its operation,
such as the temperature of the bearings, vibrations intensity, the current and the ultrasound
amplitude created from the bearings.
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• In the thermal storage tank a spiral heat exchanger and a U-shaped superheater have been
immersed for the production of saturated steam to drive a steam engine of 100kWth/15kWe.
Three magnetic drive pumps connected in parallel have been placed to lead the water to the
steam generator. Additionally, the appropriate conditions for the steam and the safe
operation of the power block are ensured through the steam generation/power block
monitoring and control subsystem consisted of several k-type thermocouples, pressure
transmitters and solenoid valves at critical points.
• The MED unit consists of four consecutive vessels/effects [3], each containing a multiphase plate heat exchanger. Hot steam is introduced into the condenser side of the first
effect and seawater into the evaporative side, so as to desalinate via distillation. A variety
of parameters are monitored during the operation of the unit: temperatures are measured
with RTD thermometers, flowrates of seawater and brine are measured using ultra-low
mass flow sensors, differential pressure transducers are used to measure the pressure drop
across the condenser and evaporator side of the first effect heat exchanger and the brine
level in each vessel is measured with a liquid level sensor.
3

ARCHITECTURE DESIGN AND IMPLEMENTATION

3.1

Architecture design

The CS has been designed taking into consideration all architectural needs for a modern and
robust system. It is based on a decentralized architecture with well-defined and easily separable
control layers implementing a Server/Client approach with Ethernet network communication (figure
2). The architecture provides the flexibility to extend the system performance by adding new
subcomponents without disturbing its functionality. It incorporates and allows the future addition of
several local control stations connected to various hardware units. The local controllers are
equipped with a variety of analog and binary I/O units and a message handler for communication
handling with the Central Unit. The Central Unit is comprised of the Event Handler, the Global
Database and the Command Handler. The Event Handler is responsible for the control traffic
analysis of the requests from the User Interface unit, the processing of the control loop signals and
the logical decisions for the system safety. The Global Database is periodically updated with the
parallel activation of the Event Logging procedure. Finally, the Command Handler prioritizes and
regulates the flow of the signals sent/received to/from the Local Controllers.

MESSAGE Handler

ETH ER NET

LOCAL
CONTROLLER

Local
Database

Software Control

Hardware I/O and Control
HW

ETH ER NET

GLOBAL
Database

HW

HW
CENTRAL
UNIT

COMMAND Handler

EVENT Handler

Event
Logging

USER
Interface

Figure 2: Server-Client approach with Modbus TCP/IP communication (left), Control System
architecture with the main parts of the central unit and the local controller (right).
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3.2

Hardware and Software Implementation

The tools used for the implementation of the architecture to an operational CS have been
selected with the criterion to permit to the CS the necessary flexibility, without sacrificing the
robustness. Consequently, it is easily expandable with the addition of new elements (from new
sensors to new terminals), easily reconfigurable and appropriate for the special environmental needs
of a CSP plant.
The CS has been realized with the commercially available MAQ-20 system of
DATAFORTH. MAQ-20 industrial data acquisition and control system of DATAFORTH offers
±0.035% accuracy (module dependent) [4]. All analog, discrete input/output modules are designed
for installation in Class I, Division 2 hazardous locations and provide protection from transient
power surges, internal ground loops and noise filtering. They normally operate in temperatures
below 85oC, an acceptable limit for a CSP environment. MAQ-20 system interfaces directly to
industrial sensors and transducers and communication is achieved via the Modbus TCP protocol [5].
The existing system currently comprises 10 MAQ-20 stations with 85 active control units, totally
tracking and controlling 420 parameters with a maximum rate of 4Hz.
The slow control nature that characterizes all crucial control processes of the facility permits
periodic handling of the signals in the order of several milliseconds, preventing in this way the need
of complicated real time loops. The user graphical control interface has been developed with the
LabVIEW environment (figure 3) [6]. This software tool is suitable for experimental research, with
various tools for data acquisition, signal processing, data analysis and visualization. Additionally, it
is portable to various Operating Systems (OS) (Windows, Linux, Mac OS, RTOSs) allowing the
user to integrate the developed Virtual Instruments (VIs) to a possible new OS and permits the easy
development of the User Interface with units from desktop computers to smart-phones. Five basic
VIs have been employed in order to supervise and control the functionality of all subsystems.

Figure 3: Part of the graphical user interface of the CS at PROTEAS developed with LabVIEW.
4

FUNCTIONALITY OF THE CS

4.1

Routine Molten Salt Circulation Experiments

During the routine MS circulation process all acquired variables are recorded at fixed time
intervals (typically 1sec), allowing the online tracking of all crucial parameters and any further
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offline experimental analysis. Figure 4 shows a typical time sequence for the salt level in the tank,
the pump parameters (speed, current) and the temperature in the tank and ISTORE during a routine
salt circulation experiment. Pump diagnostics tools test the operation of the pump tracking the
current, vibrations of the pump and the ultrasound amplitude from the bearings during the
experiment. Also representative temperatures of the tank and the receiver are used to calculate the
heat losses from both subsystems and the heat gain from the receiver.
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Figure 4: An example of the time sequence of few of the important parameters as recorded in the
routine MS circulation experimental data (left), recorded pump vibration spectrum (right).
4.2

Heliostats Control System

The CS for the heliostats field operates in an autonomous way and some of its parameters are
interfaced to the main control. The heliostats CS applies an open loop control for tracking with
minor adjustments from calibration cameras, as it is usually done [1]. Several parameters are
exchanged with the main CS; communication between both systems is achieved with the
Modbus/TCP protocol. One of the basic functions of the heliostats CS is the optimum selection of
individual heliostats which conform the requested desired heat input. The relative calculation is
performed periodically with sufficient frequency, while the main CS feeds regularly to the heliostat
CS the instant DNI value measured from the pyrheliometer and the desired heat input. The optimum
selected combination of heliostats is mirrored back to the main CS along with the Actual Heat Input
(AHI) on ISTORE receiver and calibration target and the AHI per heliostat (figure 5).

Heliostats CS

Main CS
• DNI
• Desired HI

Modbus
/TCP
• Heliostats Position
• AHI on ISTORE
• AHI on Target
• AHI/Heliostat

Figure 5: Typical communication between Heliostats CS - Main CS.
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4.3

ISTORE Temperature Monitoring and Control

For the ISTORE receiver a 3D visualization tool has been developed in MATLAB [7] for
monitoring the receiver temperature distribution in real time (figure 6). The 144 TCs welded on the
cavity surface both on the MS and air sides are used for this purpose. The same routines are applied
for the preliminary/optical comparison of experimental results with CFD modeling ones [8].

T(C)

Figure 6: ISTORE receiver visualization of the temperature field.
4.4

Temperature Control and Heat Losses Indirect Measurement

Inside both the tank and the receiver there are electric heaters used for temperature control
and for diagnostic purposes such as the indirect measurement of the heat losses. The user sets a
desired temperature for which the measurement of the heat losses will take place and a PID
controller operates to regulate the appropriate duty factor of the heaters. The PID controller has
been adjusted in such a way to give a slow response, avoiding any temperature overshoots which
entail thermal stresses and may damage the electric resistance of the heaters (figure 7). At steady
state condition the heat input from the heaters balances the heat losses from each subsystem.

Set T

Σ

ΔT

PID

df

Electric Heaters

Actual T

Thermocouples

Figure 7: Example of the operation of the PID controller for the indirect measurement of the air heat
losses from the ISTORE receiver.
4.5

Heat Tracing Control

A separate VI has been developed for the electric heat tracing of the pipeline system.
Currently, the temperature at the transfer lines is maintained at the appropriate level by using the
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heating tapes which are placed along the pipelines. The temperature regulation is achieved using
Solid State Relays (SSRs). 10 SSRs are connected with 43 heating elements and their operation is
controlled with I/O pulses of 24V. The user either sets the duty factor for the I/O operation of the
SSRs or enables a proportional P controller. The set parameter is the desired temperature in the
region of each heating tape and the control variable is the duty factor of the pulses.
5

POWER SUPPLY, INTERLOCKS AND ALARMS

The control system at PROTEAS is powered on clean, continuous power from an
Uninterruptible Power Supply (UPS) system. The aim is to prevent loss of service, data loss and
damage to sensitive IT and communication equipment including the MAQ-20 stations, sensors, PCs
and other critical hardware during short-term power disturbances and blackouts. The UPS system at
PROTEAS consists of three single-phase inverters/chargers [9] (5kVA each, 15kVA total apparent
power), which are programmed to deliver 3-phase power to selected loads at 230V or 400V at
50Hz. The UPS system has two AC and a DC inputs. The AC inputs are connected to the National
grid and a 3-phase, 5.5kW generator. When an AC is available, the UPS system feeds through the
AC to its output. When AC power is not available, the inverters/chargers of the UPS system switch
to inverter mode. This mode enables the DC input in time less or equal to 0.02s. The DC input
consists of twelve batteries (2V, 976Ah each [10]) connected in series. These batteries give
approximately 5 hours power on a 3kW load and at 50% Depth of Discharge (DoD) the UPS system
starts the generator which gives power to the loads of the UPS and charges the batteries. The
generator is stopped when the National grid input is available or when the batteries are fully
charged.
The PROTEAS CS monitors and controls all operations and experiments sufficiently till now;
some interlocks and alarms have been implemented as part of the personnel and machine protection
system; more elaborate plans have been designed to this direction and they are currently being
implemented. A watchdog daemon running in the background of the CS ensures the regular
communication with the heliostat field and other data acquisition and control subsystems. Loss of
the communication between the heliostat field and the CS moves all the heliostats in stow position.
Alternatively, there is always the option for the facility CS user to turn the heliostats in a safe
position in case of an emergency by pushing the physical stow button or the virtual one. Several
alarm conditions, i.e. the salt level in the tank and ISTORE, the status of valves, the frequency and
the current of the pump, are checked in a loop manner. Based on the severity of the alarm, the
operator has the chance to react to this signal or the CS automatically undertakes the responsibility
to optimize the associated parameters.
6
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ABSTRACT
In order to achieve the ambitious targets of the European Union (EU) regarding the
integration of Renewable Energy Sources (RES) without the need for significant grid
reinforcements, new integrated solutions should enable demand response schemes and combine the
operation of RES with smart grid technologies and energy storage systems. Towards this direction,
GOFLEX, being a Horizon 2020 European Project, aims at demonstrating flexibility-trading
solutions for cost-effective use of demand response schemes in distribution grids. The field tests in
Cyprus investigate use cases, where a microgrid or individual prosumers offer flexibility to the
market. For each case, the role of the Balancing Responsible Party (BRP)/Aggregator is assigned,
as an intermediate level for trading flexibility between the microgrid/prosumers and the Distribution
System Operator (DSO).
Regarding the microgrid case, the campus of the University of Cyprus (UCY) will be
examined. This currently consists of several different Building Energy Management Systems
(BEMS) for controlling the heating and cooling and 350 kWp Photovoltaics (PV). A 10 MWp PV
system is also planned to be installed (first phase of 5 MWp to be operational within the GOFLEX
project) combined with a large energy storage system and a public EV charging station, thus
transforming the university campus into an enabled microgrid capable of minimizing the energy
cost of the university through effective use of the self-consumption scheme offered by the local
Supplier. Therefore, new challenges for offering flexibility to the distribution grid emerge in the
form of creating profitable business models for both the UCY and DSO. Concerning the dispersed
prosumers within Cyprus, Home Energy Management Systems (HEMS) will be installed at the
premises of 26 prosumers with 3 kWp rooftop PV along with controllers to offer flexibility to the
DSO and adopting more grid-friendly energy practices. Another 10 prosumers will test the
flexibility from one single load, in order to compare the results with the more complicated HEMS
solution. Finally, for both cases, a new tool will be utilised by the DSO to analyse the distribution
grid and identify its flexibility needs.
Therefore, this paper is focused on investigating the flexibility by individual prosumers and
microgrids in islanded distribution grids in order to satisfy the DSO requirements. Through the
installed equipment and the gathered results, new business models will emerge, providing the
market environment for the commercialization of the proposed solutions throughout the EU.
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1

INTRODUCTION

In order to implement the vision for vast expansion of RES, EU set the target of 20% for RES
production, as described in the Directive on Renewable Energy Sources [1]. However, with the
current structure of the distribution networks, certain issues have been raised preventing the
fulfillment of the set targets, such as grid congestion, voltage increase, frequency deviations, highorder harmonic pollution, protection malfunctions, etc. [2, 3]. A serious factor for the
aforementioned issues is based on the intermittent and highly volatile nature of RES. Therefore,
technically and economically viable solutions have been proposed in the literature.
Initially, the upgrade of the distribution grid, especially in areas of concentrated RES has been
implemented by the Distribution System Operators (DSOs). However, grid reinforcement is not
economic, efficient and, in some cases, even not technically possible [4, 5]. Other possible solutions
propose the connection of external devices, such as bulk storage systems, in certain nodes within
the distribution grids [6-8]. Nevertheless, this solution will be more prominent as storage prices go
down, while it can be implemented even today under certain circumstances, e.g. space limitations.
On the other side, a prominent solution is the utilization of existing resources in a more
efficient way, serving the requirements of the DSOs. Therefore, the utilization of local flexibility
appears as a more appealing alternative, especially considering the upcoming ability of consumers
to contribute flexibility based on the advances of smart meters and distributed energy storage
technology [9-11]. Another important factor contributing to this direction is the transformation of
the operational principles of national electricity markets towards a fully liberalized model. New
actors, such as Demand Response (DR) Aggregators have emerged, gaining serious attention and
popularity [12-15].
Many EU funded projects deal with smart grids, proposing promising solutions in specific
technological areas, such as DR schemes, energy storage systems, energy management systems,
electrification of transport, distribution grid monitoring and management, and, energy data
management infrastructure. However, no replicable and scalable solution has been demonstrated so
far, which will identify the real integrated demand and supply opportunities of the prosumers and
offer services to the upstream distribution grid by trading the flexibility in the organized electricity
market. GOFLEX EU project fills this gap by demonstrating integrated, scalable and replicable
solutions, which combine existing and validated tools.
Cyprus participates in GOFLEX with two demonstration cases, the UCY campus microgrid
and dispersed prosumers within Cyprus. Through this participation, the identification of grid issues
and the capability of providing flexibility as a prominent solution will be researched, while new
business models for adopting the results will be proposed.
This paper presents analytically the flexibility concept behind GOFLEX, concentrating on the
Cyprus demonstration cases. Section 2 analyses the general and Cyprus architecture, while Section
3 presents the business models and the new opportunities for trading flexibility. Finally, Section 4
summarizes the results of this paper.
2

GOFLEX SOLUTIONS IN CYPRUS DEMONSTRATION SITES

2.1

Conceptual Architecture of GOFLEX

The conceptual architecture of GOFLEX is summarized in Figure 1. At the lower level, the
prosumer infrastructure is described, which consists of households, microgrids, Electrical Vehicle
(EV) charging stations and thermal storage facilities. Regarding the Cyprus demonstration cases,
the UCY campus microgrid, dispersed households and EV charging stations will be tested. The
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target is through the successful implementation of energy management systems at the prosumers, to
provide flexibility offers by combining the energy production from RES (if any) with the energy
consumption and storage capability. In order to incentivise the prosumers to participate to this
scheme, a dynamic pricing scheme will be adopted.
At an upper level, the flexibility offers (called FlexOffers) are gathered by an intermediate
market actor, such as Aggregator, BRP or Virtual Power Plant (VPP). Similarly, the DSO systems
are producing FlexOffers by monitoring the grid and identifying possible grid issues, such as grid
congestion. All kind of FlexOffers are supported by cloud-based services, while weather services
are utilised in order to provide more accurate FlexOffers. Finally, the Flexibility Market System
will match the FlexOffers from the Aggregator/BRP/VPP with the respective DSO.

Figure 1: Conceptual Architecture of the GOFLEX proposed solution
2.2

Architecture of Cyprus demonstration cases

Following the generalized concept of GOFLEX, Figure 2 depicts the architecture of Cyprus
demonstration case, which consists of the following elements:
•

Home Energy Management Systems (HEMS): the target of HEMS is to effectively control
the household loads and provide monitoring opportunities to the prosumers. The HEMS
have the ability to integrate both the energy production (by the rooftop PV), the energy
storage systems, which are batteries in case of Cyprus, and the energy consumption.
Furthermore, the HEMS will be able to communicate with the Smart Meters (SM) at the
prosumer premises. In GOFLEX, the HEMS will be provided by Robotina.

•

Charging-Discharging Energy Management Systems (CDEMS): The CDEMS will be
located at the EV charging station of UCY, in order to test the flexibility opportunities of the
EVs.

•

Building Energy Management Systems (BEMS) and complex BEMS: Each of the 8 existing
buildings of UCY is controlled with a separate BEMS. Several sensors (such as temperature
sensors) are placed within each building and cooperate with the BEMS. However, since
different types from different manufacturers (such as Siemens, Honeywell, Satchwell and
Johnsons Controls) are operated, a complex BEMS that integrates the different operational
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principles and protocols is required in order to provide a central control capability for the
UCY microgrid campus.
•

PV Energy Management System (PV EMS): Currently, the PV EMS concerns the existing
spread PV installations, which is 350kWp. However, within the next years another 10MWp
PV will be installed, which will be part of the total UCY microgrid production.

•

Storage Energy Management System (Storage EMS): The Storage EMS will control the
battery storage system of the microgrid. When the large PV will be installed, new energy
storage systems, both central and distributed will be placed within the UCY microgrid,
contributing to the total flexibility opportunities.

•

FlexOffer Agent (FOA): The FOA consists of two parts, the software and hardware and it is
responsible for collecting the flexibility offers in order to be traded. Each prosumer will be
equipped with FOA with appropriate communication interfaces, relays and meters.

•

Automatic Trading Platform (ATP): The ATP will be able to support two types of trading
mechanisms: direct trading and delegated trading. These tools will be provided by INEA.

•

Distribution Observability Management System (DOMS): This tool concerns the DSO and it
is a data analytics software, which is used in order to predict the grid state and identify grid
congestion issues. The target of this tool is to manage the grid in a more efficient way. The
measurement for DOMS will be gathered on grid connection points or transformer
substations, depending on the availability of the metering infrastructure.

•

Distribution Management System (DMS): The DMS will be the central server, being
installed at DSO premises.

•

Service Platform: The target of the Service Platform is the gathering of the grid point
readings and smart meter readings on the DMS Server. The Data will be anonymized and
transmitted to Service Platform using standard protocols (e.g. MQTT). Interval of
transmission will be based on availability of metering data on DMS system.

Figure 2: Cyprus demonstration case architecture
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3

BUSINESS MODELS

3.1

GOFLEX Methodology Approach

In GOFLEX, new business models will be demonstrated and verified through detailed field
tests. Three tools will be used in order to develop the business models:
•

Visualised Unified Modelling Language (UML) Diagrams [16]: this tool intents to identify
the interactions between actors for each business model. It is a common methodology for
identifying, clarifying and organizing the system requirements. A use case diagram is a
graphic description of the interactions among the elements of a system, consisting of four
components:
(i) the boundary, which defines the system of interest in relation to the world around it,
(ii) the actors, usually individuals involved with the system defined according to their roles,
(iii) the uses cases, which relate to the specific roles played by the actors within and around
the system and
(iv) the relationships between and among the actors and the use cases.

•

Business model Canvas [17]: this tool analyses the details of each business model by
describing in deep the individual components, as it appears in Figure 3.

