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The scientific team of Soft Energy Applications & Environmental Protection
Laboratory has significant educational and research experience in the following
fields:

Renewable - Soft Energy Applications

Environmental Protection - Environmenta Technology
Rational Management - Energy & Natural Resources Saving
Financial Evaluation of Investments

Development of New Technologies
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Educational Activities

The Soft Energy Applications & Environmental Protection Lab instructs in the
following subjects:

1. Introduction to Renewable Energy Sources (RES1) 5" sem.
2. Lab of Renewable Energy Sources (L ab of RES) 5h o~
3. Applications of Renewable Energy Sources (RESII) 6"~

4. Energy Engineering & Management of Natural Sources (ENE-MNS) 4"~

5. Environment & Industrial Development (ENV -1 D) ond v
6. Basic Principles of Ecology (BPE) 3d 7
7. Air Pollution — Pollution Prevention Technologies (AP-PPT) g
8. Turbomachines (TURBO) gh  ~

9. Waste Management Systems (WM S) 7t~
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Research Areas

1. "Improving the Hybrid Power Stations Viability for the Region of Aegean
Archipelago”
Published Results:

» Kaldellis J.K., Vlachos G., 2005, "Optimum Sizing of an Autonomous Wind-Diesel
Hybrid System for Various Representative Wind-Potential Cases', Applied Energy
Journal, vol. 83(2), pp.113-132.

» Kalddlis J.K., Kavadias K.A., Filios A., Garofallakis S., 2004, "Income Loss due to
wind Energy Reected by the Crete Island Electrical Network: The Present Situation”,
Journal of Applied Energy, vol.79(2), pp.127-144.

» Kaldellis J.K., 2002, "Parametrical Investigation of the Wind-Hydro Electricity
Production Solution for Aegean Archipelago”, Journal of Energy Conversion and
Management, vol.43(16), pp.2097-2113.

» Kaldellis J.K., Kavadias K., Christinakis E., 2001, "Evaluation of the Wind-Hydro
Energy Solution for Remote Islands’, Journal of Energy Conversion and Management,
vol.42(9), pp.1105-1120.

2. "Estimation of Social - Environmental Cost in the Energy Production
Sector"

Published Results:

» KaldellisJ.K., Vlachos G.Th., Paliatsos A.G., Kondili E., 2005, "Detailed Examination
of Greek Electricity Sector Nitrogen Oxides Emissions for the Last Decade”, Journal of
Environmental Science and Policy, vol.8(5), pp.502-514.

» Kalddlis J.K., Kavadias K.A., Paliatsos A.G., 2003, "Environmental Impacts of Wind
Energy Applications. Myth or Reality?' Fresenius Environmental Bulletin, vol. 12(4),
pp.326-337.

» Kalddlis J.K., Konstantinidis P., 2001, "Renewable Energy Sources Versus Nuclear
Power Plants Face the Urgent Electricity Demand of Aegean Sea Region"”, presented in the
First Hellenic-Turkish International Physics Conference, Kos-Alikarnassos, published also
in "Balkan Physics Letters' Journal, SI/2001, pp.169-180.

3. "Technological Progressin Wind Energy Market"

Published Results:

» Kalddlis J.K., 2004, "Investigation of Greek Wind Energy Market Time-Evolution",
Energy Policy Journal, vol.32(7), pp.865-879.

» Kaldellis J.K., Vlachou D.S,, Paliatsos A.G., 2003, "Twelve Years Energy Production
Assessment of Greek State Wind Parks', Wind Engineering Journal, vol.27(3), pp.215-226.

» Kalddlis J.K., Zervos A., 2002, "Wind Power: A Sustainable Energy Solution for the
World Development”, Energy-2002 International Conference, June-2002, Athens, Greece.
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4. "Technological Progressin Solar Energy Market"

Published Results:

>

Kaldellis J.K., Kavadias K.A., Spyropoulos G., 2005, "Investigating the Real Situation
of Greek Solar Water heating Market", Renewable and Sustainable Energy Reviews,
vol.9(5), pp.499-520.

Kaldellis J.K., Koronakis P., Kavadias K ., 2004, "Energy Balance Analysis of a Stand-
Alone Photovoltaic System, Including Variable System Reliability Impact”, Renewable
Energy Journal, vol.29(7), pp.1161-1180.

Kaldellis J.K., Vlachou D.S., Koronakis P.S., Garofalakis J.E., 2001, "Critical
Evaluation of Solar Collector Market in Greece Using Long-Term Solar Intensity
Measurements', presented in the First Hellenic-Turkish International Physics Conference,
Kos-Alikarnassos, published also in "Balkan Physics Letters' Journal, SI/2001, pp.181-193.

5. "How Field Prediction for High Speed Turbomachines'

Published Results;

>

KavadiasK.A., Kaldellis J.K., 2003, "An Integrated Aerodynamic Simulation Method of
Wind Turbine Rotors', Applied Research Review Journal of the TEI of Piraeus, vol.8(1),
pp.221-242.

Kaldelis J.K., 1998, "Static Pressure Gradients inside the Shock-Shear Flow Interaction
Region”, Technika Chronika, Scientific Journal of the Technical Chamber of Greece-1V,
vol.18(2), pp.19-33.

Kalddlis J., 1997, "Aero-Thermodynamic Loss Analysis in Cases of Normal Shock Wave-
Turbulent Shear Layer Interaction”, published in ASME Transactions, Journal of Fluids
Engineering, vol.119, pp.297-304.

6. "Techno-economic Evaluation of Renewable Energy Applications’

Published Results;

>

Kondili E., Kaldéllis J.K., 2005, "Optimal Design of Geothermal-Solar Greenhouses for
the Minimisation of Fossil Fuel Consumption”, Applied Thermal Engineering, vol.26(8-
9), pp.905-915.

Kaldellis J.K., El-Samani K., Koronakis P., 2005, "Feasibility Analysis of Domestic
Solar Water Heating Systems in Greece", Renewable Energy Journal, vol.30(5), pp.659-
682.

Kaldellis J.K., Vlachou D.S., Korbakis G., 2005, "Techno-Economic Evaluation of
Small Hydro Power Plants in Greece: A Complete Sensitivity Analysis’, Energy Policy
Journal, vol.33(15), pp.1969-1985.

Kaldellis J.K., 2004, "Optimum Techno-Economic Energy-Autonomous Photovoltaic
Solution for Remote Consumers Throughout Greece", Journal of Energy Conversion and
Management, vol.45(17), pp.2745-2760.

Kaldellis J.K., 2002, "An Integrated Time-Depending Feasibility Analysis Model of
Wind Energy Applicationsin Greece", Energy Policy Journal vol.30(4), pp.267-280.
Kaldellis J.K., Gavras T.J., 2000, "The Economic Viability of Commercial Wind Plants
in Greece. A Complete Sensitivity Anaysis', Energy Policy Journal, vol.28, pp.509-517.
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7. "Combined Wind-Photovoltaic Stand-Alone Applications®
Published Results:

» Kaldellis J.K., Kavadias K.A., Koronakis P.S., 2005, "Comparing Wind and
Photovoltaic Stand-Alone Power Systems Used for the Electrification of Remote
Consumers’, to appear in Renewable and Sustainable Energy Reviews, on-line available
(05/03/05) in www.ScienceDirect.

» Kaldellis J.K., 2004, "Parametric Investigation Concerning Dimensions of a Stand-Alone
Wind Power System", Journal of Applied Energy, vol.77(1), pp.35-50.

» Kaldellis J.K., 2003, "An Integrated Feasibility Analysis of a Stand-Alone Wind Power
System, Including No-Energy Fulfillment Cost”, Wind Energy Journal, vol.6(4), pp.355-364.

» Kaldellis J.K., 2002, "Optimum Autonomous Wind Power System Sizing for Remote
Consumers, Using Long-Term Wind Speed Data', Journal of Applied Energy, vol.71(3),
pp.215-233.

8. "Evauation of Energy Storage Systems"
Published Results:

» Kalddlis JK. Kosas P., Filios A., 2005, "Minimization of the Energy Storage
Requirements of a Stand-Alone Wind Power Installation by Means of Photovoltaic Panels’,
Wind Energy International Journal, on-line available in http://wwwa3.interscience.wiley.com.

» KalddlisJ.K., Tsesmelis M., 2002, "Integrated Energy Balance Analysis of a Stand-Alone
Wind Power System, for Various Typica Aegean Sea Regions', Wind Energy Journal,
vol.5(1), pp.1-17.

» Kaldellis J.K., Kavadias K.A., 2001, "Optimal Wind-Hydro Solution for Aegean Sea
Islands Electricity Demand Fulfillment", Journal of Applied Energy, vol.70, pp.333-354.

» K.A. Kavadias, J.K. Kaldellis, 2000, "Storage System Evaluation for Wind Power
Installations’, International Conference "Wind Power for the 21st Century”, Paper OR7.3,
Kassel, Germany.