Figure 3: The business case Canvas
•

Cost-Benefit Analysis: in order to implement a business model, a positive case should arise.
The financial figures will be assumed based on existing predictions and gathering real data
from the demonstration site. Two types of costs are considered:
(i)

Fixed costs: these costs remain the same despite the volume of goods or services
produced. For example, this cost category can apply to the costs in order to establish a
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market platform for flexibility. The development costs are independent of the number
of market actors using this platform.
(ii)

Variable costs: these costs vary in proportion to the volume of goods or services
produced. For example, this cost category can apply to costs directly involved with the
provided access to markets for prosumers. Each prosumer needs equipment and
software.

The identified revenue streams of the business models are as follows:

3.2

(i)

Asset sale: this revenue corresponds to the physical product, i.e. the equipment, in
order to support the self-consumption scheme and participate in the trading of
flexibility.

(ii)

Lending/Renting/Leasing: this revenue can apply from the temporary granting of the
exclusive right to use a particular asset for a fixed time period in return for a certain
fee. This type of revenue can be a part of the equipment, e.g. a part of a tariff model.

(iii)

Usage fees: this type of revenue can be applied to the usage of the flexibility trading
platform by the market actors and can be paid back by each successful transaction.

(iv)

Subscription fees: a regular subscription fee (e.g. monthly, bi-monthly or yearly) can
be imposed to market participants in order to get access to the trading platform.

(v)

Licensing fees: this revenue corresponds to intellectual property, which allows the
rightsholders to get revenues from their property without the need of manufacturing a
product or a commercial service, as for example the license for using the platform as
an Aggregator.

Business Models for Cyprus demonstration cases

3.2.1 University campus microgrid
The first demonstration case concerns the campus of University of Cyprus. The current
distributed PV installations are in total 400kWp, and another large PV plant of 10MWp is under the
authorization process. The installation will be split to two phases of 5MW PV each. In order to
support the distribution grid, a battery energy storage is required by the DSO with nominal capacity
equal to 1MWh. However, after conducting a techno-economical study, a larger battery bank will
be installed, following the gradual installation of the PV system. In order to define the nominal
battery capacity, different pricing scenarios are regarded. Furthermore, the results of GOFLEX will
contribute to this direction by elaborating the potential of DR through the energy storage systems.
Both the energy storage systems and the PV will be controlled by separate EMS. The target of the
PV EMS is to maximize the generation from the PV installations, while the EMS of the storage will
be controlling the charging/discharging cycles of the storage in order to ensure an extended lifetime
for the batteries (control the State of Health – SoH of each battery) and at the same time contribute
to the increase of the self-consumption of the university campus microgrid.
Regarding the consumption within the campus, the existing buildings are already equipped
with different types of BEMS. Moreover, new buildings (library, school of engineering, biology and
school of medicine) are also under construction. Therefore, new BEMS are going to be installed
within the campus servicing the needs of the new buildings. In order to increase the efficient
operation of the whole campus microgrid in the sense of centrally controlling the total consumption
load, a central integration platform (called complex BEMS) is going to be installed, collecting the
outputs of each BEMS and providing control signals to each individual BEMS. Furthermore,
several sensors (such as temperature sensors, humidity sensors, etc.) are already installed in the
existing buildings in order to ensure the desirable comfort zone.
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Another storage system with a separate EMS is the EV charging station, which is installed
within the university campus microgrid. The EMS will control the charging rate of the EV, in order
to be able to offer flexibility offers. Furthermore, the case of discharging the EV will also be
examined as a business case. Since the majority of the EV corresponding to students will stay for
many hours in the parking and will be connected with the EV charger, the case of discharging part
of the stored energy may lead to new flexibility offers. In this case, the EV owners will be
remunerated for this discharging service.
Within the GOFLEX project, the complex BEMS, the PV EMS and the Storage EMS will be
connected to the FOA, permitting the generation of the flexibility offers, as it is depicted in Figure
2. The outputs of the FOAs will be aggregated in the ATP Server. The ATP server is located and
controlled at the Research Centre for Sustainable Energy (FOSS) premises. A direct data exchange
between the ATP server and the Service Platform will take place, completing the activation of
certain flexibility offers. In this structure, FOSS plays the role of the Aggregator by gathering all
flexibility offers from the installed FOAs and forwarding them to the Service Platform. In order to
increase the effectiveness of the flexibility offers, a forecast tool is utilized by the Aggregator (i.e.
FOSS in the microgrid case), to estimate the energy production of the PV systems and the total
energy consumption of the microgrid. The forecasting tool can also be used for controlling the
energy storage system more effectively. Regarding the DSO flexibility offers, as it can be seen from
Figure 2, the Service Platform is also connected with the DOMS server, which is installed at the
DSO premises. The DSO of Cyprus, which is called Electricity Authority of Cyprus (EAC) is also a
partner in GOFLEX. Therefore, by utilizing the grid analysis through the DOMS tool, the DSO will
also be able to activate the flexibility offers in case of identified grid issues.
3.2.2 Dispersed prosumers within Cyprus
In the second case, the dispersed prosumers within Cyprus will be examined. In order to
compare the capability of providing flexibility offers from individual prosumers, three different
categories of prosumers will participate in GOFLEX:
•

Prosumers with rooftop PV installation and HEMS

•

Prosumers with rooftop PV installation, energy storage systems and HEMS

•

Prosumers with controllable loads

Each prosumer is equipped with a Smart Meter (SM), which has a direct connection with the
DSP. The prosumers will be able to trade the flexibility by utilising the FOA, which has a
connection with the HEMS. In the case of a single controllable load, the prosumers will trade the
flexibility of this load (e.g. water pump, air-conditioner, water heater, etc.). In this business case,
the role of the Aggregator is emulated by the DSO, who will operate the ATP Server. Therefore, the
Aggregator will act as a centralized controller and will handle the energy serviced derived from the
analysed consumption patterns of the prosumers. Again, in this case, the ATP Server will
communicate with the DOMS server in order to activate the flexibility offer, according to the grid
analysis conducted by the DSO.
3.2.3 Flexibility services
The Table 1 presents three different flexibility services that have been identified for the two
aforementioned demonstration cases. This table is filled after conducting the analysis with the three
tools, as they are mentioned in 3.1. The graphical presentation in UML diagrams appear in Figure 4,
while the cost-benefit analysis of each demonstration case is presented in Table 2.
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Table 1 Flexibility Services
Service
Actor
/Role

Service 1:
Microgrid offering flexibility
to the DSO
Microgrid role: send flexoffers for trading flexibility
Aggregator/BRP: use the
flexibility for reducing energy
costs
DSO: more predictable load
without
many
peaks/less
demand for reserves / lower
energy cost

Service 2:
Prosumers offering flexibility to the
DSO (local balancing market)
Prosumers: send flex-offers for
trading flexibility
Aggregator/BRP: use the flexibility
for reducing energy costs
DSO: more predictable load without
many peaks/less demand for
reserves / lower energy cost

(a)

Service 3:
Grid congestion relief
Prosumers/Microgrid: send
flex-offers for trading the
flexibility
Aggregator/BRP: match the
flexibility offers to satisfy
the DSO requirements
DSO:
optimize
grid
management/deferral of grid
investments

(b)

(c)
Figure 4 UML diagrams: (a) Service 1, (b) Service 2, (c) Service 3
Table 2 Cost-Benefit Analysis
•
•
•
Benefits
•
•
•
Costs
•

University campus microgrid
Financial benefits: sale of generated electricity
Energy savings and emission reduction: serve the EU’s long-term goal of
power sector decarbonisation and help to reduce CO2 and SO2 emissions
Improvement of electricity reliability and power quality: prevent sustained
outages, provide ancillary services (e.g. frequency support, black-start
capability, peak load saving, etc.)
Reduction of distribution losses: increase self-consumption of the microgrid,
less usage of the distribution grid
Deferral of grid investments: new grid infrastructure postponed through the
activation of the proper flexibility offers of the microgrid
Capital investments: initial capital investment for purchasing and installing
the equipment
Construction and operational costs: costs for the complex BEMS, installed
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•
•
Benefits
•

•
Costs

4

•
•

capacity of energy storage systems and PV, control devices, monitoring
systems
Dispersed Prosumers
Peak-load shifting: proper planning and operation of the grid by reducing or
shifting the electricity usage
Electricity saving: response to flexibility offers and self-consumption
maximization. The Aggregator can also benefit by trading the aggregated
flexibility
Capacity cost savings/Deferral of grid investments: new grid infrastructure
can be postponed through the activation of the proper flexibility offers of the
microgrid
Investments costs: purchase of smart meters, communication costs for
prosumer and DSO, purchase of HEMS, control equipment
Annual fixed costs: transactions costs, control costs, grid costs
Variable costs: costs of monitoring, maintenance costs

CONCLUSION

This paper analyses the trading of flexibility offers among prosumers and the DSO provided
by prosumers, in order to solve grid issues, such as grid congestion. Two demonstration cases have
been regarded: the microgrid of University of Cyprus campus and dispersed prosumers within
Cyprus. The target of this analysis is to test the technological solutions provided within GOFLEX
EU project in real environments and elaborate the different business cases that will by identified.
Regarding the university campus microgrid, the target is to increase the self-consumption and the
overall efficiency by controlling in a smart way the installed PV, the energy storage systems and the
total consumption within the campus. Concerning the individual prosumers, different types of
prosumers have been considered, in order to present the opportunities of flexibility under different
patterns (prosumers with PV, prosumers with PV and storage, prosumers with one controllable
load). Through the analysis, new business models are presented by utilizing different tools, being
very promising for the adoption of this service and become a market product in a few years.
As a future work, measurements will be taken from the presented demonstration sites, where
the real time operation of the flexibility trading will be tested. Therefore, the analysed business
models will be validated under real conditions. The results of this work can be used as a useful tool
for designing the liberalized electricity market in Cyprus.
The GOFLEX project is supported by the EU H2020 Program under Contract No. 731232. Start
Date: 1st Nov, 2016; Duration: 3 years
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ABSTRACT
High temperature electrochemical processes occurring in solid oxide cells (SOC)
can proceed both ways. The chemical energy of fuel can be converted into electricity or
the electricity can be used for the steam electrolysis. The former concept has been
known for years as solid oxide fuel cell (SOFC), while the later known as solid oxide
electrolysis cell (SOEC) has gained a lot of attention in the last decade. The ability of
the SOC to operate interchangeably between the modes allows to either deliver
electricity or produce the synthetic fuel which can be a new vector in the power
generator sector and serve as a storage medium. The integration of renewable energy
sources such as wind and photovoltaics causes several issues to the electrical grid.
Mostly, due to the intermittent character of these sources, the grid experiences
imbalances which destabilize the energy system. Use of SOEC enable utilization of the
excess electricity and production of the gas which can be stored for direct use during the
peak hours or can be further processed to produce synthetic natural gas (SNG), liquid
fuels or ammonia. The fuel can be injected into gas grids or used for various
applications, including transportation. Reversion of the fuel cell can be done in a
dynamic mode during operation within minutes.
System can be easily modulated and is able to frequently interchange between
power-to-gas and gas-to-power modes. SOEC allows therefore the coupling of two
sectors: electrical and the gas. This increases the flexibility of the combined electricalgas grids, provides extensive storage capacities and allows way higher modulation than
two separate standalone systems.
Strategies for operating solid oxide electrolyzer will be different depending on the
market which is under consideration. The size of the system, the duration of the storage
as well the frequency of changing the modes between SOFC-SOEC and vice versa
relates to the energy mix, existing infrastructure, and, most importantly, the level of
penetration of renewable energy sources. The article discusses possible strategies for
operating solid oxide electrolysis as the technology with high potential to serve as a grid
balancing tool, and also as a method to generate other products such as liquid fuels or
ammonia.
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1

INTRODUCTION

The diversification of the energy conversion technologies is currently the hot topic
among academia and industries related to the generation and distribution of electric
power. Recent debates on the importance and the key role of renewables are two-fold.
From one hand side the need to gradually replace the conventional technologies based
on fossil fuels is well understood. On the other hand the threat of possible depletion of
the existing resources in the coming decades leads to a number of investments which
lack thorough analysis supported by the assessment of the technical and economic
viability of the new projects. As a results, the renewable energies are often brought to
the market in sub-optimal locations, and the installed capacity does not necessarily
match the real demand. This is due to the fact that the operating strategies were not
determined by in-depth consideration of the existing boundary conditions. The unlike
modes of operation of conventional stationary power plants and the distributed energy
systems based on wind, solar and biomass often position them as competing
technologies. As a matter of fact, as pointed out by Pacala and Socolow [1] the energy
mix must by definition include alternative technologies, and the problems of climate
change can be resolved by the implementation of several measures in parallel which
include: (i) actions oriented toward increase of the efficiency of energy conversion, (ii)
decarbonization of power, (iii) decarbonisation of fuels, and (iv) actions focused on
sustainable use of forests and agricultural soils. One should realize that while the coalfired power plants offer an uninterruptable energy with stable operation, the distributed
systems are meant to be cycled. They follow the demand and can be easily switched on
and off. This results in relatively poor utilization of the installed capacity.
According to the statistical data collected by the World Wind Energy Association
or WWEA the overall capacity of all wind turbines installed worldwide by the end of
2017 reached 539,291 MW [2]. About one tenth of that (ca. 52,552 MW) were added in
the year 2017, slightly more than in 2016 when 51,402 MW went online. This is the
third largest number ever installed within one year, after the record years 2015 and
2014. These numbers correspond to the growth rate of approximately 10%, and the
installed capacity corresponds to more than 5% of the global electricity demand.
Contrary, in Europe the distribution of the newly installed capacity in 2017 clearly
indicated that the largest share (more than 55%) corresponds to onshore and off-shore
wind farms [3]. Figure 1 shows the added capacities among all technologies. Figure 2
presented the newly installed renewables.
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Figure 1: The newly installed capactivies in Europe in 2017 [3]

Figure 2: The newly installed renewable energy sources in Europe in 2017 [3]
As a matter of fact, the intermittent energy sources require coupling with
sufficient storage capacities, otherwise the production cannot match the demand. In a
case of such an imbalance the excess electricity from wind or solar needs to be
curtailed. Worth mentioning that the existing scale of battery packs is insufficient and
major problems are encountered in such storage units. They are mostly related to the
necessity of engaging thermal management systems to cool down cells, and the
advanced battery management system (BMS) is required. The capacity of commercial
storage units usually does not exceed single megawatts (systems like CrystEna by
Hitachi). The largest battery pack which is offered in Europe can store 8 MWh. The two
largest systems in the US are located in California: the 20 MW Tesla Energy Storage
and the AES Energy Storage with the peak power of 37.5 MW. Current discussions
related the large scale implementation of battery-based storage units focuses on the
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foreseen depletion of the global resources of rare earth elements, as well on the limited
diversity of the supply chains. Possible issues can arise from the competition between
the stationary use of batteries and the electro-mobility. This might result in substantial
rise of the prices of critical materials.
2

SOLID OXIDE ELECTROLYSIS

The answer to the problem discussed earlier comes in a form of high temperature
electrolysis. Solid oxide electrolyzers (SOE) offer a great advantage over the existing
technologies: (i) SOE offer an outstanding efficiency, exceeding 70-80% [4], (ii)
absence of noble metals which are usually needed for catalytic reactions in low
temperature electrolyzers - high temperature sufficiently replaces noble metals, (iii)
SOE mode can be switched to SOFC and the interchange supports the unique selfhealing of the cells [5], (iv) modular design which enables easy scale-up of systems
based on SOE stack or collection of stacks, (v) absence of liquid electrolyte which has
to be replaced on regular basis. The solid oxide electrolysis overcomes therefore the
drawbacks of low temperature electrolysis: (i) lower terminal voltage by 150-300 mV
per each cell, (ii) no accumulation of impurities in the liquid electrolyte which has to be
replaced on a regular basis, (iii) no highly expensive catalysts based on noble metals,
(iv) oxygen is released to atmosphere or can be used on site, (v) reversible operation is
technically and economically viable. This makes solid oxide electrolyzers great
candidates for application in alternative systems which use the excess electricity to
produce hydrogen which can be considered as a final product or used as a substrate in
processes which synthetic natural gas (SNG), liquid fuels or ammonia.
High temperature electrolysis is based on solid oxide cells (SOC) which
electrochemically convert the steam into hydrogen and oxygen. The key advantage of
SOC is the fact that they are able to operate both in the fuel cell mode (solid oxide fuel
cell) and in the regenerative – electrolysis mode (solid oxide electrolysis cell). This
feature enables operation as a reversible cell (rSOC) which produces hydrogen using
excess electricity and later uses the gas to deliver additional electricity during the peak
demand. Ability of the SOC to operate interchangeably between the modes allows in
one system to either deliver electricity or produce the synthetic fuel which can be a new
vector in the power generation sector and serve as a storage medium. The integration of
renewable energy sources such as wind and photovoltaics causes several issues to the
electrical grid. Mostly, due to the intermittent character of these sources, the grid
experiences imbalances which destabilize the energy system. Use of SOE enables
utilization of the excess electricity and production of the gas which can be stored for
direct use during the peak hours or can be further processed to produce SNG. The fuel
can be injected into gas grids or used for various applications, including transportation.
Reversion of the polarization of a solid oxide electrochemical cell can be done in
a dynamic manner within minutes. System can be easily modulated and is able to
frequently interchange between power-to-gas and gas-to-power modes. SOE allows
therefore the coupling of two energy distribution sectors: power and gas. This increases
the flexibility of the combined electrical-gas grids, provides extensive storage capacities
and allows way higher modulation than two separate standalone systems.
Solid oxide electrolysis is at the early stage of development, however several
demonstration systems were built, including the 150 kW (AC power) hydrogen
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production facility based on reversibile solid oxide fuel cells constructed with funding
from Naval Facilities Engineering Command and Expeditionary Warfare Center,
Boeing’s Advanced Technologies Program based on Sunfire technology [6,7].
3

POWER-TO-X SYSTEMS

The limited ability to store electricity in large quantities limits the utilization of
the installed capacity of renewable energy sources and causes investment uncertainty
for large scale units. For that reason, alternative system for conversion of excess
electricity into useful storage medium are sought. Answer to these issues comes in
power-to-X (P2X) technologies which aim in production of synthetic fuels or chemical
compounds using electricity which would be otherwise curtailed. Power-to-X covers
a broad range of systems which allow accommodating the excess energy by either
producing gaseous (power-to-gas, P2G) or liquid (power-to-liquid, P2L) fuels or
chemicals such as ammonia (power-to-ammonia, P2A) [8-11]. The key components of
these systems are the hydrogen generator in form of novel electrolyzers of breakthrough
electricity-to-hydrogen conversion efficiency. Solid oxide electrolyzers can be used in
application oriented specifically on the hydrogen production from steam. Due to the fact
that the electrical polarization of the cell can be reversed during the operation, an often
dynamic change between the SOE and SOFC modes and vice versa is considered. This
paves the way for the use of high temperature electrolysis to complement renewable
energies by providing the capacities sufficient for stabilization of electrical grids which
include these sources of energy.
The concept of coupling SOE with wind and solar farms has been known for years
[12-14]. Beside the use of high temperature electrolysis for hydrogen production
(process 1), other applications are under development, including: (2) production of
methane in SOE coupled with methanation reactor (Sabatier reactor), (3) generation of
liquid fuels in SOE integrated with gasification unit and Fisher-Tropsch synthesis, and
(4) production of ammonia by integration of Haber-Bosch reactor with SOE. The
schematic drawing of these concepts is shown in Fig. 3. The corresponding generic key
reactions are as follows:
SOE:

H2O → H2 + ½ O2
(electrochemical reaction)

P2G:

CO2 + 4H2 → CH4 + 2H2O
(Sabatier reaction)

P2L:

nCO + (2n+1) H2 → CnH2n+2 + nH2O
(Fisher-Tropsch synthesis)

P2A:

N2 + 3H2 → 2NH3
(Haber-Bosch process)

It can be observed that the production of methane and liquid fuels requires
supplementary carbon dioxide while in case of ammonia synthesis, nitrogen needs to be
supplied. Water/steam delivery was not shown in the scheme.
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While process (1) is known as electrochemical generation of hydrogen, processes (2)(4) are known as power to gas (P2G), power to liquid (P2L) and power to ammonia
(P2A), respectively.
It is important to note that the solid oxide electrolyzer operates typically in
temperature ranging from 650 to 800°C, and reactions involved in processes (2)-(4)
occur in specific temperature envelopes specified hereafter. Methanation process based
on the Sabatier reactor proceeds typically at 300-400°C. These values are sufficient due
to the presence of nickel as a catalyst [15]. Fisher-Tropsch reactor operates below
300°C and metallic catalysts is involved as well [16,17]. As it was mentioned earlier,
SOE can operate at the temperature around 650°C which is the typical operating regime
of the Haber-Bosch reactor. For that reason high thermal integration can be achieved
and the overall process efficiency is exceptional in comparison to existing ammonia
plants. As it was determined by Cinti et al. [18] energy savings can account to
approximately 40% when hydrogen originates from thermally integrated SOEC.

Figure 3: Simplified comparison of the key four applications of solid oxide electrolysis
in power-to-X systems
Thanks to the possible integration with alternative processes, solid oxide
electrolysis can be employed in systems which offer different energy storage
functionalities. The preliminary analysis of the operating strategies was based on
determination of the required capacity, duration of storage and the frequency of
interchangeable operation between the energy generation and fuel generation systems.
Poland was considered as the reference market. Taking into account the diversity of the
European energy markets, especially including the unlike share of renewables, each
country requires dedicated approach.
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Figure 4 Ternary diagram showing the considered modes of operation of SOE-based
systems, including storage time, capacity and the frequency of cycling
The conceptual designs of the SOE-based energy storage systems address the time
horizon of storage and consumption of the synthetic fuel. In selected business cases the
stand alone SOE can potentially offer the highest benefit, while in other applications the
reversible stack will provide the advantages. The graphical representation shown in Fig.
4 of the priorities in the development of conceptual designs is show. The darker the
colour the higher the priority for the given operating scenario. The ternary diagram
indicates the cases which attract the most attention in the reference market. It indicates
the interest in limited cycling of small and large systems with wide range of storage
time. Detailed analysis should address the economic factors, which might be driven by
alternative operating scenarios than stand-alone grid stabilization purposes. Finally, the
ability to operate dynamically with frequent cycling depends on the outline of a given
system and the installed capacity.
4

CONCLUSIONS

The gradual increase of the penetration of intermittent sources such as wind and
solar requires sufficient storage capacities in the energy systems. As it was presented,
the high temperature electrolysis offers a great potential and can be used as a key
component of four main systems which either produce gaseous or liquid fuels or,
optionally, ammonia which can be used in energy and/or agricultural applications.
Current work summarizes the possible strategies of operating high temperature
electrolyzers as part of power-to-hydrogen (P2H), power-to-gas (P2G), power-to-liquid
(P2L), and power-to-ammonia (P2A) systems.
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ABSTRACT
Demand Side Management (DSM) through electricity prosumer flexibility is a promising
method for balancing supply and demand in power systems with a high share of variable renewable
energy generation. Even though it is easy to adjust the demand precisely, it is hard to gain prosumer
reception if their comfort or habits are compromised. In this perspective, strong economic
incentives must be offered to the prosumers. The purpose of this paper is to present the results of a
real pilot-implementation of time-varying electricity rates for the case of Cyprus. To this extent, a
real-pilot smart network comprising of three hundred prosumers was established in Cyprus and the
load profiles of the prosumers were recorded for a period of one year (baseline year). Based on the
collected datasets, an optimum ToU tariff structure was developed and approved by both the
Electricity Authority of Cyprus and the Cyprus Energy Regulatory Authority for one year of pilotapplication (implementation year). The main objective was to elicit a change in the electricity
consumption of the prosumers from normal consumption patterns using time-varying tariffs as a
way of achieving a range of benefits such as facilitating the integration of renewables and
improving network management. Case study results confirm that the developed ToU tariff structure
was effective to persuade the participants to shift loads from the peak to off-peak and shoulder
periods. This was verified by quantifying the percentage of total consumption during peak hours
when compared to the baseline year. More specifically, with respect to the baseline year, the
percentage of total consumption measured during peak hours was reduced by 3.19%, 1.03% and
1.40% for the summer, middle and winter season respectively. Furthermore, a comparison of the
average annual consumption of the smart prosumers with the rest of Cyprus indicated a sizable
reduction of 2.18%. Peak consumption reduction and energy conservation proved that the
application of the developed ToU tariffs incentivised the participants to change their energy
behaviour and minimize the need for electricity network reinforcement. Finally, the paper concludes
by presenting all the valuable lessons learnt during the development and implementation of the
price-based DSM programme as well as various policy implications and guidelines derived based
on the experience gained.
1

INTRODUCTION

With the transition of today’s energy system, the need for smart metering and flexibility of
electricity demand is becoming increasingly important. The role of consumer-empowerment is
moving into the foreground as a means to expand services for consumers, integrate variable
renewable energy sources, enhance security of supply and allow for a more efficient operation of
the power system. Demand Side Management (DSM) is considered as a key enabler of energy
efficiency and is already established as a programme that provokes changes in electricity demand
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by consumers in order to encourage lower electricity use at periods of high market prices. In most
cases, DSM actions are motivated by economic incentives provided through time-varying electricity
tariffs. Amongst the different price-based DSM schemes, the most common is the Time-of-Use
(ToU) tariff. ToU pricing is a tariff structure that typically applies to electricity usage over a period
that accurately reflects the time-varying nature of electricity costs. The price signals are static, in
the sense that, although displaying variations along the day or month, the rules in terms of rates and
application periods are entirely defined a priori. Despite the potential benefits occurring from ToU
pricing, it is by no means certain that prosumers’ response would be positive. Testing developed
time-varying electricity rates on a small representative sample can provide early useful insights for
identifying a number of key issues related to prosumers preferences as well as benchmarking and
elaborating new energy policies.
Accordingly, after this initial section, Section 2 covers the methodology used for developing
optimum ToU tariffs. The outcome of applying the developed tariffs on a real pilot network are
presented in Section 3, while Section 4 focuses specifically on the lessons learned and policy
implications yielded from the implementation in Cyprus. Important concluding remarks appear in
Section 5 of the paper.
2

METHODOLOGY

2.1

Cyprus pilot-study

The most common applied mechanism, for stimulating consumers to shift demand from peak
to off-peak periods or simply to reduce peak consumption, is the ToU tariffs. However, in order to
design effective ToU tariffs it is vital to understand the scale and nature of the current pattern of
electricity usage as well as the willingness or capacity of consumers to respond. In this context,
three hundred prosumers located throughout Cyprus have been selected and Smart Meters (SMs)
were installed at each household to acquire consumption and production datasets for each prosumer.
The pilot network included three hundred import-export meters (NM meter) and one hundred
generation meters (PV meter) installed at 300 households in total. The monitoring procedure began
in 2015 and one year of consumption datasets were collected from the installed SMs and is
considered as the baseline scenario that can be a good anchoring point for future evaluations to
determine the critical success factors for benchmarking.
Apart from the prosumers, the pilot network included seventeen weather stations installed in
diverse locations all around Cyprus. Meteorological data, including ambient temperature and solar
irradiation, were exploited to relate meteorological parameters to the total PV production.
Moreover, this relationship helped in understanding variations of energy consumption due to
weather condition variations. Additionally, the meteorological data was used for estimating the PV
production profiles of the participants without PV SM. More specifically, with the application of a
data-driven machine learning and a parametric algorithm that operated at an aggregated level
(upscaling), the collected weather data were utilized to estimate the regional PV power [1].
The aim of the pilot-network (prosumers and weather stations) is to collect real consumption,
generation and meteorological data to enable the improvement of different policies (net metering,
self-consumption, etc.).
2.2

Time-of-Use Tariff Development

In an attempt to comprehend seasonal variations in the development of the ToU tariff
structure, the baseline electricity consumption of the participants was divided between winter,
middle and summer periods and a clustering analysis was performed in order to derive the optimum
block periods of each season. The goal of clustering analysis is to partition (or group) a set of
instances into clusters such that each cluster indicates a group of instances that are more strongly
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associated with each other than with those in different clusters [2]. Clustering is one of the
unsupervised learning methods in machine learning and at the individual domestic customer level it
has many potential uses for energy companies. The clustering method was utilized for this study as
(i) it allows the adjustment of the results to reflect biases in the selected sample, (ii) it can identify
which characteristics correlate with energy behavioural use [3], [4] and (iii) it can result in more
suitable tariffs by comparing different groups in intra-day behaviour. The analysis yielded three
distinct segments, two for the off-peak and peak periods as well as a third period. These time
periods represent the transitional (shoulder) periods that can be used by prosumers to cover their
needs that can be shifted from the peak periods but cannot wait until the off-peak period.
Besides the identification of the ToU block periods, the estimation of the applicable ToU rates
for each corresponding period is essential. The methodology followed for solving the optimization
function was based on an improved Conservative Convex Separable Approximation (CCSA)
algorithm [5] of the original MMA (Method of Moving Asymptotes) algorithm, published by
Svanberg in 1987 [6]. More specifically, the ToU rates were calculated using an optimization
algorithm which can derive a constrained minimum of a scalar function of several variables starting
from initial conditions and are subject to nonlinear multivariable constraints and bounds. The
objective was to estimate revenue-neutral tariffs. In other words the ToU rate levels are set such that
the annual electricity bill is the same as the flat rate in the case where participants made zero
changes to their consumption profiles. The methodology followed for deriving the optimum ToU
tariffs is explicitly described in [7].
The ToU periods and rates, derived based on the seasonal profiles of the participants, are
summarized in Table 1. The value of the peak, shoulder and off-peak price was calculated at 17.42,
14.07 and 10.85 €cents/kWh, respectively, fulfilling in parallel all the set optimization criteria. In
addition, the period of each ToU block varied according to the season, with the highest peak
duration occurring for the middle season and the lowest for the winter season.
Table 1 Derived ToU Block periods and rates for each season
Price
(€cents/kWh)

Winter Period
(Dec – Mar)

Summer Period
(Jun – Sep)

Middle Period
(Apr, May, Oct, Nov)

Peak

17.42

16:00 – 21:59

11:00 – 20:59

16:00 – 20:59

Shoulder

14.07

06:00 – 15:59
22:00 – 23:59

07:00 – 10:59
21:00 – 00:59

06:00 – 15:59
21:00 – 23:59

Off-peak

10.85

00:00 – 05:59

01:00 – 06:59

00:00 – 05:59

Block

3

RESULTS

The developed ToU tariff scheme was approved by both the local Distribution System
Operator (DSO) which is the Electricity Authority of Cyprus (EAC) and the Cyprus Energy
Regulatory Authority (CERA) for one year (implementation year) of real pilot-implementation in
order to provide insight into the prosumers’ ability to adjust their demand timing. Within the
context of the programme, specially trained staff made individual contacts with each one of the
participants, at their premises, and provided in home tutorials before the application of the
developed ToU tariffs. Additionally, participants were offered a tablet with a custom application
installed, that provided information regarding their energy profiles and electricity costs. Offered
training allowed the prosumers to actively participate and grasp all the benefits presented.
Table 2 depicts the percentage of the total normalized consumption, corresponding to each
ToU block, for the baseline year (2015) and the year of the implementation (2016) of the developed
ToU tariffs. It can be clearly seen that the percentage of consumption during the peak hours of the
implementation year is reduced by 3.19%, 1.03% and 1.40%, compared to the baseline year, for the
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summer, middle and winter season, respectively. This indicates that the ToU tariffs led the
participating prosumers to apply DSM techniques.
Table 2 Comparison of the consumption percentage between the baseline and the implementation
year
Block

Summer (%)

Middle (%)

Winter (%)

2015

2016

2015

2016

2015

2016

Peak

42.70

39.51

36.11

35.08

61.02

59.62

Shoulder

24.01

25.66

15.12

16.87

22.89

23.33

Off-peak

33.29

34.82

48.77

48.05

16.08

17.05

Furthermore, an increase of the Load Factor (LF) from 40.65% (baseline year) to 41.43%
(implementation year) was observed, which can also be considered as another benefit of the applied
ToU tariffs. Increasing the LF can be recognized as an outcome, reduces the average unit cost
(demand and energy) of the kWh and therefore leads to substantial saving for the power utility and
subsequently for its customers.
Additionally, the energy behaviour change was investigated by comparing the average annual
consumption of the smart prosumers with the rest of Cyprus. More specifically, a second set of
domestic consumers with similar consumption levels with the pilot-network sample was populated
from the data base of the local DSO. The consumption levels of the second sample range within the
limits of ±10% of the annual average consumption of the pilot-network sample. In this way, any
increase in consumption levels that occurred due to climate or national economy changes was
eliminated.
Table 3 Energy Savings

Pilot-network sample
Shoulder
Off-peak

Average
Consumption
Baseline Year

Average
Consumption
Implementation Year

Increase
Percentage

6864.11 kWh

7138.98 kWh

4,00

6785 kWh

7204 kWh

6,18

0.99

-2,18

1.012

The results of this comparison have indicated a sizable reduction of 2.18% in the energy
consumption of the “smart” prosumers as compared to the rest of Cyprus domestic consumers. This
behavioural change is a very positive result since it is indicating that the developed ToU tariff
together with constant daily feedback on energy use through the developed web application, aided
the participants to reduce their consumption levels. Load shifting or switching off of unnecessary
loads, performed by some consumers, and triggered a ripple effect that can result in lower
wholesale electricity prices, which translates into lower electricity costs for all electricity customers.
Additional results regarding the participants’ responsiveness under the developed ToU tariffs can be
found in [7–11].
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4

LESSONS LEARNT AND POLICY IMPLICATIONS

The purpose of implementing pilot ToU tariffs in Cyprus was to gain a better understanding
and knowledge of the various issues involved in establishing price-based DSM schemes at larger
scale. In this section, a number of the major lessons learned, as well as the main policy
recommendations derived through the process of developing and pilot-deploying a price-DSM
scheme with national rollout potential are discussed.
4.1

Pilot Network

Targeting the right end-uses and identifying the subset of facility types that are most suited to
benefit from time-varying rates can help achieve greater peak load reductions. Thus, the selected
sample consisted of 300 prosumers spread throughout the island including a diversity of
geographical situations as well as different socio-economic classes. Although, it is sometimes
argued that only low-income households would be positively affected by time-varying rates due to
both their flatter-than-average load shapes and their desire to shift load to lower priced off-peak
periods for economic benefits, results indicated that participants were active despite their income. In
the scope of evaluating the changes in participants’ energy patterns, SMs were installed at each
household. Collecting both consumption and production data is a vital aspect of developing a pricebased DSM scheme that can motivate the participants to change their energy behaviour thus
achieving the desired peak demand reduction. Additionally, consumption data can be used to detect
weaknesses or challenges within the network, and therefore be used to do both short-term grid
management operations and more long-term decisions on grid reinforcements. Such services rely on
the fact that this data is at the disposal of the service provider in a timely manner. General Packet
Radio Service (GPRS) communication has proved to be a reliable option. In fact, after initial setup
and troubleshooting a 92% performance has been observed throughout the 2 years of pilot
implementation. However, GPRS is considered a costly option in most countries and an optimum
data granularity, metering data set selection, and communication frequency is essential to avoid
overcharges.
4.2

Data Collection and ToU tariff development

The phase after installing the SMs involved the collection of information necessary to ascertain
utility goals and potential opportunities for using DSM as a means for improving system
performance. To accomplish this, one year of energy information prior to the application of ToU
tariffs (baseline scenario) was collected. Characteristics of consumers’ demand for electricity and
PV production, in terms of factors such as seasonal patterns of electricity demand helped in defining
the baseline scenario and should not be neglected. It is important to measure consumption data and
not only import / export data because changes in consumption patterns are the ones that typically
indicate changes in the energy behaviour and adaptation to the ToU tariffs. However, installing a
large-scale rollout deployment of SM exclusively for collecting PV production datasets can be very
costly. The result signified that weather stations, which are geographically spread throughout the
implementation area, can be a sufficient replacement for the costly large-scale deployment of PV
meters and can be utilized to accurately estimate the PV production profiles as the annual average
correlation between the estimated and measured production is equal to 0.985.
4.3

Training and Feedback

Within the context of the programme, specially trained staff made individual contacts with each one
of the participants, at their premises, and provided in home tutorials before the application of the
developed ToU tariffs. Offering training before the implementation engaged consumers at an early
stage and reached all occupants of the household who are people with different lifestyle or interests
have all shown to lead to greater acceptance and a transition to energy knowledgeable consumers
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who know how to use the available equipment and grasp all the benefits presented. Training alone
do not lead to consumption reductions and ToU tariffs can have a disproportionate negative impact
on people who have no choice but to shift the usage time of their appliances to off-peak hours and
wait until the end of the month to confirm the impact on their electricity bill. An important
technology is the In-House Display (IHD) which provides feedback in a variety of forms and has
been shown to significantly improve the response from end-users [12]. For the purposes of our
pilot, a custom web and an android application was developed and offered exclusively to the
participants. By uploading information to the web, there are no hardware costs and it was proved to
be a better replacement of an IHD as it can be accessed by a smart phone or a tablet with an internet
connection.
4.4

Implementation of the developed ToU tariff and response evaluation

Achieving a strong balance between policy frameworks, institutional arrangements, training, and
available technology without pilot implementation has had limited to zero effectiveness. The
followed approach was to move all participants to the time-varying rate but to simultaneously
provide them bill protection during the first year of implementation as a transition period. In this
respect, at the end of each billing period a "shadow bill" was calculated based on a flat-rate tariff. If
this was lower than their bill under the ToU tariff, customers were reimbursed the difference. From
the beginning of the pilot, participants were made aware of this "safety net" which meant there was
no risk of higher bills and therefore more prosumers were willing to participate. Simultaneously, the
participants’ response was evaluated and the possible redesign of the developed ToU tariffs,
including the type of product or service and the tariffs (time blocks and rates) was considered. This
step was intended to make substantive power network-wide impact on energy consumption while
maintaining revenue neutrality.
4.5

Policy recommendations

All the aforementioned valuable lessons learnt during the planning, implementation and evaluation
stage of the developed price-based DSM programme are exploited for creating policy implications
and guidelines that can lead to a future smart grid where both participating energy stakeholders and
end-users can benefit.
The driving force of smart metering implementation is a national level smart metering
infrastructure consisting of SMs and a communication infrastructure linking the SM at the
consumer’s site with the meter operator. With regards to the communication infrastructure, one
major parameter is the communication protocol and GPRS is proved to be costly. The leading
standard in the near future would be Device Language Message Specification / Companion
Specification for Energy Metering (DLMS/COSEM). The support for DLMS/COSEM in a lot of
other standards (such as M-Bus, IEC 62056-21 and recently Zigbee) and existing meters illustrate
this.
SMs alone are not considered adequate to achieve participation commitment and sustained
effort, thus additional measures had to be applied. Energy behaviour changes can be achieved only
by providing economic incentives to the consumers. Making available time-varying pricing plans
that let customers take control of their electricity costs is one of the major enablers. If tariff
regulation does not address the implementation of time-of-use or dynamic tariffs, benefits from
smart metering deployment cannot fully unfold. However, it is important to note that time-varying
pricing can have a disproportionate negative impact on consumers who are not familiar with the
concept of DSM. Effective consumer engagement through education and productive feedback is
indispensable for achieving optimum results. Prosumers should be provided with accurate
information on actual energy consumption, actual time of use and energy costs. The information can
be provided through IHDs or web applications. Setting rules on clearer billing information and on
certified comparison tools will put consumers at the heart of the energy market.
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To integrate growing shares of renewable energy, energy policy makers should ensure that the
benefits of renewable energy are available to the owner without creating the situation where
privately owned renewable energy generation leads to increased tariffs for the rest of the
population. This can be achieved by promoting self-consumption. Net metering schemes have
proved to be effective to jump-start distributed generation markets. However, it raises concerns
when large deployment levels are reached because excess production from onsite production is sold
at a retail price that in most cases exceeds the value of that generation to the power utility. By
combining renewable energy systems with battery storage, prosumers will be able to capture and
utilize their generated electricity more effectively by decoupling time of generation and
consumption, while also supporting the grid. Storage can also be deployed at substation level where
utilities can procure storage assets to address both long-term regulatory requirements and short-term
needs, such as reliability and deferring grid reinforcement.
5