9. "Air Pollution Analysis"
Published Results:

» Paliatsos A.G., Koronakis P.S., Kalddlis J.K., 2005, "Effect of Surface Ozone
Exposure on Vegetation in the Rural Area of Aliartos, Greece', 13" International
Symposium of MESAEP, Thessal oniki-Greece.

» KaldélisJ.K., Spyropoulos G., ChalvatzisK.J., 2004, "The Impact of Greek Electricity
Generation Sector on the National Air Pollution Problem"”, Fresenius Environmental
Bulletin, vol. 13(7), pp.647-656.

» Paliatsos A.G., Kalddllis J.K., Koronakis P.S., Garofalakis J.E., 2002, "Fifteen Year Air
Quality Trends Associated with the Vehicle Traffic in Athens, Greece" Fresenius
Environmental Bulletin, vol.11(12b), pp.1119-1126.

» Kalddlis J.K., Paliatsos A.G., Toumbaniaris P., Kavadias K., 2001, "The Impact of
Fossl Fuel Consumption on Air Pollution Problem in Greece', presented in the First
Hellenic-Turkish International Physics Conference, Kos-Alikarnassos, published also in
"Balkan Physics Letters' Journal, SI/2001, pp.194-205.
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10."Air Pollution Impact on Children and other Delicate Social Groups'

Published Results:

>

Nastos P.T., Paliatsos A.G., Priftis K.N., Kaldellis J.K., Panagiotopoulou-Gar tagani
P., Tapratzi-Potamianou P., Zachariadi-Xypolita A., Kotsonis K., Kassiou K.,
Saxoni-Papageorgiou P., 2005, "The Effect of Weather Types on the Frequency of
Childhood Asthma Admissions in Athens, Greece", 13" International Symposium of
MESAEP, Thessaloniki-Greece.

Kaldellis J.K., M. Voutsinas, A.G. Paliatsos, P.S. Koronakis, 2004, "Temporal
Evolution of the Sulfur Oxides Emissions from Greek Electricity Generation Sector”,
Journal of Environmental Technology, vol.25, pp.1371-1384.

Paliatsos Ath., Kaldellis J.K., Halvatzis K., 2003, "The Seasonal and Diurnal Variation
of Surface Ozone at the EMEP Station in Greece', "Ecological Protection of the Planet
Earth 11", Conference Proceedings, pp. 591-596, Sofia, Bulgaria.

KoronakisP.S,, Sfantos G.K., Paliatsos A.G., Kalddlis J.K., Garofalakis J.E., Koronaki
[.P., 2002, "Interrelations of UV-global/global/diffuse Solar Irradiance Components and UV-
global Attenuation on Air Pollution Episode Days in Athens, Greece’, Atmospheric
Environment, vol.36(19), pp. 3173-3181, July.

11." Autocats Standardization and Recycling"

Published Results;

>

Paliatsos A.G., Kalddlis J.K., Viras L.G., 2001, "The Management of Devaluated
Autocats and Air Quality Variation in Athens', 7" Internationa Conference on
"Harmonisation within Atmospheric Dispersion Modelling for Regulatory Purposes’,
Conference Proceedings, vol.A, pp.474-478, Belgirate-Italy.

Kaldellis J. K., Konstantinidis P., Charalambidis P., 2001, "The Impact of Automobile
Catdytic Converters Degradation on Air Qudity" International Conference on "Ecological
Protection of the Planet Earth I, vol.ll, pp.633-641, Xanthi, Greece.

Kaldellis J.K., Charalambidis P., Konstantinidis P., 2000, "Feasbility Study
Concerning the Future of Devaluated Autocats, Socia-Environmental Cost Included”,
International Conference, Protection and Restoration of the Environment V, pp.879-836,
Thassos Island, Greece.

12."RES Based Desalination”

Published Results;

>

Kaldellis J.K., Kondili E., Kavadias K.A., 2005, "Energy and Clean Water Co-
production in Remote Islands to Face the Intermittent Character of Wind Energy",
International Journal of Global Energy Issues, vol.25(3-4), pp.298-312.

Kaldellis J.K., Kavadias K.A., Kondili E., 2004, "Renewable Energy Desalination
Plants for the Greek Islands, Technical and Economic Considerations’, Desalination
Journal, vol.170(2), pp.187-203.

Vlachos G., Kaldellis J.K., 2004, "Application of a Gas-Turbine Exhausted Gases to
Brackish Water Desdlination. A Techno-Economic Evauation”, Applied Thermal
Engineering, vol.24(17-18), pp.2487-2500.
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13."Waste Management and Recycling Techniques®

Published Results:

>

Konstantinidis P., Giarikis Ath., Kaldellis J.K., 2003, "Evaluation of Domestic-Waste
Collection System of Nikaia Municipality. Improvement Proposals’, 8th International
Conference on Environmental Science and Technology, Conference Proceedings,
University of Aegean, Globa-NEST, Lemnos, Greece.

Konstantinidis P., Skordilis A., Kaldellis J.K., 2001, "Recycling of Electric and
Electronic Waste in Greece: Possibilities and Prospects’, 7th International Conference on
Environmental Science and Technology, Conference Proceedings, vol.A, pp.460-469,
University of Aegean, Global-NEST, Syros, Greece.

Sakkas Th., Kaldellis J. K., 2001, "Environmental Behavior of a Charcoal Gasification
System. Experimental and Theoretica Investigation”, International Conference on
"Ecological Protection of the Planet Earth 1", vol.ll, pp.625-632, Xanthi, Greece.
Konstantinidis P., Spiropoulos V., Vamvakis A., Kaldellis J.K ., 2000, "Energy Savings
and Cost Reduction by Recycling the Demoalition-Construction Debris’, International
Conference, Protection & Restoration of the Environment V, pp.869-878, Thassos, Greece.

14."Waste Water Treatment Applications'

Published Results:

>

Kondili E., Kaldelis J.K., 2005, "Water Use Planning with Environmental
Considerations for Aegean Islands’, 13" International Symposium of MESAEP,
Thessal oniki-Greece.

Kondili E., Kaldellis J.K., 2002, "Waste Minimization and Pollution Prevention by the
Use of Production Planning Systems’, International Conference, Protection and Restoration
of the Environment V1, Conference Proceedings, pp. 1277-1284, Skiathos ISland, Greece.
Sigalas J.S., Kavadias K.A., Kaldellis J.K., 2000, "An Autonomous Anaerobic
Wastewater Treatment Plant Based on R.E.S. Theoretical and Experimental Approach”,
International Conference, Protection and Restoration of the Environment V, pp.735-743,
Thassos Island, Greece.

Kaldellis J.K., Vlachou D., Konstantinidis P., 1999, "Sea Pollution by Oil Products. A
Comparative Study of Combating Oil Spills in the Aegean Sed', 6" International
Conference on Environmental Science and Technology, Conference Proceedings, vol.C, pp.
729-737, University of Aegean, Pythagorion, Samos, Greece.

15."Social Attitude Towards Wind Energy Applicationsin Greece"

Published Results;

>

>

>

Kaldellis J.K., 2005, "Socia Attitude Towards Wind Energy Applications in Greece",
Energy Policy Journal, vol.33(5), pp.595-602.

Kaldelis J.K., Kavadias K.A., 2004, "Evaluation of Greek Wind Parks Visual Impact:
"The Public Attitude" Fresenius Environmental Bulletin, vol.13(5), pp.413-423.

Kaldellis J. K., 2001, "The Nimby Syndrome in the Wind Energy Application Sector",
International Conference on "Ecological Protection of the Planet Earth 1", vol.ll, pp.719-
727, Xanthi, Greece.
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Research Projects under Development (1/2)

Participation in Resear ch Programs (2002-2005)

1.

"Overview of I ncentive Programmes on Alternative Motor Fuels and Review
of thelr Impact on the Market Introduction of Alternative Motor Fuels",
PREMIA Project, sponsored by DG TREN

"Optimum Micrositing of Selected Wind Parks in Peloponnesus’, supported
by the Centre for Technological Research of Piraeus and Islands.

"Maximum Energy Autonomy of Greek |slands on the Basis of Renewable
Energy Sources' Research Program "Archimedes-1" supported by the Greek
Ministry of Education

"Advanced Control Systems in the Water Supply Networks' Research
Program "Archimedes-1" supported by the Greek Ministry of Education

"Transformation of a Typical Vapor Compression Air-Conditioning System
to a Combined Air Conditioning System Based on Solar Energy”, Research
Program "Archimedes-1" supported by the Greek Ministry of Education

"Feashility Study Concerning the Parameters of Ecological Behavior of
Buildings in Natural and Urban Environment", Research Program
"Archimedes-1" supported by the Greek Ministry of Education

"VISION: A New Vision for Engineering Economy" (TEMPUS, 2004, in
collaboration with Italy, Egypt and UK)