CONCLUSION

The discussion in this paper has shown that while DSM has the potential to bring a great
number of benefits, there are some challenges that must be overcome before it can be considered as
a valuable contribution to the power system. Putting an effective DSM program in place and at the
same time getting it right is a substantial undertaking, but it is vital to the success of a utility’s
broader investment. In this work, the methodology followed for developing and implementing a
price-based DSM scheme, considering Cyprus as the case study, is presented. For this purpose, a
real-pilot smart network in Cyprus comprising of three hundred prosumers was established and the
prosumers’ load profiles were recorded for one year (baseline year). Based on the collected datasets,
a price-based DSM scheme was developed and applied to the selected sample for one year
(implementation year). The paper concludes by presenting all the results and valuable lessons learnt
during the planning, implementation and evaluation stage of developing the DSM programme
conjointly with various policy implications and guidelines derived based on the experience gained.
Sharing operational knowledge from the case study of Cyprus can strengthen the capacity and
technical know-how of policy makers and energy stakeholders around the world.
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ABSTRACT
The market of Renewable Energy Sources (RES) is emerging as one of the most vibrant and
faster moving sectors within the broader Southeast European1 energy sector. The huge RES
potential in SE Europe, such as solar, wind, hydro, biomass, and geothermal, still remains largely
unexploited by many countries mostly in the West Balkans and elsewhere. Because of SE Europe’s
peculiar circumstances, mainly due to the high divergence of the economies in the region, there are
great difficulties in advocating common RES strategies.
Whatever the case may be in terms of adopted strategies, the further development of the RES
sector in SE Europe should be seen in line with the European and global strategies for energy and
environment. A number of significant developments in terms of policy and infrastructure are
currently taking place in Europe, which are expected to positively impact RES penetration in SEE,
helping further diversification of the energy mix. Radical changes in the energy mix (mainly due to
the introduction of gas and RES), reforms already underway (unbundling procedures and market
liberalization) and other transformations will enable the region to meet energy supply challenges.
The paper analyses briefly the latest RES developments in power generation in SE Europe per
energy source and per country. RES policies and binding targets in the region set by the EU and
Energy Community are reviewed and lessons learned analysed. Also, the funding mechanisms as
well as the implications COP 21 agreement could have for SE Europe are briefly discussed. The
paper also identifies the role of energy storage in the further development of RES in SE Europe.
Energy storage is seen as a growth area related to distributed RES power generation and electricity
storage requirements.
1

RES OVERVIEW IN SE EUROPE

As shown in Table 1, which summarises the installed RES capacity in SE Europe using 2016
data, it is characteristic of the West Balkan region that hydro is the predominant form of RES to the
almost exclusion of all other types, save biomass which is used for space heating and cooking
purposes, which in most cases remains unaccounted for due to lack of verifiable data. However,
biomass, especially in the case of West Balkans could turn out to be a significant RES source with
good potential for commercial exploitation.

1
SE European countries include Albania, Bosnia and Herzegovina (BiH), Bulgaria, Croatia, Cyprus, FYR of
Macedonia, Greece, Kosovo, Montenegro, Romania, Serbia, Slovenia and Turkey.

461

Table 1: Installed RES Capacity (MW) in SE Europe (2016)
Countries

Wind

Solar

Hydro

Deep
Geothermal

Bioenergy

Total Installed
RES Capacity

Albania

0

1

2,033

0

0

2,034

BiH
Bulgaria
Croatia
Cyprus
FYROM
Greece
Montenegro
Romania
Serbia and Kosovo
Slovenia
Turkey
Total

0
700
422.7
157.5
37
2,374
0
3,130
11
5
5,376
12,213.2

13
1,032
49
85.7
17
2,611
3
1,372
13
257
827
6,280.7

2,140
3,219
2,209
0
658
3,392
671
6,730
3,074
1,295
26,710
52,131

0
0
0
0
0
0
0
0.05
0
0
775
775.05

0
64
63
9.7
4
58
0
124
11
64
395
792.7

2,153
5,015
2,743.7
252.9
716
8,435
674
11,356.05
3,109
1,621
34,083
72,192.65

Furthermore, several countries in the region have great, yet unexploited potential for the
development of non-electricity uses of RES, which could significantly contribute to their national
energy mix. Biomass for heating, low and high enthalpy geothermal applications and solar thermal
could play significant role in the reduction of CO2 emissions and contribute to a more diversified
regional energy mix.
Today, the power generation portfolio in SE Europe is dominated by coal and hydropower
generating 47% and 48% of electricity respectively. RES deployment (excluding large and small
hydropower) is at a relatively early stage in the region generating less than 4% of the electricity but
a significant potential for both wind and solar energy has been identified and capacities are
expected to increase fairly quickly within the time horizon of the present paper, i.e. by 2025.
2

RES POLICIES AND BINDING TARGETS IN SE EUROPE SET BY EU AND
ENERGY COMMUNITY

The EU-28 reached a 17% share of RES in its gross final energy consumption in 2016, led by
Sweden, which already meets more than half of its energy needs from RES, according to Eurostat
data [1], as shown in Figure 1.

Figure 1: Share of RES (%) in Gross Final Energy Consumption and 2020 Targets for EU
Member States in SE Europe
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According to Eurostat, the EU-28 targets aim to achieve a 20% RES share in gross final
energy consumption by 2020 but each country has its own national target based on different starting
points, its RES potential and economic conditions. Overall, eleven of the bloc's 28 member-states
have already achieved their 2020 objectives. These include Denmark, Hungary, Sweden, Finland,
Romania, Bulgaria, Italy, Croatia, Lithuania, Czech Republic and Estonia.
Furthermore, the EU's RES Directive requires member states to produce a national action
plan, setting out how that member state intends to meet an EU level target of 27% of national gross
final energy consumption from RES by 2030. The Energy Community in the region has also set
binding goals to the member countries in full accordance to EU targets. Albania and BiH have
committed to a binding 38% and 40% target of energy from RES in gross final energy consumption
by 2020 respectively, while the related national target for FYROM, Kosovo, Montenegro and
Serbia is 28%, 25%, 33% and 27% respectively.
3

FUNDING MECHANISMS: LESSONS TO BE LEARNED

The support schemes used to subsidize RES electricity can be divided into investment support
(capital subsidies, tax exemptions or equipment price reductions) and operating support (feed-in
tariffs (FiTs), green certificates, tender schemes and tax exemptions or reductions on the sales of
electricity). Operating support instruments are divided into quantity-based instruments (quotas) and
price-based (FiTs, premiums, tax exemptions) instruments, as the European Environment Agency
[2] shows in Figure 2.
The favored mechanism to boost the returns of RES providers has for years been the FiT
mechanism for grid-connected power plants by RES. A FiT is an energy production-supply policy
focused on supporting the development of new RES projects by offering long-term purchase
agreements for the sale of electricity produced by RES. These purchase agreements are typically
offered within contracts ranging from 10-25 years and are extended for every kilowatt-hour of
electricity produced. The payment levels offered for each kilowatt-hour can be differentiated by
technology type, project size, resource quality, and project location to better reflect actual project
costs.
Policy designers can also adjust the payment levels to decline for installations in subsequent
years, which will both track and encourage technological change. In an alternative approach, FiT
payments can be offered as a premium, or bonus, above the prevailing market price. Following their
introduction in Germany, numerous developed countries now have FiTs in place. They have also
become increasingly common in SEE region, with a number of countries having implemented a FiT
or planning to do so.

Figure 2: Types of Instruments to Support RES, EEA-32, 2012
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The success of FiT schemes critically depends on the tariffs at which governments decide to
purchase green electricity, which, in turn, determine the level of profitability for investors. Overall,
too aggressive tariffs (higher levels of profitability) attract a wider range of investors by making
less efficient projects financially viable, at a cost to taxpayers and consumers. Too conservative
remunerations, on the other hand, may not be sufficient for market expansion and limit the scope of
the technology only to those who operate very efficiently. As a matter of fact, concentrated growth
of variable RES can make it harder to balance power systems, which must be duly addressed.
In the case of SEE region, Greece and Bulgaria introduced exceptionally high FiTs without a
proper financial analysis and cash flow projections showing the impact that RES would have on the
national accounts and electricity market operation over a long time period. This rapid and
unplanned buildup of RES based on high FiTs had a dramatic impact on the electric system leading
to large financial deficits for the market operator with big payments delays to producers.
Between 2010 and 2014, Romania, Greece and Bulgaria experienced a boom in RES
investments, especially in wind and solar power, when their governments introduced generous
incentives in an attempt to meet EU targets. Recently, however, Greece, Bulgaria and Croatia took
back incentives for RES investment as they make progress towards the targets faster than expected.
This follows similar cuts in Romania and several other European countries.
The Bulgarian parliament voted in 2015 in favour of legislation that will scrap preferential
pricing for new RES installations. Incentives for RES producers have already been scaled back in
the last two years, with Bulgaria citing higher electricity tariffs and the rising debt burden at the
state power company NEK. Generous incentives had also resulted in Bulgaria becoming one of the
first EU countries to meet its 2020 targets for RES generation almost 8 years before the deadline.
Bulgaria currently has an overcapacity problem and is exporting electricity to Turkey, Greece and
the rest of the Balkans, meaning there is little motivation for investment in yet more RES generation
capacity.
On the other hand, Greece has two main support mechanisms for RES: a feed-in premium and
investment subsidies. The actual impact of such measures has been limited, not because of the lack
of incentives, but largely due to lengthy administrative processes. The latest legislation addresses
those challenges and might significantly improve market development. However, the severe
economic crisis affecting the country has had an impact on the investment climate. The government
has adopted ambitious targets, policies and measures to increase the use of RES. The 2020 RES
target in gross total final consumption was increased to 20%, which is 2% higher than the obligation
under the EU Renewable Energy Directive (18% by 2020). In the past, Greece was considered as an
emerging wind energy market, attracting high interest from investors. However, despite significant
potential, limitations on land use and a lack of clarity in licensing procedures delayed market
growth.
The retroactive changes in Bulgaria, Romania, Greece and Croatia are part of a wider trend
seen across Southern and Southeast Europe, where governments moved very swiftly at an initial
phase to embrace RES. Romania decided to slash incentives for RES generation following a
dramatic boom in the sector between 2010 and 2013. Bucharest’s generous “green certificate”
incentive scheme attracted numerous international investors from Europe and Asia, in addition to
local companies. However, in June 2013 the Romanian government announced cuts to green
certificates issued to generators of wind, solar and small hydropower plants put into operation after
January 1, 2014. This resulted in new projects being cancelled, while many of those already under
construction were put on hold.
The cutbacks have raised questions about whether countries in the region will meet mediumand long-term RES targets. The above abrupt changes to incentive schemes have discouraged many
investors and it is uncertain whether they can be lured back. It would have been better for the
countries to maintain a stable and predictable system so that investors know the longevity of the
incentive systems set up over a number of years. This is possible and has the benefit of encouraging
investors into RES. Bulgaria and Greece (mainly in photovoltaics) are paralyzed at the moment.
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Sudden changes have penalized investors and they may feel averted from coming back even if the
incentives are changed again in future due to the uncertainty.
Although FiT policies have gained worldwide popularity, their cost effects have become a
primary concern for policy makers in many countries. Whether the rising costs are recovered from
ratepayers or taxpayers, they can create both political and economic pressures as the experience in
Greece, Bulgaria, Spain and Italy has showed. Households in emerging economies are particularly
vulnerable to rising tariffs, as spending on energy accounts for a larger share of their incomes than
for households in mature economies. Under this perspective, the deployment of the RES sector
should be based on market tools (e.g. auctions) and also in public sector’s involvement in largescale projects.
It should also be mentioned that the higher penetration of RES in the electrical system of a
country, the greater must be the transformation of the electricity network as a whole. Again,
something that is not happening in countries such as Romania, Bulgaria and Greece which have
experienced strong RES penetration in recent years, but now face limits to higher RES utilisation.
In its guidance for the design of RES support schemes [3], the European Commission
suggests that as RES producers become significant players in the internal energy market and as the
energy market nears completion, public interventions developed to assist immature technologies
enter nascent markets need to evolve. Moreover, the efficiency and effectiveness of different
instruments varies with circumstances; so, as circumstances change, support schemes need to be
reformed, instruments need to change and become market based and support levels will decline and
eventually be phased out. This section explores best practice in the choice of instrument in current
European energy market circumstances.
4

COP 21 AGREEMENT AND IMPLICATIONS FOR SE EUROPE

The deal agreed on December 12, 2015 in Paris unites all the world's nations in a single
agreement on tackling climate change for the first time in history. Coming to a consensus among
nearly 200 countries on the need to reduce greenhouse gas emissions is regarded by many observers
as an achievement in itself and is being hailed as "historic". The Kyoto Protocol of 1997 set
emission cutting targets for a handful of developed countries, but the US pulled out and others
failed to comply. However, scientists point out that the Paris accord must be stepped up if it is to
have any chance of curbing dangerous climate change. Pledges thus far could see global
temperatures rise by as much as 2ºC, but the agreement lays out a roadmap for speeding up
progress.
Although not mandatory and not legally binding in all its content, the Paris pact is expected to
act as a global catalyst by sensitizing countries to adopt a more proactive RES stand. The national
pledges by countries to cut emissions are voluntary, and arguments over when to revisit the pledges
- with the aim of taking tougher action - have been a stumbling block in the talks. The pact promises
to make an assessment of progress in 2018, with further reviews every five years. As several
analysts point out, Paris agreement is only the beginning of a shift towards a low-carbon world, and
there is much more to do. As a matter of fact, the immediate beneficiary from all the attention so far
and private funding pledges will be RES, as their applications are now poised to attract a lot more
attention and funding coming from both government and private sources. In addition to RES, the
new climate targets adopted in Paris should translate into more support for technologies such as
carbon capture and storage (CCS) systems which allow fossil fuels to be burnt without harming the
climate. But it may not be long before such systems are competing against newer technologies
which could probably eliminate the need for coal, oil and gas.
In most Balkan countries, the incomplete transition of their economies from a centralized type
to an open economy model still dominates economic activity, government policies and public
debate and hence prevents a proper assessment of national needs and opportunities in the path
towards implementation of COP 21 objectives. Now, in addition to the reconstruction issues faced
by some countries in the region, there is the added pressure of energy market liberalization in line
with EU legal requirements. Furthermore, due to the pressures for market liberalization the region
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has to cope with some major regulatory and observance issues, which pose additional financial
burdens to already fragile economies.
In view of the Paris agreement, the European Commission should assure that climate action is
indeed on the list of policy measures so that Western Balkan countries, and the rest in the east part
of the Haemus peninsula and Turkey, do not stay “locked into” polluting coal-based energy
systems. Early in 2016, Energy Community announced its plans to come up with a number of
proposals for changes in the Treaty, including a number of pieces of environmental and climate
change legislation, in particular following the agreement reached at the COP 21 in Paris. In parallel
and in the aftermath of the Paris agreement, the European Commission underlined its view that the
contracting parties should make an effort in line with their Intended Nationally Determined
Contributions (INDC)2.
Apart from any technical and non-technical barriers that the countries of SE Europe must
overcome in order to meet COP 21 targets, the key question arising is whether the region is ready to
replace coal with other energy forms. SE Europe is a carbon-intensive region and in most of the
countries with the exception of Albania, coal constitutes an extremely important asset, which helps
national economies and ensures energy security. This is particularly evident in the case of Greece,
Turkey, BiH, Bulgaria, Romania, Kosovo, FYROM and Montenegro, in short, the majority of the
SEE countries. As shown in Figures 3 (using data from IEA and CAN Europe [4]) and 4 (using data
from Energy Community, CEE Bankwatch and CAN Europe [4]), the West Balkans in particular,
have strong carbon-intensive economies. All these countries are seeking EU membership, but
initially they must meet economic, political, energy and environmental conditions by introducing
deep reforms, which inevitably will change their energy mix (see Figure 5), thus affecting their
energy security options and most likely alter the geopolitical balance of the region.