"Integrated Study and Prediction of Electricity Related Air Pollution (NO,,
SO,, CO,) in Greecein View of the European Efforts for Improving the Air
Quality", Research Program "Archimedes-11" supported by the Greek Ministry
of Education

"Simulation-Study of the Energy Behavior of Buildings using Economically
Acceptable Passive and Hybrid Solar Systems and Construction Materialsin
order to Improve the Thermal Behavior of Greek Buildings', Research
Program "Archimedes-11" supported by the Greek Ministry of Education
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Research Projects under Development (2/2)

10. "Optimisation of Water Systems in Islands with Limited Water Resources’,
Research Program "Archimedes-11" supported by the Greek Ministry of
Education

11. Heéellenic/French Collaboration Research Program "Platon” entitled "Advanced
Techniqgues of Automation in Wastewater Treatment Plants'.
(Accomplished)

12. "Development of an Experimental Hybrid Plant based on a Wind Turbine -
P/V Station Collaboration”, supported by T.E.I. of Piraeus (Accomplished)

13. "Reorganization of Mechanical Engineering Department - New Sector
Development in the area of Soft Energy Applications & Environmental
Protection Technologies', supported by EPEAEK-Greek Ministry of
Education (Accomplished)

14. Program "RENES-Unet", for the Diffusion of Renewable/Soft Energy
Applicationsin Greece and European Union

15. "Techno-economic Study of Small Hydro Power Stations', supported by the
private company EMPEDOS SA

16. "Water Pumping Storage Systems for Crete Island”, in collaboration with the
Technical University of Crete and the Enercon Hellas SA

17. "Desalination System Based on Gas-Turbines Exhausted Gases' supported
by PPC and Crete Municipalities Union

18. "NATURA-2000", supported by the Greek Ministry of Environment, Physica
Panning and Public Works

19. "Natural Gas Cogeneration Opportunities in Urban Areas', in collaboration
with the Municipality of Nikaia

20. "Energy Savingin TEI Buildings', supported by TEI of Piraeus
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11

12

21
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24

31

3.2

3.3

41
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EDUCATION AND RESEARCH ON RENEWABLE ENERGY SOURCES (RES):
THE SOFT ENERGY APPLICATIONSLABORATORY OF TEI OF PIRAEUS

JK. Kaldellis, K.A. Kavadias, E. Kondili, G.C. Spyropoulos
Laboratory of Soft Energy Applications & Environmental Protection
Mechanical Eng. Dept., Technological Education Institute of Piraeus

Abstract

Renewable Energy Sources (RES) have an excellent potential in Greece, however various legal, socia
and technical obstacles have limited their applications. In this article the present status and future
prospects of RES applications in Greece are presented. The importance of well educated professionals
in the field is emphasized. In addition, the main educational and research activities of the Soft Energy
Applications Laboratory of TEI of Piraeus are described in brief. More specifically, emphasis is laid
on illustrating the mission, the infrastructure, the research areas as well as the syllabus of the courses
offered, along with the future plans of the Lab.

Keywords: Renewable Energy Sources, Education; Applied Research; TEI of Piraeus, Wind Power;
Solar Energy; Biomass, Geothermal Energy; Hydropower; Techno-economic Evaluation;
Environmental Impacts

1. I ntroduction

During the last 25 years that have followed the Greece incorporation in the European Union, thereisa
continuous increase in the primary and electric energy consumption, covered by oil and natural gas
imports, as well as low quality local lignite, with obvious economic and environmental impacts in the
national economy and society in general. In order to present some indicative magnitudes, the national
energy balance for year 2002 is shown in figure (1)!*2.

GREEK ENERGY BALANCE (2002)

Renewables Electricity
4% Imports &
Others
3% ..
Natural Gas |_|2g7rl|/;[)e
5%

Oil
61%
Figure 1: Greek Primary Energy Consumption Analysis

Kaldellis J.K., Kavadias K., Kondili E., Spyropoulos G., 2005, "Education and Research on Renewable Energy
Sources (RES): The Soft Energy Applications Laboratory of TEI of Piraeus', International Conference on
"Integration of RESinto Buildings', July 2005, Patras, Greece
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Similarly, Greece, since 1950, has based its electricity production system on locally mined lignite and
imported heavy-ail. In fact, lignite and heavy oil fired stations generated during the last 25 years
amost 80% of the national electricity production, figure (2), while the contribution of renewable
energy sources (mainly wind) and large hydropower units rated less than 10%. In this context, Table |
shows the contribution of each RES for year 2000 (the most recent year that official data exist) and
Table Il compares the energy balances of years 1991, 20021%.

1980-2002 GREEK ELECTRICITY PRODUCTION ANALYSIS

50000 ORen
—OHydro

| _|EN. Gas
Oil-Total
sso00"|  |@Lignite

45000
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1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
Year

Figure 2: Greek Electricity Sector Time-Evolution

Table|: RES Energy Production Analysis (2000)

SOURCE ktoe
Biomass 946
Wind Energy 38.8
Small Hydro 14.28
Large Hydro 303.5
Photovoltaics 0.024
Solar-Thermal 99
Geothermal Heat 1.61
TOTAL 1,403

Tablell: National Energy Balance (%)

ENERGY SOURCE 1991 | 2002
Lignite-Charcoal 289 | 26.6
Qil 61.7 | 614
Natural Gas 0.6 5.2
Renewable Energy Sources 5.2 4.2
Electric Energy Imports 3.6 2.7
TOTAL 100 | 100

However, serious efforts are made for the rational use of energy and energy conservation, including
cogeneration projects and, mainly, the exploitation of local Renewable Energy Sources. Greece has
excellent RES potential!”. The island and mountain areas of the country have very good wind
potential'®, while the whole country possesses excellent solar radiation®. In addition, most of Nothern
and Western areas have very good hydropower potential” supported by the local geomorphology and
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many areas of Central and Eastern Greece have abundant high, average and low enthalpy geothermal
fieldd®, while remarkable biomass reserves are also mentioned, see aso figure (3). Finally, figure
(4) shows the last ten year evolution of the existing RES based power generation stations ™.

From the above described situation it becomes obvious that the current contribution of RES in the
national energy balance is rather low, compared to their excellent potential. However, the exploitation
of local energy sources, and, especially, RES and cogeneration may have a very significant
contribution to the safety of energy supply™ and the environmental protection!*?.

In addition, it is well known that RES development and the implementation of energy conservation
measures contribute to the regional development and create new employment opportunities in remote
areas.

THE POTENTIAL OF RENEWABLE ENERGY SOURCES IN GREECE
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Figure 3: RES Potentia in Greece
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RES Power Contribution in the Local Electricity
Production Sector
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Figure 4: RES Applicationsin the Last Decade

On the other hand, there is a number of driving forces that will definitely enhance the role and
contribution of RES in our national energy balance for the next five to ten years. More specificaly,
these driving forces are:

v' The European and international attitude against the environmental impacts caused by the
conventional power generation stations and the national legidation that sets severe constraints on
the greenhouse gases emissions.

v The European legidation, (Directive 2001/77/EC) that defines the Greek RES contribution in the
National Energy Balance to the percentage of 20.1% (including the large hydro-plants).

v" The New Development Law (3299/2004), as the previous ones (2601/1998, etc.) that supports RES
investments with 40% subsidy all over the country.

v The Operation Program "Competitiveness', (Ministry of Development) supporting energy efficient
and environmentally friendly investments. A significant number of proposals for RES applications
has already been approved and will be implemented in the next years.

2. The SEALAB of TEI of Piraeus

Despite of the previously described slowly moving present situation, the Renewable Energy Business
sector exhibits good prospects, since the European governments have made a commitment to increase
the contribution of the RES in the energy balance of the member states. There is no doubt that the RE
industry will flourish with many job opportunities being realized over the next five to ten years®¥. As
it happens in al business sectors, this industry needs professionals who are technically proficient,
socially responsive and highly motivated™.

The Soft Energy Applications and Environmental Protection Laboratory (SEALAB!™) has been

created in 1991 in the Mechanical Engineering Department of TEIl of Piraeus. Exploiting it's

significant and over a decade accumulated experience, the SEALAB goas extend to three main

directions:

» To offer high quality and modern undergraduate and postgraduate educational courses in its fields
of specialization,
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» To develop and maintain a remarkable infrastructure, in order to support its educational and
research activities, and,

» To continue and develop its research activities and be recognized as a highly specialized partner in
Greek and European research teams.

In the rest of the present paper, these three main axes of activity are described in detail and the future

directions are highlighted.

3. Educational Activities
The courses being offered!™>*® provide theoretical knowledge and practical experience in awide range
of renewable energy options such as wind, solar, geothermy, biomass, hydro, along with a contextual
understanding of the social, political, economic and environmental motivations present in their
development and application. More specificaly, in addition to the purely technical content of the
various courses, great efforts are made to transfer integrated knowledge by tackling issues like the
criteria for a rational energy source selection!*’*®, assessment of the environmental consequences of
the various energy sources™®?”, feasibility studies of energy investments®?3, social cost-benefit
analysis® of energy and environmental projects, etc. The Soft Energy Applications & Environmental
Protection Lab offers the courses of Tablelll.