Figure 3: Coal’s Share of Primary Energy Supply and Electricity Production in the Western
Balkans, EU and OECD

2

Countries across the globe committed to create a new international climate agreement by the conclusion of the
UN Framework Convention on Climate Change (UNFCCC) Conference of the Parties (COP21) in Paris in December
2015. In preparation, countries have agreed to publicly outline what post-2020 climate actions they intend to take under
a new international agreement, known as their Intended Nationally Determined Contributions (INDCs).
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Figure 4: Share of Coal in Planned Electricity Generation Capacity by 2020

Figure 5: The Energy Mix in SE Europe (2015)
COP 21 policies may be a priority for SE Europe, within the broader EU policy context, but
should be applied carefully and in respect and in accordance with the specific national policies of
each country. In our view, this will be achieved only through coal-related but costly investments
(CCS, CO2 filters, innovative applications in carbon management and other greenhouse gases)
financed by European funds and in parallel to RES development.
It seems that the extensive use of RES may help reduce the use of solid fuels and insulate the
economy to some extent from fossil fuel price fluctuations. This is likely to contribute towards the
strengthening of energy security in a region where some countries are net energy importers.
Regional cooperation in RES deployment as well as cross-border interconnections could diminish
further the gap between national and European ambitions. In this context, one should stress that
hydropower is one of the most important indigenous energy resources for electricity generation for
most countries of SE Europe and therefore, it is an energy source of great strategic importance,
which can contribute the most toward the COP 21 environmental goals. In addition, hydropower
through pumped storage schemes could provide the much-needed storage capability for maximum
RES utilization.
No less important is the role of energy efficiency, as there is a huge untapped potential in SE
Europe that would enable the region, in line with the EU goals, to increase its energy efficiency
target to 40% and beyond. This could be an attractive business case for the residential, transport,
tertiary and industrial sectors in these countries and may facilitate the formation of a regional
market for green technologies.
In sort, in the case of SE Europe, where economic development, largely based on the
utilization of indigenous lignite/coal resources, will have to be reconciled with COP 21
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commitments. Therefore, the planning of clean-cut and compatible long-term energy and economic
strategies, maximizing the economic and social benefits in long-term, becomes a real challenge. To
this end, a lot more analytical and assessment work needs to be undertaken before introducing
realistic policies, which will aim both towards economic and social development but will also help
achieve minimal environmental impact.
5

THE ROLE OF ENERGY STORAGE IN THE FURTHER DEVELOPMENT OF
RES IN SE EUROPE

Currently, pumped hydro energy storage (PHES) is the most established and efficient
technology for storing large amounts of energy produced for a long period of time. In SE Europe,
there is a significant potential for new PHES; yet, the environment for new build is difficult. An
increasing RES share can provide a motivation for the development of PHES in order to provide
flexibility to the power system.
Storage is already a reality in the region and more specifically in non-interconnected systems
(e.g. Greek Islands) where systems based on RES and storage can be a competitive alternative to
fossil (diesel) fuel. Island systems will provide valuable knowledge about distributed storage
technologies, in particular batteries. If sufficient storage is available, systems with 100% RES are
possible, as recently occurred with Greek island of Tilos [5].
Thermal storage can be another source of flexibility, both on the grid and the household level
in SE Europe. District heating systems with attached storage provide an efficient option for
optimising the dispatch of combined heat and power plants. Thermal storage can also be added to
buildings for either RES or in order to optimise the use of electrical heating systems or possibly
combination of both.
In addition, there are a growing number of opportunities for upgrading existing buildings into
"prosumers". Adding power generation or storage technologies could transform these into nodes of
a smart energy network. Two storage options are available on the building level: storage for solar
thermal energy or battery storage for PV generated electricity. The economic benefits of either
solution can depend on the size and function of a building.
RES deployment (excluding hydropower) is at a relatively early stage in SE Europe,
generating less than 1% of the electricity [6], but a significant potential for both wind and solar
energy has been identified and capacities are expected to increase in future. The challenge of
integrating intermittent energies into the energy systems of the region might open options for
solutions such as (pumped) hydro storage for which there are still opportunities that could be
developed.
All countries of the Western Balkans have committed themselves to adopting the EU Acquis
in terms of energy by signing the Treaty on the Energy Community in 2005. Currently, the
wholesale markets of the Energy Community are nationally oriented; there is a lack of competition,
a lack of liquidity and inadequate market price signals. Thus, wholesale prices diverge strongly
between countries. Balancing markets remain largely undeveloped apart from Serbia; elsewhere the
service is provided on a regulated basis. This poses a barrier to the development of energy storage
and to a cost-efficient integration of RES.
6

CONCLUSION

It is generally recognized that lignite and coal will continue to contribute to power generation
in SE Europe over the 10-15 years, but with decreasing contribution to the overall supply. Over the
next ten years, solid fuel’s share is anticipated to steadily increase in some countries in the region to
meet increased demand. On the other hand, gas will continue to gain share in the energy mix, at
least over the next 15 years in Europe and in SE European region in particular, substituting old and
inefficient lignite and coal units. This is mainly because of its environmental friendly characteristics
and increased availability, the higher demand for gas-fired electricity and the expected socioeconomic development. In contrast with natural gas, the share of oil in electricity production will
keep decreasing towards zero levels during this time framework. On the other hand, the further
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development of the region’s transmission grid and the proposed new cross-border electricity
interconnections are of a paramount importance in advancing the unification of the SE European
electricity markets, a significant factor, which will enable faster RES penetration.
Energy security through the development of indigenous energy sources and diversification of
the energy mix is emerging as a major policy driver, which also helps RES. Growth of the RES
share in the energy mix generally contributes to energy supply diversification, in terms of
technology but also in terms of resources. Extensive use of RES can also reduce fuel imports and
insulate the economy to some extent from fossil fuel price rises and swings. This is likely to
contribute towards the strengthening of energy security in a region where some countries are net
electricity importers [7].
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ABSTRACT
Energy poverty is described as the inability of a household to maintain basic energy services
such as heating and cooling, due to poor economic conditions. This issue is prevalent in many
European countries and has been gaining public awareness since the financial crisis of 2008. In the
EU, it was estimated that approximately 11% of the population may be affected by energy poverty.
Some countries suggest that if a household must use over 10% of their net income on energy, then it
falls in the energy poverty regime. In addition, in South Eastern Europe, it has been reported that
more than 50% of the population spend over 10% of their net income on energy, thus suggesting
that more than half the population of the region is energy poor in some way.
Many countries have come to the conclusion that policy reform could alleviate the negative
effects of energy poverty. Cyprus demonstrates a high percentage of households with poor energy
affordability. However, a comprehensive overview of the degree to which low-income households
in Cyprus are affected by energy poverty has not been carried out to this date, nor has there been a
synopsis of relative current policies and measures. This paper aims to address this gap in
knowledge, by providing an outline of the current energy policies and measures associated with
low-income households in Cyprus. The policies’ deficiencies in terms of their failure to effectively
address energy poverty in Cyprus will be discussed. Based on these findings, recommendations will
be made for the adoption of additional measures and policy reform in order to improve them, so as
to effectively reduce energy poverty in Cyprus.
1. INTRODUCTION
The past decade has been marked by a large scale economic crisis which has affected many
European Union (EU) countries. Southern EU Member States are still struggling to overcome the
hardships brought about by this crisis, whereas the UK is dealing with significant change on the
European front. Amidst these situations, another crisis exists in the energy sector – one that is
intricately linked with many aspects of the social crisis experienced [1]. According to S.
Bouzarovski and S. Tirado Herrero, energy poverty (EP) is the inability of a household to secure a
socially and materially necessitated level of energy services in the home [2]. In developing
countries, the issue is not with affordability, but with access [3]. In the EU (and other developed
countries), the main problem is the inability of households to afford the energy required to meet
their basic needs [3]. This is often caused by combinations of poor energy performance in the
construction sector, low incomes and high energy costs [4,5]. Often the proxy “unable to keep home
warm” is being used to identify the risk of population to EP, and this can be observed in Figure 1. In
this geographical distribution, many southern European countries appear to be in a higher risk of EP
in relation to northern Europe. Moreover, studies carried out in Cyprus have presented results of
low thermal comfort conditions in low-income households, indicating the opportunity for energy
savings and improved living conditions of population at risk of EP [6].
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Figure 1: Population at risk for poverty based on the proxy indicator “unable to keep home warm” (from
EPOV)

Consequent to the limitation of basic energy services in the home, individuals in EP often
become socially isolated, with further impacts on their mental health [7]. The lack of
heating/cooling also creates physical stress, evidenced by increased morbidity and mortality rates
that are induced by extreme heat and cold phenomena [8,9]. Additionally, EP hinders sustainable
development, since energy inefficient housing leads to excess energy being unnecessarily used and
more downstream greenhouse gas (GHG) emissions released into the environment [10]. Research
on this topic was first initiated in the UK almost three decades ago, which is one of only three
countries to currently deal with EP on a national scale (the other two are Ireland and France) [2].
What is notable, is that the majority of literature on EP has been focused in countries where heating
the household to an adequate level is the main challenge [11]. Southern European countries also
have to deal with the challenge of adequate cooling in the summer season, since more frequent
extreme heat phenomena are observed [12]. Moreover, a 2016 study in Cyprus found that in their
sample of households surveyed for energy consumption patterns, approximately 19% of the houses
did not have a heating system, whereas circa 15% did not have cooling systems [13]. In addition,
this study also found that circa 24% higher amounts of energy were used for cooling in relation to
heating energy. These higher numbers of cooling systems installed in residences and the associated
increased cooling demand are indicative of the intensive cooling needs in Cyprus, and southern
Europe in general.
The combination of enhanced anthropogenic climate change and the prolonged economic crisis
in Southern Europe has possibly triggered the initiation of EP research in this region as well during
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the past decade. Nevertheless, despite the constant efforts of some EU countries and the new
interest by others, a universal definition of EP is still lacking. Many challenges have been observed
in providing a universal definition, such as the lack of a dedicated survey on energy poverty that
utilizes standardized data [14]. In addition, a pan-European definition of EP is thought to carry the
disadvantage of erasing geographic specificities in different countries [15]. As a result, several
member states have provided national definitions for EP as an effort to better identify and target
energy poor households. The first definition of the UK stated that households in energy poverty
needed to spend more than 10% of their income on energy in order to keep the household in an
acceptable thermal state [16]. After reconsideration this definition was altered and it now states that
energy poor households are ones whose fuel costs are above the national median level, with the
residual income being below the poverty line [17]. In France, where EP is also widely recognized
as a serious concern and national actions are taken to mitigate it, an energy poor individual is
anyone who meets, in its housing, particular difficulties to have the necessary energy to meet its
basic energy needs because of the inadequacy of its resources or of its housing conditions [18]. Due
to the vagueness of this official definition of “energy precariousness”, the French definition is
complemented unofficially by a threshold of actual energy expenses amounting to 10% (or more) of
the income [19]. In Cyprus, the definition of EP originated in a Ministerial Decree and is described
as the condition of consumers who may be in a difficult position because of low income, as
evidenced by tax declarations in conjunction with their professional status, marital status and
special health conditions, and therefore they are unable to meet the costs of the reasonable need of
electricity supply, as these costs represent a significant proportion of their income [20]. This
Decree was issued on 26/6/2013, however to this moment there has been no official national data
released regarding the extent of EP in Cyprus, as defined here. The parameters considered in
various national definitions and the related measures (nationwide and EU-wide) are discussed in
more detail in the following sections.
2. POLICIES AND MEASURES IN EUROPE
Four main types of measures have been identified to tackle EP in various EU countries:
Financial Interventions, Consumer Protection, Energy Efficiency measures and Information
Provision (see Fig. 2). In this paper, the consumer protection and energy efficiency measures are
discussed, since they are prevalent in many EU countries, including Cyprus. These two types of EP
measures concern special tariffs and protection from electricity disconnection, as well as subsidised
schemes that promote energy efficiency and Renewable Energy Sources (RES) use in the
household. Financial interventions are short-term solutions based on payments distributed to
vulnerable populations (identified through the welfare national services). As for information
provision, this includes awareness campaigns to inform the public about the effects of EP and ways
to get out of it.

Figure 2. Types of measures widely used in Europe to tackle EP

The seminal book by Boardman released in 1991 provided the first definition for fuel poverty
in the UK [21], and in the same year the UK government launched their first measure to address
poor insulation in low income houses [22]. This is a much more effective and long-lasting measure
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than the financial subsidies. Since then, the UK has become a leading agent in EP research, with the
majority of scientific knowledge on EP stemming also from Ireland and France. These three
countries are the only ones so far to have implemented measures to ameliorate EP on a national
level [14]. In contrast, in a limited number of EU countries there is no recognition of energy poor
households within their own territories. For this reason, “most research and action are ad hoc” [14]
and being carried out at a national level and not an EU level. In spite of the lack of a structured EUwide strategy to eliminate EP, measures have been taken to address EP and protect vulnerable
consumers. In 2003 two Directives (2003/54/EC & 2003/55/EC) identified vulnerable consumers
and stated that measures needed to be taken by member states in order to protect them against EP
(e.g. electricity disconnection protection, aids for payment of electricity bills). Furthermore, the
Third Energy Package released in 2009 included another two Directives (2009/72/EC and
2009/73/EC) that acknowledge not only the existence of EP, but also its growing trend and the need
for member states to take action [8]. In order to do this, member states first had to define what a
vulnerable consumer was, and therefore create protective measures. The principle of subsidiarity
was adopted in these Directives, meaning that definitions and actions regarding EP should be taken
at a national level, rather than by a central EU authority [14]. Consequently, it was deemed that
national entities should establish regional measures and policies to eradicate EP regionally. Besides,
at the moment there is consensus among the scientific community that EP is better addressed on a
bottom up approach. As indicated by Bouzarovski et al. (2012), top-down approaches are often
driven by a consumer protection agenda, rather than an effort aimed at addressing the structural
conditions that lead to energy poverty [23]. In addition to the two Directives, the Vulnerable
Consumer Working Group (VCWG) was formed by the European Commission, following the 4th
Citizens' Energy Forum in 2011. The group’s aim was to provide support and ensure the effective
implementation of the Third Energy Package. Moreover, the specific objectives of the group are to
obtain and provide better understanding of consumer vulnerability, harmonize its definition and
share good national practises [24].
In 2015 one of the flagship initiatives of the EU, the Energy Union, was announced, aiming to
offer secure, affordable and climate-friendly energy to Europe [25]. The strategy for its creation was
first elaborated in a Communication report, where it is stated that the European Union has energy
rules set at the European level, but in practice has 28 national regulatory frameworks, an approach
which cannot continue [25]. In this Communication report, EP is discussed from a vulnerable
consumers’ perspective, with focus on the consumers’ protection through welfare national services
and via special tariffs. Moreover, in a report by the European Economic and Social Committee,
which was issued the same year, it is suggested that an observatory is formed in order to better
coordinate the monitoring of vulnerability and energy poverty [26]. Moreover, the “Clean Energy
for All” report was released in 2016 and further elaborates on the role of the Energy Union in
promoting energy efficiency investments by prioritizing households affected by EP and those living
in social housing [27]. The second Annex of this report mentions that the Energy Poverty
Observatory is being set up, which will contribute towards best practice dissemination and more
accurate statistical assessments of EP in each member state [28].
In January 2018 the EU announced the launch of the EU Energy Poverty Observatory (EPOV)
as part of the Commission’s efforts to address EP across EU countries. The main aims of the
Observatory are to promote public awareness and engagement through a user-friendly and openaccess resource on EP, to facilitate dissemination of information and good practices, as well as
knowledge sharing among relevant stakeholders and to support informed decision making at local,
national and EU level [29]. Finally, Directive (EU) 2018/844 was issued in June 2018, revising the
Energy Performance Buildings Directives (EPBD) and containing stricter guidelines to address EP.
Notably, each member state now has to develop long-term strategies for renovation of the national
building stock, including a range of policies and national actions to target low-income housing with
poor energy performance and so aid in the alleviation of EP [30].
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3. POLICIES AND MEASURES IN CYPRUS
Although Cyprus is often mentioned as one of the EU countries that have provided a definition
for EP, the context of this definition has not been elaborated upon. It is noteworthy that the Cypriot
definition was stated in a Ministerial Decree, as a sub-paragraph for the amendment of the
regulatory market legislation [31]. Furthermore, the indefinable definition of EP in Cyprus is open
to interpretation, since it does not refer to “vulnerable consumers” (for whom there is an official,
measurable definition), but to “consumers who may be in a difficult position”. As defined,
vulnerable consumers in Cyprus are allowance beneficiaries of welfare stipends (based on
Minimum Guaranteed Income or Public Aid), physical disability, retired individuals with low
incomes, blind individuals or families with three dependent children or more [32,33].
In addition, there is no policy, measure or survey regarding the examination of EP in Cyprus
and its amelioration. Most of the policies and measures mentioned in this section are targeting the
officially recognized vulnerable groups in the Republic of Cyprus, and therefore indirectly
addressing EP as well. Nevertheless, it is important to recognize that vulnerable consumers as
officially defined in Cyprus are not necessarily energy poor, since EP concerns a nexus of
interlapping conditions, including social inequalities, energy affordability and energy performance
issues of residences. Therefore, a vulnerable consumer (e.g. a blind person) is not automatically an
energy poor individual as well (at least not based on this incomplete consumer profile).
Consequently, it can be inferred that consumers benefiting for EP measures have in fact been
profiled incompletely and possibly inaccurately. In Cyprus, measures aiming to provide relief to EP
are focused on consumer protection and improvement of energy security in the home (via RES or
energy efficiency promotion). The main measures currently active in Cyprus are listed in Table 1.
Table 1: EP-related measures currently active in Cyprus

Consumer
protection

Energy
Security

Policy/Measure

Start

Source

Aim

Special tariff

2006

Government

Electricity
disconnection
protection

2012

Government

Saving Energy –
Upgrading of
Households

2014

Government/EU

Support scheme for
installation or
replacement of solar
water heating systems

2015

Government

Financial assistance (€175 or €350, depending
on the type of investment) for the installation or
replacement of solar water heating systems.

Reduced cost of electricity for specific groups
of vulnerable consumers.
Protection for all vulnerable consumers from
electricity disconnection in critical times. In
2015 it became applicable only to individuals
with serious medical conditions, subject to
examination by a relevant medical board.
Provision of subsidies to promote energy
upgrades and use of RES in households enhanced grant (75%) for vulnerable
consumers.

Energy production from
renewable sources for
self-consumption

2017

Government

Replacement for “Solar energy for all” scheme.
Promotion of PV and Biomass / Biogas
installations for own production. Vulnerable
households receive additional subsidies.

Soft-Loans for
Photovoltaics

2018

Municipality, Cooperative
Bank & Chamber of
Commerce and Industry

Loans with more favourable terms for the
installation of photovoltaic systems on homes

Regarding the consumer protection measures, the special tariff for reduced costs of electricity
was first implemented in 2006. Initially it was of limited access, available only to certain types of
vulnerable consumers. In order to provide as much protection as possible to inhabitants that are
vulnerable, it has since been revised several times to cover a broader range of consumer groups
[34]. However, it is not clear whether the consumers entitled to abridged electricity costs are indeed
living in energy poor conditions. To elaborate, the special tariff is financed from a surcharge on the
electricity bills of all other consumers (a public service obligation), which has actually been
increased as of the 1st of May 2018 [35]. The lack of accurate profiles means that some households
living in EP may not be legally recognized as energy poor households, and in fact be burdened with
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additional costs to support this special tariff, whereas certain beneficiaries may not actually fit the
profile of a consumer living in EP. A similar measure concerns the protection of all vulnerable
consumers from electricity disconnection in critical periods [33]. Despite the weakness in
accurately targeting populations in EP or at risk of it, these measures have a solid basis in ensuring
that vulnerable households (e.g. with health issues or large families that have low annual incomes)
are not denied of basic access to electricity.
Considering the measures dealing with energy security in the home, these include the Support
scheme for the installation or replacement of solar water heating systems [36], the Saving Energy –
Upgrading of Households measure [37] and the Energy production from renewable sources for selfconsumption measure [38]. All of these schemes promote the use of renewable technologies and
energy efficiency measures by providing subsidies. However, only the two measures consider
vulnerable consumers differently, providing additional benefits (Saving Energy – Upgrading of
Households and Energy production from renewable sources for self-consumption). Further to these
nationwide measures funded by the government (or EU grants), some communities have taken it
upon themselves to promote renewable energy. For instance, a municipality in the Larnaca district
(a coastal city in SE Cyprus) has formed synergies with the Central Cooperative Bank and the local
chamber of Commerce and Industry, and offers “Soft loans for Photovoltaics” [39]. This initiative
essentially offers loans with favourable terms to promote PV installation in homes and may act as a
supplementary measure for low income households.