Tablelll: Courses Offered by the SEALAB

Course Semester
Introduction to Renewable Energy Sources 5th
Lab of Renewable Energy Sources 5th
Applications of Renewable Energy Sources (Lab & Theory) 6th
Energy Engineering & Management of Natural Resources 4th
Environment & Industrial Development 2nd
Basic Principles of Ecology 2nd
Air Pollution-Pollution Prevention Technologies 5th
Environmental M easurements Technology 5th
Waste Management Systems (Lab & Theory) 7th
Design & Optimisation of Energy Systems 7th

The syllabus of each course is described below:

Introduction to Renewable Ener gy Sour ces
Introduction to the Wind Energy Technology
Introduction to the Solar Energy Technology
Introduction to the Biomass Systems

Introduction to the Hydroelectric Energy Systems
Introduction to the Geothermal Energy

Innovative Applications of RES

Cost-Benefit Analysis & RES Applications

Impact of External Cost on RES Investment Options

AN N N NN

Applications of RES

Integrated Wind Energy Applications

Stand-Alone Systems

Geothermal-Solar Greenhouse Design and Energy Balance Analysis
Wind-Hydro Systems

Photovoltaic Applications

RES Based Desalination

AN N NN
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ISR

N N N N N N N O N N N NN

AN N N N

LR Re

Energy Storage Systems for RES Applications
Integrated Feasibility Studies & RES Applications

Energy Engineering and M anagement of Natural Resour ces

Introduction in the Energy Demand Problem
Analysisof Local Energy Consumption Problem
Energy Quality —Exergy Analysis

Cogeneration Systems

Energy Conversion Technologies

Energy Saving Technologies

Introduction to Fuel Cell Technology

Rational Management of Natural Resources
Introduction to Energy Economics

Environment & Industrial Development
Development Constraints and Sustainability
Basic Elements of Air Pollution
Greenhouse Phenomenon

Ozone Depletion

Acid Rain

Sea Pollution

Waste Water Management

Toxic Waste Management

Solid Waste Management

Devastation

Nuclear Energy and Environmental Pollution

Basic Principles of Ecology

Ecosystems and Environmental Balance

Planetary Ecosystems and Environmental Problems
Human Effect in Planetary Ecosystems

Ecosystems Simulation Models

Moral and Technological Problems of Development
Life Cycle Assessment

Environmental |mpact Assessment

Introduction to Risk Assessment

Air Pollution—Pollution Prevention Technologies
Air Pollution Prevention in the Power Industry
Pollution Prevention in the Transportation Sector
Pollution Prevention in the Industrial Sector
Pollution Prevention in the Services Sector
Automobile Catalytic Converters
Air Pollution Data Banks
Air Pollution Measurement Methods and Techniques

Environmental M easurements Technology
Introduction to M easurements Strategy
Experimental Data Assessment

Wind Speed M easurements

Solar Radiation Measurements

Pressure, Temperature and Humidity Measurements
Noise and Visua Impact Assessment
Measurements of Water Parameters

Integrated Systems for Air Pollution Measurements
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v’ Steady and Moving Pollution Sources Analysis
v" National and International Pollution Data Bases

h. Waste Management Systems

This course is implemented in collaboration with the Optimisation of Production Systems Lab™® of
Mechanical Engineering Department and it includes the following:
Physical, Chemical and Toxic Characteristics of Waste Water

Greek and European Union Legidation for Waste Disposal

Solid Waste Characteristics

Main technologies for Solid Waste Management

Municipal Waste Water Management

Industrial Waste Water Management

Waste Water Treatment Systems

Sea Pollution Prevention Technologies

Toxic Waste Management Technologies

Design, Implementation and Management of Environmental Projects
Cost Estimation of Major Environmental Technologies and Projects

AN N N N N NN NN

i. Design & Optimisation of Energy Systems

This course covers the design and optimisation aspects of various energy systems and is implemented
with the cooperation of three labs of the Mechanical Engineering Department (Steamboilers-
Steamturbines Lab, Optimisation of Production Systems Lab, SEALAB). The topics covered by the
SEALAB are:

v’ Energy systems optimisation with the use of hybrid systems

v" Integrated Energy and Fresh Water Solutions for Remote Consumers

v Cost Benefit Assessment of Integrated Energy Systems

v' Social Attitude & Environmental Cost Impact on Optimising Energy Production Systems

v" Reliability Impact on Energy Systems

4. Lab Infrastructure

The SEALAB of TEI of Piraeus has developed
an infrastructure available for education,
training and research activities. Various lab
exercises™ of the courses being offered are
carried out in the equipment and measurement
instruments of the Lab, thus providing practical
experience to the students and consolidating
their theoretical knowledge.