Figure 3: Timeline of measures on the EU level and national for Cyprus. Expired measures are indicated in red

Based on the EU-wide and national measures for Cyprus described above, Fig. 3 presents a
timeline of some of the main steps taken in EP related policy. Two national schemes are included in
this timeline that have now expired, however they are considered to be precursors of the current
measures and provide insights into the evolution of measures in Cyprus. Specifically, the support
scheme for the promotion of RES and energy savings that was announced in 2013 was an initial
form of the “Saving energy- Upgrading of households” scheme that was initiated the following year
with EU funds, offering additional support to vulnerable population. As for “Solar energy for all”, it
remained active until it was replaced by the support scheme for energy production from RES for
self-consumption, in 2017, which included biomass and biogas technologies as well as solar.
4. DISCUSSION
As evident from the parallel timeline of the EU main policies on EP and the measures taken by
the Cyprus government, there seems to be a time lag between the announcement of the EU policies
and the government’s response. However, this is not unusual, as often an adjustment period is
required, especially when the measures require the synergy of different authorities. For example, in
475

2003 the EU first stipulated the need for consumer protection, and not long after (2006), a special
tariff was implemented towards vulnerable consumer groups, with the cooperation of the Electricity
Authority of Cyprus (EAC) and the welfare authorities. Further than that, a development of the
measures is observed, and not just in the case of the expired measures discussed above. The special
tariff initiated in 2006 has been revised several times to include a more refined pool of vulnerable
consumer groups. It is evident that the government of Cyprus has taken some appropriate consumer
protection and energy efficiency measures to satisfy the obligations set by the EU.
Nevertheless, what is missing on a national level in Cyprus is a coordinated approach not only
to describe vulnerable groups, but also to specify the energy vulnerable groups of the country and
tackle EP in a harmonised methodology. The EU has been emanating more and more attention to
the plight of EP and with the recent launch of EPOV seems determined to confront this
phenomenon on an EU-wide level. To this end, the government of Cyprus should start working
towards a dedicated approach of studying EP, in line with the existing methodologies. This could be
a nationwide survey or an authoritative body whose main purpose is to study and ameliorate EP
through efficient policies and synergies (e.g. between EP and Energy Efficient Refurbishment and
RES policies).
An essential part of this effort should be to improve the existing definition of EP and amend it
so that the population affected can be accurately defined. In addition, re-examination of the term
“vulnerable consumer” in the perspective of the “energy vulnerable consumer” could result in more
efficient and accurate policy implementations. This refinement is needed because not all individuals
belonging to vulnerable consumer groups, as currently defined, are living in energy poor conditions
(e.g. a blind but wealthy individual). Conversely, people living in EP may not be identified as
vulnerable consumers and may therefore be excluded from state aids at the moment. As a result, it
can be inferred that providing measurable and well-thought definitions of EP and energy vulnerable
consumers could lead to better apprehending the real extent of EP in Cyprus and to protecting both
consumers and state alike. For example, by fine-tuning and monitoring the special tariff the state
can ensure that beneficiaries are indeed living in low income households and do not take advantage
of the system – e.g. by using more electricity than is actually needed.
5. CONCLUSION
Cyprus is one of only a few countries that have provided a definition of EP. Moreover, in the
same framework, Cyprus has provided measures to protect vulnerable consumers from living in
energy poor conditions, as well as a number of schemes promoting renewable technologies and
energy improvements in the household. An additional incentive is offered to vulnerable consumers
in relation to the rest of the population in only one of these schemes (Saving energy – Upgrading of
households). From the timeline of policy implementation presented here it is apparent that EU
directives and regulations are applied on a national scale in Cyprus, albeit the time delays often
accompanying bureaucratic procedures. Nevertheless, adaptation of existing best practices to the
scale of Cyprus and increased initiative on behalf of the state are encouraged, in order to fully
harmonise with the targets of the EU in the fight against EP. Integral to this effort are the reexaminations of the definitions for EP and energy vulnerable consumers at the national level.
Furthermore, the efforts of local communities should be encouraged and rewarded, promoting a
bottom-up approach similar to other countries, where EP is better understood by now. Finally, EP is
a topic discussed in a very limited scope in Cyprus, and public engagement is needed to raise
awareness on the topic and increase pressure on the political front. The subject of EP is a social
issue involving various other sectors, that needs to be addressed based on scientific knowledge and
the engagement of a wide range of public and private stakeholders.
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ABSTRACT
In 2014, the European Union decided to create an Energy Union. One of its targets is to
increase energy efficiency with the assistance of moderate demand for energy resources. On 30
November 2016 the European Commission proposed an update to the Energy Efficiency Directive.
The Commission's proposals include measures for energy efficiency, renewable energy. The aim of
the study is to build clusters of member countries of the European Union that differ in terms of
energy efficiency indicators. For the study, the cluster analysis method is used. The conducted
cluster analysis made it possible distinguishes four groups of states of the European Union. The
biggest impact in 2015 on the energy efficiency of the member countries of the European Union
have had three indicators gross inland consumption, final Energy Consumption and primary energy
consumption, because their values of F-statistic is the greatest, the least effect was shown by the
indicator electricity generated from renewable sources.
The results of a cluster analysis of energy efficiency indicators show that the countries in the
second and fourth cluster are leaders in the development, production and consumption of renewable
energy sources. The policies of EU member states of the second and fourth cluster can serve as a
guide for other EU countries located in the first and third cluster.
The results of the analysis can be applied to develop a decision support system for the
formation of recommendations in the field of European Union energy policy and the integration of
the European energy market.
1

INTRODUCTION

The European Union's energy policies are driven by three main objectives:
• to ensure secure energy supplies;
• to ensure that energy providers operate in a competitive environment that ensures affordable
prices for homes, businesses, and industries;
• energy consumption to be sustainable, through the lowering of greenhouse gas emissions,
pollution, and fossil fuel dependence.
These goals will help the EU to tackle its most significant energy challenges. Among these,
dependence of EU on energy imports is a particularly pressing issue. Other important challenges
include rising global demand and the scarcity of fuels like crude oil, which contribute to higher
prices.
Key policy areas that will help us achieve EU goals include:
• A European Energy Union that will ensure secure, affordable and clean energy for EU citizens
and businesses;
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• A European Energy Security Strategy;
• A resilient and integrated energy market across the EU. To this end, new pipelines and power
lines are being built to develop EU-wide networks for gas and electricity, and common rules
are being designed to increase competition between suppliers and to promote consumer choice;
• Boosting the EU's domestic production of energy, including the development of renewable
energy sources;
• Promoting energy efficiency;
• Safety across the EU's energy sectors.
To pursue these goals within a coherent long-term strategy, the EU has formulated Energy
strategies for 2020, 2030, and 2050.
The 2020 strategy [1] states that, the EU aims to reduce by 2020 its greenhouse gas emissions
by at least 20%, increase the share of renewable energy to at least 20% of consumption, and achieve
energy savings of 20% or more. All EU countries must also achieve a 10% share of renewable
energy in their transport sector.
Through the attainment of these targets, the EU can help combat climate change and air
pollution, decrease its dependence on foreign fossil fuels, and keep energy affordable for consumers
and businesses.
The Energy Roadmap 2050 [2], published on the 15 December 2011, goes beyond the 2020
goals set out in the Energy 2020 communication and provides an analysis of the long term energy
policy orientations. The Energy roadmap follows on the Roadmap for moving to a low-carbon
economy in 2050, which is part of the EU 2020 Resource Efficient Europe flagship initiative. The
low-carbon roadmap shows the commitment to reduce greenhouse gas emissions by 80 to 95% by
2050 compared to 1990 levels.
EU countries have agreed on a new 2030 Framework for climate and energy [3], including
EU-wide following targets and policy objectives:
• a binding EU target of at least a 40% reduction in greenhouse gas emissions by 2030,
compared to 1990;
• a binding target of at least 27% of renewable energy in the EU;
• an energy efficiency increase of at least 27%, to be reviewed by 2020 with the potential to raise
the target to 30% by 2030;
• the completion of the internal energy market by reaching an electricity interconnection target
of 15% between EU countries by 2030, and pushing forward important infrastructure projects.
Together, these goals provide the EU with a stable policy framework on greenhouse gas
emissions, renewable and energy efficiency, which gives investors more certainty and confirms the
EU's lead in these fields on a global scale.
These 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 Energy Efficiency Directive (2012/27/EU) [4] of 25 October 2012 establishes a set of
binding measures to help the EU reach its 20% energy efficiency target by 2020. Under the
Directive, all EU countries are required to use energy more efficiently at all stages of the energy
chain, from production to final consumption.
Implementation of Directive foresees that by 30 April each year as from 2013, Member States
shall report on the progress achieved towards national energy efficiency targets. By 30 April 2014,
and every three years thereafter, Member States shall submit National Energy Efficiency Action
Plans, covering significant energy efficiency improvement measures and expected and/or achieved
energy savings, including those in the supply, transmission and distribution of energy as well as
energy end-use, in view of achieving the national energy efficiency targets. The National Energy
Efficiency Action Plans shall be complemented with updated estimates of expected overall primary
energy consumption in 2020, as well as estimated levels of primary energy consumption in specific
sectors.
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On 30 November 2016 the European Commission [5] proposed an update to the Energy
Efficiency Directive, including a new 30% energy efficiency target for 2030, and measures to
update the Directive to make sure the new target is met.
The Commission wants the EU to lead the clean energy transition, not only adapt to it. For
this reason the EU has committed to cut CO2 emissions by at least 40% by 2030 while modernizing
the EU's economy and delivering on jobs and growth for all European citizens. The proposals have
three main goals: putting energy efficiency first, achieving global leadership in renewable energies
and providing a fair deal for consumers.
Across the countries there are considerably variations in the approaches to energy efficiency
policy. The reason for this observation may be that due to cultural differences and societal habits,
measures have different effectiveness according to the country context. It raises, however, also the
question whether the national set of measures can be extended to include other measure types which
have not been experienced in the past.
Since the issue of energy efficiency is becoming increasingly important in the European
Union, many researchers have focused their attention on studying this problem. Next, we examined
the research of scientists involved in analyzing the energy efficiency of EU countries.
Balitskiy, S., et al. [6] evaluates the relationship between energy, consumption of the natural
gas, and economic development in the European Union. The results show that there is a direct
relationship between the economic growth of the EU and the consumption of natural gas.
Filipović, S., et al. [7]was to analyse the energy intensity in EU-28 member states for the
period 1990–2012 with aim establish its determinants, and estimate the size and statistical
significance of the effect of each determinant on energy intensity. The estimated model showed that
energy prices, energy taxes and GDP (gross domestic product) per capita have a negative influence
on energy intensity, while the growth of gross inland consumption and final energy consumption
per capita positively affect energy intensity.
Gómez-Calvet [8] analyzes the efficiency with which electricity and derived heat was
produced in 25 EU member states over the last decade. Results reveal efficiency differences among
EU countries: those countries from the latest EU enlargements account for the lowest efficiencies,
with large opportunities for improvement in CO2 abatement and primary energy saving.
Löschel, A., et al. was investigate the decline in energy intensity in the EU 27 countries
between 1995 and 2009 [9]. It was shown that the economic growth, capital intensity and energy
prices affect energy intensity.
Grossi [10] investigates inequality in energy intensity between EU-28 member countries over
the 2007-2012 period. Results show that final energy intensity plays a major role in explaining
inequality in the energy intensity between EU-28 member countries.
For the analysis of energy efficiency indicators, multidimensional statistical methods [11-19]
and a method of analysis panel data [7, 20-23] are used. Diakoulaki et al. [24] used a multicriteria
methodology to determine the relative contribution of different factors such as socio-economic
indices, structural characteristics, and energy mix of countries in reaching a desired level of energy
efficiency. The results show that richer countries achieve better energy intensity than less developed
ones.
2

METHODOLOGY

In the process of studying the formation of the EU energy policy and the prospects for further
improving the energy efficiency of the economies of the member countries of the European Union,
their multidimensional grouping on key indicators is of great scientific interest, which makes it
possible to more clearly reveal and describe the patterns of development of this sector of the
economy.
Evaluation of energy efficiency policies and trends aims at providing comparative indicators
and comparable characteristics that help countries understand if their policies are comparable or
better than in other countries, or they can learn from other countries to improve their policies. To
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this end, a multidimensional grouping is a useful tool that collects on the whole numerous aspects
that, to the extent possible, are quantified and compared between countries.
All economic processes and phenomena depend on a large number of factors characterizing
them, which causes difficulties associated with identifying the structure of their interrelationships.
In statistical studies, the grouping of primary data is the main method of solving the classification
problem, and therefore the basis for all further work with the collected information. In such
situations, the use of methods of multivariate statistical analysis is not only justified, but also
essential.
One of such methods, allowing analyzing a large amount of information and significantly
reducing large amounts of socio-economic information, making it compact and visible, is a cluster
analysis.
The task of clustering consists in splitting the investigated set of objects into homogeneous
groups of objects, called clusters. In order to study the current dynamics of energy efficiency of the
EU countries, we will cluster the EU countries in key energy efficiency indicators.
The clustering of the EU countries was analyzed in terms of indicators for 2015. The initial
data for the study were data from the official statistical service of the European Union [25] and the
International Energy Agency [26].
In the statistical study of the dynamics of energy efficiency of the EU countries, the
following indicators characterizing the state of energy efficiency of the country's economy were
used:
X1 – gross inland consumption, million tonnes of oil equivalent (TOE);
Х2 – total GBAORD by NABS05 (energy) socio-economic objectives, euro per inhabitant;
Х3 – total GBAORD by NABS05 (energy) socio-economic objectives, million euro;
Х4 – final Energy Consumption, million TOE;
Х5 – share of renewable energy in gross final energy consumption, %;
Х6 – total intramural R&D expenditure (GERD) by sectors of performance and fields of science
(All sectors), euro per inhabitant;
Х7 – electricity generated from renewable sources, % of gross electricity consumption;
Х8 – primary production of renewable energy, 1000 tonnes of oil equivalent (TOE);
Х9 – primary energy consumption, million TOE.
Clustering was carried out with the use of software-application package STATISTICA,
which provides for significant computing capabilities.
The most popular among non-hierarchical methods is the k-means method. In this case, the
object belongs to that cluster, the distance to which is minimal. Preference for this method is due to
the simplicity and speed of its implementation, the transparency of the algorithm with a sufficiently
high quality of the result.
The best clustering also corresponds to large values of the F-criterion and smaller values of
the significance level. Signs with a high level of significance (usually greater than 0.05) are often
excluded from the clusterization procedure.
3

RESULTS

The results of the variance analysis in the case of splitting the studied population of European
Union states into two clusters turned out to be unsatisfactory. All indicators, except total GBAORD
by NABS05 (energy) socio-economic objective and primary production of renewable energy, make
an insignificant contribution when dividing the population into two clusters. In this case, the
intragroup variance of the indices is significantly higher than the value of the intergroup variance.
When the aggregate of the European Union countries were divided into three clusters, the results of
the variance analysis were also unsatisfactory. The indicators of the share of renewable energy in
gross final energy consumption and electricity generation from renewable sources make an
insignificant contribution when the population is divided into three clusters.
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To get a better clustering, we'll increase the number of clusters to four, leaving the initial
composition of the indicators unchanged.
The results of the analysis of variance, given in (Table 1), allow us to conclude that the
division of the studied population of countries into four clusters is close to optimal. The values of
intergroup variances with this clustering exceed the values of the intra-group variances of the
investigated features.
Table 1. Analysis of Variance (four clusters)
Intergroup
Intra-group
variance
variance
Gross inland consumption
22,09871
4,90130
Total GBAORD by NABS05 (energy)
18,83615
8,16385
socio-economic objectives
Total GBAORD by NABS05 (energy)
18,83101
8,16899
socio-economic objectives
Final Energy Consumption
22,43860
4,56140
Share of renewable energy in gross final
18,37645
8,62355
energy consumption
Total intramural R&D expenditure
(GERD) by sectors of performance and
18,86891
8,13109
fields of science (All sectors
Electricity generated from renewable
15,33335
11,66665
sources
Primary production of renewable energy
17,90261
9,09740
Primary energy consumption
22,28394
4,71606

Fp-value
statistic
36,06999 0,000000
18,45812 0,000002
18,44145 0,000002
39,35387 0,000000
17,04769 0,000004
18,56472 0,000002
10,51431 0,000132
15,74306 0,000007
37,80092 0,000000

The level of significance in all cases is substantially lower than 0.05 and indicates that the
contribution of all characteristics to the multidimensional clustering process is significant.
The first cluster includes Belgium, Czech Republic, Spain, Cyprus, Luxembourg, Hungary,
Malta, Netherlands, Poland.
The second cluster contains Germany, France, Italy, United Kingdom. These countries of the
European Union have most GDP at market prices[25].
The third cluster includes Bulgaria, Estonia, Ireland, Greece, Croatia, Latvia, Lithuania,
Portugal, Romania, Slovenia and Slovakia.
The fourth cluster includes Denmark, Austria, Finland and Sweden.
For selected clusters, we calculate the Euclidean distance between the cluster centers (Table
2). Under the diagonal of the table, the Euclidean distances between the centers of the clusters are
given. The squares of these distances are shown above the diagonal of the table.
The data of (Table 2) indicate that the maximum distance is noted between the second and
third clusters, the minimum - between the first and third clusters.
Table 2. Euclidean distances between the centers of the clusters
Claster 1 Claster2 Claster3 Claster4
Claster 1 0.000000 3.093585 0.347301 2.232816
Claster 2 1.758859 0.000000 4.071290 3.809736
Claster 3 0.589322 2.017744 0.000000 1.775556
Claster 4 1.494261 1.951854 1.332500 0.000000
In order to more fully interpret the results of cluster analysis for each selected cluster, we
determine the average values of the normalized indicators (averaging is performed inside the
cluster) (Table 3).
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Table 3. Average values of normalized indicators for clusters
Index Claster 1 Claster2 Claster3 Claster4
Х1
-0.138818 2.135387 -0.544549 -0.325536
Х2
-0.435544 0.642022 -0.520061 1.768120
Х3
-0.327952 1.985369 -0.435507 -0.049832
Х4
-0.156975 2.152680 -0.553993 -0.276006
Х5
-0.817065 -0.498294 0.256288 1.631899
Х6
-0.092289 0.469096 -0.727339 1.738736
Х7
-0.832486 -0.098736 0.180823 1.474566
Х8
-0.304591 1.830454 -0.539778 0.339265
Х9
-0.155511 2.148739 -0.539269 -0.315850
The data of (Table 3) allow us to conclude that according to the average values of the indices
of gross inland consumption, total GBAORD by NABS05 (energy) socio-economic objective, final
energy consumption, Germany, France, Italy and Great Britain, are forming the second cluster and
having most GDP at market prices.
4

DISCUSSION

This research shows that the hierarchical and non-hierarchical methods of clustering the
studied set of EU countries, in the case of analysis of energy efficiency differ slightly in terms of
results. With a hierarchical method of partitioning clusters of the studied population of the
European Union, Spain falls into the third cluster. Apparently, according to its economic
development and energy efficiency, Spain is closer to the countries of third cluster than the second
cluster.
Thus, the conducted cluster analysis made it possible to clearly distinguish four groups of
states of the European Union.
In the distribution of the member countries of the European Union on clusters of indicators of
energy efficiency the biggest impact in 2015, is explained by three indicators gross inland
consumption (X1), final Energy Consumption (X4) and primary energy consumption (X9), because
their values of F statistic is the greatest, the least effect was shown by the indicator electricity
generated from renewable sources (X7).
The first cluster, which includes Belgium, Czech Republic, Spain, Cyprus, Luxembourg,
Hungary, Malta, Netherlands, Poland, is characterized by the following indicators:
• low gross inland consumption;
• low total GBAORD by NABS05 (energy) socio-economic objective in euro per inhabitant;
• low total GBAORD by NABS05 (energy) socio-economic objective in million euro;
• average final Energy Consumption;
• low share of renewable energy in gross final energy consumption;
• average total intramural R & D expenditure (GERD) by sectors of performance and fields of
science (All sectors);
• low production of renewable energy;
• low primary energy consumption.
Cluster 1 features the lowest share of renewable energy in gross final energy consumption
(X5) and electricity generation from renewable sources (X7). The most common elements in the first
cluster are such countries as Belgium, Czech Republic, Hungary because of their distances from the
center of cluster are the smallest. The most outstanding countries in this cluster are Spain,
Luxembourg, as evidenced by the greatest distance from the cluster center.
The second cluster, which includes Germany, France, Italy, United Kingdom, is characterized
by the following indicators:
• high gross inland consumption;
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average total GBAORD by NABS05 (energy) socio-economic objective in euro per inhabitant;
high total GBAORD by NABS05 (energy) socio-economic objective in million euro;
high final Energy Consumption;
low share of renewable energy in gross final energy consumption;
average total intramural R & D expenditure (GERD) by sectors of performance and fields of
science (All sectors);
• average power generation from renewable sources;
• high primary production of renewable energy;
• high primary energy consumption.
Cluster 2 includes the countries of the European Union have most GDP at market prices. It is
characterized by the highest indicators of gross inland consumption (X1), total GBAORD by
NABS05 (energy) socio-economic target in million euro (X3), final Energy Consumption (X4),
primary production of renewable energy (X8) and primary energy consumption (X9). The most
common element in the second cluster is France because of their distance from the center of cluster
is the smallest. The most outstanding country in this cluster is Germany as evidenced by the greatest
distance from the cluster center.
According to the cluster analysis of imports of crude oil and natural gas, Germany is highly
dependent on imports of crude oil and natural gas from Russia and the United Kingdom is heavily
dependent on natural gas imports from Qatar. The other two countries from this cluster - Italy and
France, are characterized by dependence on imports of crude oil from the Saudi Arabia, as these
countries are on the Mediterranean coast and oil is supplied to these countries by tankers. In
general, almost all the countries of the European Union depend to a greater or lesser extent on the
supply of natural gas from Russia.
In mid-December of 2017 there was an explosion on the gas pipeline in Austria. Through this
pipeline, natural gas was delivered from Russia to Italy and Germany. The accident caused a state
of emergency in Italy, which led to the use of a range of measures such as allowing using the coal
and oil power plants to fire at full power. This situation led to an increase in the price of natural gas
in Italy by 215% [27].
This case shows how the energy security of the countries of the European Union can be
unstable both because of external and internal reasons. In connection with this situation, the issue of
diversification of energy supplies by exporting countries, as well as the need to develop more
actively the production of renewable energy sources, is becoming more acute.
The third cluster, which includes Bulgaria, Estonia, Ireland, Greece, Croatia, Latvia,
Lithuania, Portugal, Romania, Slovenia and Slovakia, is characterized by the following indicators:
• low gross inland consumption;
• low total GBAORD by NABS05 (energy) socio-economic objective in euro per inhabitant;
• low total GBAORD by NABS05 (energy) socio-economic objective in million euro;
• low final Energy Consumption;
• average share of renewable energy in gross final energy consumption;
• low total intramural R & D expenditure (GERD) by sectors of performance and fields of
science (All sectors);
• average power generation from renewable sources;
• low primary production of renewable energy;
• low primary energy consumption.
Cluster 3 is characterized by the lowest indicators of gross inland consumption (X1), total
GBAORD by NABS05 (energy) socio-economic objective in euro per inhabitant (X2), total
GBAORD by NABS05 (energy) socio-economic objective in million euro (X3), final Energy
Consumption (X4), total intramural R & D expenditure (GERD) by sectors of performance and
fields of science (All sectors) (X6), primary production of renewable energy (X8), primary energy
consumption (X9). This cluster is the most numerous in composition, it includes the least
economically developed countries of the European Union, are such countries as the countries of
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Eastern and South-Eastern Europe, the Baltic countries, and also Ireland and Portugal. The most
common elements in the third cluster are Bulgaria, Greece, Romania, and Slovenia because of their
distance from the center of cluster are the smallest. The most outstanding country in this cluster is
Latvia as evidenced by the greatest distance from the cluster center.
The fourth cluster, which includes Denmark, Austria, Finland and Sweden, is characterized by
the following indicators:
• low gross inland consumption;
• high total GBAORD by NABS05 (energy) socio-economic objective in euro per inhabitant;
• average total GBAORD by NABS05 (energy) socio-economic objective in million euro;
• low final Energy Consumption;
• high share of renewable energy in gross final energy consumption;
• high total intramural R & D expenditure (GERD) by sectors of performance and fields of
science (All sectors);
• high power generation from renewable sources;
• average primary production of renewable energy;
• low primary energy consumption.
Cluster 4 includes Scandinavian countries of the European Union, as well as Austria. This
cluster is distinguished by the highest level of indicators total GBAORD by NABS05 (energy)
socio-economic objective in euro per inhabitant (X2), share of renewable energy in gross final
energy consumption (X5), total intramural R & D expenditure (GERD) by sectors of performance
and fields of science (All sectors) (X6), power generation from renewable sources (X7). This is
mainly due to the high level of public investment in research and development in the field of
energy, as well as the high level of production and consumption of renewable energy sources. The
most common element in the fourth cluster is Denmark because of their distance from the center of
cluster is the smallest. The most outstanding country in this cluster is Finland as evidenced by the
greatest distance from the cluster center.
5

CONCLUSION

The results of a cluster analysis of energy efficiency indicators show that the countries in the
second and fourth cluster are leaders in the development, production and consumption of renewable
energy sources.
The second and fourth cluster of EU member states is of particular interest, since they show
best practices for improving energy efficiency and the policies of these states can serve as a guide
for other EU countries located in the first and third cluster.
The prerequisites for improving energy efficiency in the countries in the first and third
clusters are:
• developed energy and production infrastructure;
• a policy of sustainable economic development aimed at increasing the production and
consumption of green energy;
• the policy of reducing imports of energy resources by developing their own energy resources
and, consequently, reducing energy dependence;
• policy of diversification of resources, supplies and sources of renewable energy sources;
• an increase in the share of energy from cogeneration - a rational policy of restructuring the
economy in the direction of priority development of an energy-saving, environmentally
friendly, efficient structure of energy resources.
Activities to reduce energy consumption and improve energy efficiency are:
1. Preparation of energy consumers for mandatory energy efficiency checks, annual analysis
of their fuel and energy consumption and programs for its optimization;
2. Assistance to the development of small and medium-sized enterprises by increasing their
investment activity, participating in the development of projects supporting the introduction of
energy-saving, environmentally friendly technologies in them;
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3. Development of energy management, improvement of corporate governance through the
inclusion of effective energy consumption measures in business programs, encouraging the
authorities to reduce energy costs, providing information on energy costs necessary for the
development of national and sectoral production programs;
4. Development of public-private partnership in the field of energy conservation in order to
increase the competitiveness of enterprises in the economic sectors;
5. Significant reduction in energy costs in production costs. The reduction in the cost of
primary energy resources and final energy consumption will be related to reducing the volume of
waste from production and consumption and, consequently, from environmental pollution and
cleaning costs;
6. Monitoring and evaluation of actions taken.
7. Creation of natural gas storage facilities and development of gas transmission networks and
interconnections in order to improve the country's energy security.
8. Increase investments in alternative energy sources.
Increasing energy efficiency in countries in the first and third clusters should bring them closer to
the average level of energy efficiency in the EU countries.
Undoubtedly, it would be advisable to continue research into the dynamics of energy
efficiency indicators of the member countries of the European Union and to make a forecast for the
near future.
ABBREVIATIONS
The following abbreviations are used in this manuscript:
GBAORD
Government budget appropriations or outlays for research and development
GERD Gross domestic expenditure on research and experimental development
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ABSTRACT
Guarantees of Origin (GOs) are becoming the standard means by which the origin of
electricity is disclosed to the final consumer. Transmission System Operator-Cyprus (TSOC) being
the Authorized Issuing Body of Guarantees of Origin for Renewable Energy Sources (RES) and
High Efficiency Cogeneration (HECHP) has set up the Cyprus Electronic Registry of Guarantees of
Origin. This paper presents general information on the use of Guarantees of Origin for electricity
tracking, as well as details of the Cyprus GO System. The methodology applied in Cyprus for the
calculation of the National and the Supplier Energy Mix of Electricity and the Disclosure of the
Supplier Energy Mix is presented. Finally, suggestions for facilitating further the development of
the GO market are presented.
1

INTRODUCTION

The idea of using electronic certificates to track the origin of electricity supplied to consumers
appeared late in the 1990’s as a private initiative among energy stakeholders (producers, suppliers,
regulators and transmission system operators) in the Netherlands and the Nordic (Scandinavian)
countries and led to the establishment of the Renewable Energy Certificate System (RECS) in 2001.
An electronic platform was also created for trading RECS certificates, firstly, within national
registries and then internationally among the participating registries [1, 2].
As the liberalization of the electricity sector progressed further, the European Directives on
Renewable Energy Sources 2001/77/EC (later recast as 2009/28/EC) and Energy Efficiency
2004/8/EC (later recast as 2012/27/EC) introduced the Guarantee of Origin (GO), as the tool for
tracking energy attributes (i.e. technical characteristics). The two Directives require that each
member state creates an accurate, reliable and fraud-resistant GO System for Renewable Energy
Sources (RES) and Hi-Efficiency Heat and Power Cogeneration (HECHP), respectively. The
Internal Energy Market Directive 2003/54/EC (later recast as 2009/72/EC) introduced the energy
source disclosure requirement for suppliers, something which can be most reliably applied by the
use of Guarantees of Origin (GOs)[3].
The creation of the European Energy Certificate Standard (EECS) by the Association of
Issuing Bodies (AIB) in 2005, created a truly standardized GO certificate system which has
received wide recognition in cross-border electricity attribute trading and use in energy source
disclosure. The organization created its own platform, the AIB hub, through which both EECS and
RECS certificates could be transferred among registries [1].
The market demand for GO documented electricity rose from 25 TWh in 2005 to 472 TWh in
2017 (Figure 1). The 2016 figures correspond to more than 11% of all European energy demand
and 33% of all European RES electricity [4].
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Figure 1. Market demand for GO documented electricity (AIB data).
2

CYPRUS SYSTEM OF GUARANTEES OF ORIGIN

During the process of harmonization with the RES (2009/28/EC) and Energy Efficiency
(2004/8/EC) directives, the legal and regulatory authorities in Cyprus introduced all necessary
clauses in the legal framework to comply with the GO related provisions of the two directives.
These efforts culminated with the creation of the Cyprus GO Registry in 2010, owned and
administered by the Transmission System Operator-Cyprus (TSOC) which is the Cyprus authorised
issuing body for RES and HECHP GOs [5, 6]. The registry supports GOs for Renewable Energy
and Hi-efficiency Heat and Power Cogeneration (HECHP).
The first installation was registered in February 2011 and the first RES GOs were issued on
the same month. There are now 6 wind farm installations registered with a total capacity of 157
MW, while there have not been any HECHP installations registered yet.
The Cyprus GO System has been continually developed since its creation. Specifically, it
became fully EECS compatible in 2016, something which is a requirement for AIB Membership.
In fact, TSOC became an AIB member with full rights for imports and exports of EECS GOs in
2016. The GO Registry itself has been upgraded to be able to connect with the AIB hub, through
which transactions (imports and exports) will be performed.
The roles and responsibilities of the involved organizations in the Cyprus GO System as it has
been set through a number of laws and regulating decisions are the following:
Competent Authority: Cyprus Energy Regulating Authority (CERA) is the designated Competent
Authority in Cyprus according to relevant laws. It appointed TSOC as the Authorised Issuing
Body, and TSOC and Distribution System Operator (DSO) as the Measurement Bodies. DSO was
also appointed as the Issuing Body’s Agent for RES facilities on the Distribution System. CERA
retains a supervisory role for the Cyprus GO system, it publishes regulations, approves Registry
fees and GO imports from other countries, etc.
Authorised Issuing Body: TSOC is the Authorised Issuing Body in the Cyprus GO system. It is a
member of AIB since June 2016. It receives applications for plant registration and GO issuing,
performs plant inspections for RES on the Transmission System, and for all HECHP installations.
It operates and maintains the GO Registry and is responsible for performing the National Residual
Mix calculation.
Measurement Bodies: TSOC is the measurement body for RES on the Transmission System and
for all HECHP installations. Distribution System Operator (DSO) is the measurement body for
RES on the Distribution System.
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Authorised Issuing Body’s Agent: DSO is TSOC’s agent for RES plants on the Distribution
System. It receives applications for plant registration and GO issuing and performs plant
inspections.
3

USE OF GOS FOR ELECTRICITY TRACKING

Electricity is produced in power plants of different types with respect to fuel, size, technology,
location etc. and fed to the grid to satisfy demand. In general, suppliers purchase bulk quantities in
time dependent contracts (wholesale trade), either directly from producers or from an organized
power market, and sell it at the retail level to individual customers (consumers) based on their
metered consumption. Physically, the power satisfying a customer’s demand originates from many
sources, that is, from all the power plants connected to the grid. GOs introduced an efficient and
reliable mechanism for tracking (labelling) the energy origin of electricity.
A RES or HECHP GO is an electronic certificate issued for 1 MWh electricity exported in the
grid produced by RES or HECHP, respectively. GOs are issued on a voluntary basis to the owner
of the plants (producers) after the end of a reference period (usually one month), by the single
Authorized Issuing Body responsible for GOs in the geographical domain of the production
installation. In this way, the energy produced coupled with all its attributes is ‘booked’ to the
producer’s account on the GO registry. All electricity for which GOs are issued is, thus, separated
from the rest which forms the Residual Mixture of the domain.
On the consumption side, suppliers who wish to prove to their final customers the origin of
the electricity they supply (e.g. wind, biomass, hydro, solar, HECHP) they have to buy such GOs
from respective producers. The GOs are then transferred to the suppliers account on the GO
registry and cancelled so that the specific energy and its attributes cannot be ‘claimed’ for another
customer or passed over to another supplier. Figure 2 shows schematically the use of GOs for
tracking electricity from production to the final customer.

Figure 2. Tracking of electricity through Guarantees of Origin (AIBc, used by permission)
The process, known as suppliers mix disclosure, is governed by legal/regulatory decisions and
effectively prevents double counting of electricity [3]. Word has it that, before the GO system was
introduced in Europe, the amount of sold electricity ‘claimed’ by suppliers to be RES was greater
than the total RES produced electricity.
4

INFORMATION CONVEYED BY THE GO

GOs are uniquely identifiable and relate to a standard unit of energy – 1 megawatt hour
(1MWh). Each GO contains standard information (energy attributes) relating to where, how and
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when the associated energy was generated and of its environmental impact as specified in the
relevant European directives. The information is the following:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

The “energy medium” – electricity (Note: RES Directive 2009/28/EC provides also for
heating and cooling GOs)
A unique certificate number
The identity of the installation
The country of issue
The renewable energy source (e.g. wind, offshore wind, solar, biomass, hydro,
geothermal)/or the technology (e.g. HECHP) (Note: in some countries GOs are issued for
fossil and nuclear fuels, also)
The first and last days on which the associated energy was produced
The date on which the installation became operational
The location of the installation
The capacity of the installation
The date of issue
The total electricity produced by the installation during the period
In the case of biomass its composition, calorific value as well as the quantity used
In the case of co-firing the type and calorific value of fossil fuel used
The amount of electricity attributed to RES or HECHP
The identity of any independent label schemes under which it is eligible (e.g. TUV, Green
Certificates, OK Power)
An indication of whether other certificates have been (or can be) issued, associated with the
same unit of energy, for other purposes
An indication of whether or not public support has been received, and the form of such
support

In addition, HECHP GOs contain the following attributes:
• Use of heat (category)
• Lower Calorific value of fuel used
• CO2 emitted
• Primary Energy savings (%)
• Actual amount of primary energy savings (MJ)
• CO2 savings (%)
The amount of energy attributed to HECHP and Primary energy savings are calculated according to
the methodology presented in Annexes I and II of the Energy Efficiency Directive 2012/27/EC.
As it can be seen from the above the GO describes to a great detail the installation which has
produced the electricity. In such a way, the final consumer is given the choice to select the
electricity they purchase (through a supplier) based on any of the attributes carried on the GO (e.g.
age of plant, supported/not supported, geographical location, energy source, technology etc.).
Suppliers in order to meet market demands create GO-based electricity products to offer to their
customers.
5

DISCLOSURE

The Internal Energy Market Directive has set forward the obligation of electricity suppliers to
inform their customers on the contribution of each energy source to the total fuel mixture of
electricity they supply in a clear, transparent and easily comparable manner. Suppliers should also
present information on the environmental impact with respect to CO2 emissions and radioactive
waste as a result of the supplier’s total fuel mixture. The directive specifies that such information
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should be presented on energy bills and any other promotional material. Disclosure regulations
specify the timeframe, the methodology, and guidelines for the presentation of the results.
The European project Reliable Disclosure Systems for Europe (RE-DISS) [3] established a set
of best practice recommendations for performing the electricity disclosure calculation which are
based on Guarantees of Origin [7]. Since their first version publication in 2012, the RE-DISS
recommendations have become the standard practice for disclosure systems in Europe. Among
other things, recommendations are made for time period for disclosure information to be published,
the time periods to be taken into account for issuing, cancelling and expiring of GOs.
Electricity Disclosure in Cyprus was implemented by the Cyprus Energy Regulating
Authority (CERA) Decision 1275/2015 [8] and is based on the RE-DISS best practices and follows
the so called ‘Issuance Based Method’ [7]. The method looks at the numbers of issued and
cancelled GOs and does not consider imports and exports of GOs. These are of course taken into
account implicitly, as the difference between cancellations and issues. In cases of net exports,
issuing will be more than cancellations, while in case of net imports cancellations will be more than
issuing.
The idea behind supplier disclosure is that sold electricity for each supplier, i.e. consumption,
is separated into an amount of known origin (tracked) and an amount of unknown origin
(untracked). Tracked consumption of a supplier is the amount of electricity for which a supplier
cancels GOs. The corresponding attributes of this electricity, e.g. wind energy, are credited to the
supplier and cannot be claimed by another supplier.
Any electricity sold by a supplier beyond the amount corresponding to the cancelled GOs is
Untracked Consumption and is considered to have the composition of the Residual Mix.
Consequently, Untracked Consumption is the same for all suppliers as it is made up from the
Residual Mix which characterizes the geographical domain for which disclosure of electricity is
reported.
Residual Mix contains all the electricity sold to final consumers for which the origin cannot
be documented by GOs. It is thus made up from all electricity for which GOs have not been issued,
plus the electricity corresponding to expired GOs, i.e. GOs that have not been used within their 12
month life period. The Residual Mix represents an amount of electricity in GWhrs and has specific
composition, i.e. contribution of each energy source, e.g. conventional, RES, nuclear, other sources,
as specified by the disclosure regulation.
The physical volumes of energy contained in Untracked Consumption and the Residual Mix
may, however, not be the same, due to the different quantities involved in the calculation, i.e.:
Untracked consumption = Sales + Grid Losses – Cancelled GOs

(1)

Preliminary Residual Mix = Net Production – Issued GOs + Expired GOs

(2)

In interconnected systems where there is cross border trading/transfer of electricity, {Net
Production} may differ greatly from {Sales + Grid Losses}. Even in isolated systems like Cyprus,
the international transfer of GOs will create a difference between Untracked Consumption and the
Residual Mix.
The difference is caused by the fact that {Issued GOs – Expired GOs} are not necessarily
equal to {Cancelled GOs}. As it has been mentioned above, imports and exports of GOs affect the
number of cancelled GOs. The number of expired GOs is expected to be small, except in domains
where the GO market is not developed, e.g. Cyprus, and thus suppliers do not care to cancel GOs.
The numerical difference between Residual Mix and Untracked Consumption can be positive or
negative:
Difference > 0, Surplus of Energy Attributes due to exports of GOs

(3)

Difference < 0, Deficit of Energy Attributes due to imports of GOs

(4)
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and represents an amount of energy with particular composition:
•

Surplus has the composition of the Residual Mix and once calculated it is reported to the
AIB in order to be used in the calculation of the European Attribute Mix (EAM) [9].

•

Deficit has the composition of the EAM. The EAM is made up from all the surpluses in
Europe and is used to fill in the deficits in the countries where such a deficit exist [9].