The main equipment of the Lab related with
the Energy Production Sector is the following:

¢ Windgenerator BW-1-KAS, an
experimental wind turbine with fixed pitch
of 2.5kW on the campus, figure (5).

e A small wind turbine of variable pitch of
200W, operating in combination with an
existing low speed wind tunnel, figure (6).

figure (7).
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Figﬁe 8: PV Experimental onfigration

¢ Photovaltaic (stand-alone systems, grid integrated applications), figure (8).

e Solar Collectors (Active Solar Systems: flat plate and evacuated heat pipe solar collectors, e.g.
figure (9).

e Biogas & Biomass Production Instalation, figure (10).

e Experimental system based on a small anaerobic bioreactor-thickener device, figure (10), used to
simulate an integrated Waste Water Treatment Plant.

e BOD Measuring Apparatus

e Various Instruments

5. Research Activities

The SEALAB of TEI of Piraeus has been working for the last ten years in the areas of Renewable
Energy Sources and Environmental Technology?¥. More specifically, the SEALAB has been working
in the following energy related areas:

v" Wind and Solar Energy Applicationd®?)
v’ Feasibility Studies on Energy Investmentd®®
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Figure 9: Evacuated Heat Pipe Figure 10: pimental Bioreactor

Hybrid Energy Systems™"**

Energy Storage Systems®%)

Energy Saving®®”

Cogeneration Systems™*®

RES based Desalination!>”

Environmental Impact of Power Stationd*!

Solar Collector

The SEALAB is aso carrying extensive research in the area of Environmental Protection
Technologies. In fact SEALAB has participated in the following projects:

>

>

YV Vv VY Vv VY V V

>

Hellenic-French Collaboration Research Program "Platon" entitled "Advanced Techniques of
Automation in Wastewater Treatment Plants”

Development of an Experimental Hybrid Plant based on a Wind Turbine-PV Station Collaboration,
supported by T.E.I. of Piraeus

Reorganization of Mechanical Engineering Department, supported by EPEAEK-Greek Ministry of
Education

Program "RENES-Unet", for the Diffusion of Renewable/Soft Energy Applications in Greece and
European Union

Techno-economic Study of Small Hydro Power Stations, supported by the private company
EMPEDOS SA

Water Pumping Storage Systems for Crete Island, in collaboration with the Technical University of
Crete and the Enercon Hellas SA

Desdlination System Based on Gas-Turbines Exhausted Gases, supported by PPC and Crete
Municipalities Union

NATURA-2000, supported by the Greek Ministry of Environment, Physical Planning and Public
Works

Natural Gas Cogeneration Opportunities in Urban Areas, in collaboration with the Municipality of
Nikaia

Energy Saving in TEI Buildings, supported by TEI of Piraeus

The Lab is currently active in the following research areas:

Improving the Hybrid Power Stations Viability for the Region of Aegean Archipelago
Estimation of Social-Environmental Cost in the Energy Production Sector
Technological Progressin Wind Energy-Solar Energy Market

Flow Field Prediction for High Speed Turbomachines

Social Attitude Towards Wind Energy Applicationsin Greece

Combined Wind-Photovoltaic Stand-Alone Applications
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Abstract

The environmental education is considered to be a vital element for every level of the modern formal
education. Despite this fact, numerous scientific disciplines including the various engineering fields
have been resisting in the introduction of environmental courses, considering them as irrelevant to the
core engineering interests. However, the growing importance of the environmental aspects in the
education of engineers has significantly contributed in changing this attitude, giving them the ability to
adapt more efficiently with environmental legislation and certification needs as well as to improve
their general environmental sensitivity in designing and constructing procedures.

In this scope the Mechanical Engineering Department of the Technological Educational Institute of
Piraeus is offering to the students a wide variety of environmental related courses. The Laboratory of
Soft Energy Applications and Environmental Protection is playing a key role in supporting the
environmental educational and research activities of the engineering students both in undergraduate
and postgraduate level. While there are mandatory environmental courses available in the engineering
syllabus, the present paper focuses on the most popular optional environmental course offered by the
Mechanical Engineering department entitled "Basic Principles of