Once the Residual Mix is adjusted by either filling the deficit by the contribution of the EAM
or by subtracting the surplus and sending it to AIB for calculating the EAM, it becomes equal to
Untracked Consumption and becomes the Final National Residual Mix. It represents the electricity
consumed in a country for which GOs have not been cancelled. Its size in GWhrs is the national
consumption minus the energy represented by the cancelled GOs.
Final National Residual Mix = Preliminary RM ± Deficit/Surplus

(5)

The total electricity consumed in a country is represented by the National Energy Mix and is
made up from the Final National Residual Mix and the total number of cancelled GOs in the
domain. Its composition is the one deduced by the addition of the attributes of the cancelled GOs to
those of the National Residual Mix. The compositions of the National Residual Mix and the
National Energy Mix are published by the authorized body according to the provisions of the
Disclosure legislation [10].
Final National Energy Mix = Final National RM + Cancelled GOs

(6)

Finally, a Supplier’s Energy mixture is made up of the energy represented by his cancelled
GOs plus energy having the composition of the Residual Mix to match its total sales to consumers.
Supplier’s Energy Mix = Cancelled GOs by the Supplier + Final National RM

(7)

In the case of Cyprus, as the only Supplier does not cancel any GOs, its Energy Mix is
identical to the Final National Residual Mix. The composition of the mixture is published on
electricity bills and other promotional material of the supplier of electricity together with the
National Energy Mix.
The results of the Disclosure calculation for 2017, performed by TSOC [10] are shown in
Table 1. The composition of the Final Residual Mix and the National Energy Mix are identical as
there were not any Cancelled GOs in the Cyprus GO Registry in 2017. The single supplier’s
Energy Mix compared to the Cyprus Energy Mix as appearing on energy bills of the supplier in are
shown in Figure 3. The two mixtures are by definition identical due to the absence of other
suppliers.
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Energy Source
Conventional
RES
Other Sources

Final National Residual Mix
91.6%
8.4%
0.0%

Final National Energy Mix
91.6%
8.4%
0.0%

Table 1. Disclosure Calculation Results 2017 [10].

Figure 3. Suppliers Mix Disclosure on energy bills in Cyprus.
6

GO INTEREST IN CYPRUS

There is currently no market activity for GOs in Cyprus primarily due to two reasons. On the
GO demand side, as there is no competition on the supply of electricity, the single supplier has not
shown interest in registering in the GO Registry in order to cancel GOs. On the GO supply side,
owners of GOs, i.e. wind energy producers, are not allowed to receive additional income from
selling GOs due to a relevant clause in the agreement they have signed with the RES Support Fund,
and are thus prevented from selling their GOs abroad. (Note: As a result, issued GOs remain in the
Registry until they expire).
Supplier interest, even under the current monopoly market, is expected to be forced by
customer demand, as has been the case in other countries. At least one multinational company
operating in Cyprus has expressed interest in buying GOs for its local electricity consumption in the
framework of its corporate strategy, alas, this has not been possible yet, as the single supplier does
not cancel GOs . It is expected that interest will soon reappear not only among multinational
companies, but also among local companies, e.g. banks, hotels, food industry, airports, shopping
malls, etc.
As prices of GOs in Europe have increased significantly during the last year (approximately
@1€/MWh, June 2018)[11] the potential revenue of marketing Cyprus GOs has also increased.
There should be cooperation between all the involved parties (the Ministry of Energy, the
Regulator, and RES producers) so that a working solution will be found on the issue of allowing
supported GOs to be traded which will be beneficial for all. Auctioning GOs, as suggested by the
upcoming RES directive, currently under discussion, although having an administrative burden may
be the way to move forward and get out of the current gridlock in the Cyprus GO market.
7

CONCLUSION

The GO System in Cyprus is founded on a very sound basis as it conforms to the REDISS
Best Practices and the EECS Rules of the AIB. The Cyprus GO Registry supports both RES and
HECHP GOs and is soon to be connected to the AIB hub.
Supplier Energy Disclosure has been applied since 2015, even though there is little interest on
the part of the single supplier. Due to this lack of interest there are not any Cancellations of GOs,
and thus only Issued and Expired GOs take part in the Disclosure calculation.
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The rising values of GOs, customer demand and the upcoming competition on the supply of
electricity are expected to create an increasing interest in GOs in Cyprus.
Cooperation of all the involved parties is needed in order to facilitate the further development
of the GO market.
Disclaimer: The opinions presented in this paper are the author’s and do not represent in any way
the position of Transmission System Operator - Cyprus on any of the issues discussed in the paper.
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ABSTRACT
Environmental management systems (EMSs) are among the leading tools that
support policy-makers in decisions related to sustainability improvement, public
incentives, regulations and use of standards to improve environmental performance,
energy efficiency and foster new green technologies.
EMSs often deal with the need to adapt to any change in environmental conditions
and hence include matters such as the need to address other environmental consequences
which are not due to climate change, for example loss of ecosystem services and
biodiversity. EMSs control major environmental impacts (such as emissions, energy use,
transport, waste and consumption of materials) offering significant performance benefits.
Those benefits are well acknowledged as demonstrated by their wide establishment as an
evidence of sustainability at global scale by a variety of actors, companies, organisations,
authorities, governments.
Given that Cyprus is a country already experiencing climate change impacts,
mainly by extensive droughts and shrinkage of water supply and biodiversity, the need
for the development of effective EMSs is imperative. A successful example of EMS is
the Air Quality Management System (AQMS) that is currently maintained by the
Department of Labour Inspection, Ministry of Labour and Social Insurance of Cyprus,
the authority responsible for the assessment, monitoring and reporting of air quality in the
country. The AQMS was developed with the joint collaboration of the Laboratory of Heat
Transfer and Environmental Engineering, Department of Mechanical Engineering,
Aristotle University of Thessaloniki and is based on the compilation of an emissions
inventory that includes data from all major activity sectors and functions on the basis of
a continuous update of the emissions database.
In addition, due to the expected long-term growth of energy use (according to data
from The Statistical Service of Cyprus), public authorities may identify the necessity of
building an effective AQMS based on the collaboration with actors working for the
reduction of greenhouse gases and traffic generated air pollution.
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1

INTRODUCTION

Taking one step forward to address climate change, environmental management
systems were built on web and mobile-based integrated environmental performance
management systems. They often consist of a variety of processes including air, water,
by-products, soil and groundwater chemical substances and environmental accounting.
Thus the advanced, systematic analysis of the environmental data is enabled, which in
some cases may be real-time. Following the appropriate processing, key environmental
indices can be disclosed to the local authorities and, finally, citizens through web based
applications. Extracted information and verified results are reported to the highest
management and administration level and are engaged to adjust and revise environmental
strategies and targets so as to maintain an efficient environmental management system.
The major components of an EMS are presented below.
Environmental education and training are also fundamental components in an EMS
in order to reinforce executives' and employees' understanding and awareness on the
environment. Further, communication and environmental information exchange can
enhance the capabilities of environment personnel, support EMS performance and
innovative activities.
Another part of an EMS is focused in the systematic analysis and management of
risk issues in order to minimize their impact on the environment. The rapidly changing
markets, domestic and international regulations, and environment-related concerns are
taken under deep and thorough consideration and their reflection in medium and longterm strategies and investment decisions are presented. Under the environmental
management supervision, environmental risks can be highlighted and evaluated at three
stages: review, design and construction, and operation. In addition, in order to respond to
policy and/or economic risks, such as regulations on greenhouse gases and energy usage
or pollution prevention, EMS continuously monitors regulations and policies to identify
potential organisation risks and actively participates in related discussions to contribute
to developing rational and effective policies.
The EMS also involve the constant conduction of specified inspections customized
to the characteristics of the organisation on key issues such as hazardous substances and
certain water and/or air pollutants. Inspection results are reported and used to modify
and/or improve current environmental objectives to preserve an influential EMS.
The EMS management team reviews the overall local, regional and trans-national
environmental management of the organization-authority and holds regular annual
meetings to analyze domestic and international environmental trends. Additionally,
considerations and suggestions are engaged for establishing medium-to-long term
environmental and energy strategies. The deep examination of a variety of policies and
management trends can lead in the development of innovative environment/energy
related technologies.
With the goal of maintaining air and water pollution lower than legal standards,
various environmental activities to improve air and water quality are generated. In
addition, voluntary environmental agreements between the municipal government, local
authorities and organisations are suggested.
As climate change is an emerging issue influencing the progression and
development in all levels of society, many organisations and stakeholders are stepping
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towards the enhancement of their competitive edge by dynamically tackling the climate
change concern. Responding to the climate change issue and conducting air quality
management activities pose both risks and opportunities for the organisation. The success
of an EMS is related to the minimization of any potential risk, turning climate change into
a positive opportunity.
Within the EMS, an internal system for identifying, assessing and analyzing the risk
and opportunity factors associated with climate change should be included. The risks and
opportunities identified are linked with the general risk management system in
accordance with the risk management rules. The risks and opportunities thus identified
are analyzed in various perspectives. The results of such analyses are reflected in medium
and long-term strategies. The greenhouse gas emissions (mainly CO2) and energy indices
are monitored and assessed while information about carbon-related risk is released to the
public via the Sustainability Report. In the case of elevated environmental risk, such as
increased greenhouse gas emissions, the organization must communicate with authorized
public institutions for the protection of public health and environment, with urban air
pollution likely to worsen, as migration and demographic trends lead to the generation of
more megacities.
2

ENVIRONMENTAL MANAGEMENT SYSTEMS AND CLIMATE
CHANGE

One of the most composite issues institutions and public authorities face today is
the identification and mitigation of the risks posed by climate change or even, from the
more optimistic aspect, to explore opportunities associated with climate change and
carbon management activities. According to a survey of global decision makers, the
failure to adaptation measures by public and private sectors is ranked fourth among global
risks with highest impact [1]. It is also stated that more than 90% of the world’s population
live in areas with levels of air pollution that exceed WHO guidelines. At the same time,
the growing need to halt climate change was demonstrated by the rise of CO2 emissions
for the first time in the five years.
It is noteworthy to mention that adaptation to climate change is defined as “the
process of adjustment to actual or expected climate and its effect” [2]. Public authorities,
institutions and private sector in general often undertake actions as a response to climate
risks, however they are not explicitly labelled as adaptation [3].
Climate policy, carbon regulations, carbon markets, economics and risk
management are factors often analysed through an EMS raising opportunities for
innovation and creating value. Increased needs for energy caused by variation of climate
and weather conditions such as heat waves and freeze, energy conservation, green
building and eco-friendly technologies can further lead to innovative solutions and new
opportunities and projects for enhancing energy efficiency and expanding renewable
energy. The active evaluation of climate change impact can assist authorities in making
radical decisions and manage robustly their development strategic plans.
The actual challenges that need to be addressed by governments, authorities and
institutions are:
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•

The review of existing law and regulations in force targeted at reducing
greenhouse gases, that need to be in line with global trends and regional
issues.

•

Current climate risks, performance and plans need to be clear and
disclosured in official reporting of the EMS.

•

Measurable goals need to be set in order to quantify progress towards more
sustainable practices.

•

Adaptation to climate and weather extremes is an imperative need to be
foreseen and addressed by local authorities, institutions, markets and supply
chains.

•

Novel technological solutions need to be persistently updated with focus in
the energy field so as to achieve cost effective mitigation.

Developing and executing a plan that not only manages risk requires a unique
combination of strategy and deep environmental expertise and insight. An effective EMS
can successfully assess and provide wide and high quality environmental support. This
may include:
•
•
•
•
•

•
•

Complete inventory of greenhouse gases and data management from
guidance on policy and regulatory change to strategic planning.
A standard methodology to life cycle analysis and valuation, so as to manage
the environmental issues and factors more effectively.
Appropriate energy management generating immediate savings, reducing
energy consumption and improving efficiency.
Profound awareness of local regulatory system combined with global
expertise and multidisciplinary approach.
Information systems and technical solutions that support decision making,
monitoring progress and risks and evaluate performance. The verification,
competence examination and preservation of a robust audit schedule can
reveal the potential remaining risks.
Economic and financial aspects in order to explore risk strategies for
adaptation and mitigation.
Development of quantitative risk assessment and action plans for the
protection against potential physical risks of climate change. Environmental
compliance stands a continuing binder that should be embedded into daily
operations and future-proof policies.

With growing stakeholder awareness of environmental issues, ensuring and
demonstrating compliance can help organisations promote services providing added
value and acting as leading actors of broader operational performance issues.
Environmental compliance is an ongoing commitment and needs to be embedded into
every major long-term mission as well as day-to-day operations. In a continually changing
regulatory scene, many organizations seek help with understanding and cost effectively
meeting their obligations at a local, regional, national and international level.
3

CLIMATE CHANGE AND AIR POLLUTION IN CYPRUS
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Regarding Cyprus, while the island generated emissions are negligible to global
warming, it is considered to be significantly affected by climate change impacts because
of its geographical location [4]. Air pollution abatement is a major environmental issue
directly linked to climate change and the intensive efforts to reduce greenhouse gas
emissions. As many of these pollutants have trans-boundary effects, there is strong
evidence and reasoning for addressing climate change and air pollution in an integrated
way and in a trans-boundary context.
Authorities and stakeholders need to come to an agreement for a multi-disciplinary
approach capable to ensure the collaboration among policy makers, of different levels of
governance, with the private sector. A successful monitoring mechanism can be a
customised EMS along with suitable financing actions and joint schemes, solutions, tools
and monitoring systems.
3.1

The Air Quality Management System of Cyprus

Towards this direction, total emission of air pollutants are monitored and an air
quality management system is established to manage pollutant emissions on a real-time
basis, maintaining a stable total emissions level throughout the island. The Air Quality
Management System (AQMS) has been developed, evaluated, installed and used
operationally in the Department of Labour Inspection (DLI) of the Republic of Cyprus
[5]. The AQMS consists of a model system which performs nested-grid meteorological
and photochemical model simulations in two parallel operational modes: nowcasting and
forecasting air quality information for the entire island of Cyprus. The calculated data are
assessed supporting a broad range of additional features, such as the capability to build
different emission scenarios and reflect their consequences on air quality over user
specified domains. An extensive description of the structure and the distinctive
performance features of the AQMS are available at Moussiopoulos et al. [6 and 7], while
a graphical representation of its components is shown in Figure 1.
It is noteworthy to point out the interactive configuration capability of the AQMS
based on customized emission scenarios leading in the corresponding model runs and
results. This operational module is available for five major urban areas of Cyprus or over
user-defined domains. Α number of representative meteorological situations are analysed
and weighted based on their occurrence frequency during a full calendar year, in order to
generate proper meteorological data for the calculations.
The AQMS’s user interface is a web-based application that can be accessed by any
computer with internet access. Through this interface, extensive capabilities are available
to the authorized DLI users for reviewing both the process and the information delivered.
This information becomes available in the public web page on the online platform. The
informational public pages represent a very important aspect of the system’s structure as,
in addition to the concentration levels, the public is also informed on the expected health
impacts of the forecasted air quality situation, thus allowing them to take actions and
control negative impacts or prevent incidents.
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Figure 1: The structure of the AQMS of Cyprus.
The system performance, in both nowcasting and forecasting mode, is evaluated
using suitable statistical indicators that are estimated daily with reference to the sites
under study, where DLI’s air quality measurements are available (Figure 2). The
information generated is the base to cultivate and expand the capacities of local, regional
and national actors in order to: integrate air pollution into environmental planning,
raise awareness and support training in climate change management and strategic
planning.
4

DISCUSSION AND CONCLUSIONS

From another point of view, the energy use (according to data from The Statistical
Service of Cyprus, [8]) is expected to grow, hence public authorities may identify the
necessity of building an effective AQMS based on the collaboration with actors working
for the reduction of greenhouse gases and traffic generated air pollution. As
environmental management is a matter of great importance for both public and private
sectors, the collaboration between different actors and stakeholders is a prerequisite for
efficient implementation of an adaptation plan.
At the same time, the decarbonisation of the economy of Cyprus remains a long
term challenge over the next 15 years. The emissions in the island are significantly
reduced meeting the initial goal for 2030 by a wide margin of 49% compared to 2005 [9].
With the renewable energy penetration of 8.1% in 2013, Cyprus seems to be in line with
its 13% target in 2020. However one should have in mind that Cuprus has recently
overcame a serious economic recession in 2013-2015, resulting in a slowdown of energy
demand, emissions and affected climate change aspects [10].

502

Figure 2: Snapshots of nowcasting for PM10 concentration levels in
Nicosia.
Additional research is still required to identify the extent that engaged actions
embody climate change risk effectively and evaluate the outcomes of the adaptation
measures for societal and organisational resilience. Specific conditions and diverse
features at different administration levels is essential for strengthening the capacity for
adequate policy response to address environmental problems.
Along with the implementation of an EMS, the promotion of novel practises is
requires that focus on the alternation of more environmental friendly behavioural patterns
related to consumption and production. Policy improvement, networks establishment,
innovative activities, guideline implementation are available useful tools for the
assessment of the island’s vulnerability to climate change and the structuring of
appropriate adaptation measures. The AQMS can successfully support the development
of monitoring and early warning systems, information exchange related to extreme
weather episodes and dangerous situations can support the transnational cooperation to
address the climate change challenges.
Based on the current analysis, the AQMS is an adaptation-focused systematic
monitoring and forecasting. Determining broader synergies with national adaptation
policies, stakeholders and organisations from different environmental fields can lead to
the generation of an integrated EMS characterised by the appropriate mix of public policy
and market responses, better understanding of internal and external drivers and responses
of corporate adaptation as well as offering reliable and consistent outcomes. As
Averchenkova et al. [11] points out, for public authorities, the focus may be on how much
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action can be expected in the private sector, what policies are required to support
incentivise adaptation action and how maladaptation can be avoided. The articulation of
an appropriate mix of public and private policy and market responses depends on a better
understanding of the current level of adaptation.
REFERENCES
[1] World Economic Forum (WEF), Global Risks 2018, 2018.
[2] IPCC, Climate Change 2014, Impacts, Adaptation and Vulnerability, Glossary,
IPCC 5th Assessment Report, 2014.
[3] S. Agrawala, M. Carraro, N. Kingsmill, E. Lanzi, M. Mullan, G. Prudent-Richard,
Private Sector Engagement in Adaptation to Climate Change: Approaches to
Managing Climate Risks, OECD Environment Working Papers, No. 39, OECD
Publishing, Paris, 2011.
[4] Th. Zachariades, Climate Change in Cyprus Review of the Impacts and Outline of
an Adaptation Strategy. SpringerBriefs in Environmental Science, ISBN 978-3-31929687-6, doi: 10.1007/978-3-319-29688-3, 2016.
[5] URL 1: https://www.airquality.dli.mlsi.gov.cy/
[6] N. Moussiopoulos, E. Chourdakis, G. Tsegas, An Air Quality Management System
for Cyprus: Evaluation and Improvements, in: T. Karacostas, A. Bais A., P. Nastos
P. (Eds.), Perspectives on Atmospheric Sciences, Springer Atmospheric Sciences,
Springer, 2016.
[7] N. Moussiopoulos, I. Douros, G. Tsegas, S. Kleanthous, E. Chourdakis, An Air
Quality Management System for Policy Support in Cyprus, Advances in
Meteorology, vol. 2012, Article ID 959280.
[8] The Statistical Service of Cyprus, Cyprus in figures (2017 edition), 2017.
[9] Green Budget Europe, 2017 - Towards a sustainability-oriented Energy Union.
Shadow Factsheets for the Energy Union, 2017.
[10] European Union (EU), Communication from the Commission to the European
Parliament, the Council, the European Economic and Social Committee, the
Committee of the Regions and the European Investment Bank, State of the Energy
Union. Country Factsheet Cyprus. SWD (2015) 219 final, 2015.
[11] A. Averchenkova, F. Crick, A. Kocornik‐Mina, H. Leck, S. Surminski,
Multinational and large national corporations and climate adaptation: are we asking
the right questions? A review of current knowledge and a new research perspective.
WIREs Clim Change (2016) 7, 517-536.

503

Main Sponsor :

Communication Sponsors :

With the contribution of :

ISBN 978-9963-567-05-8

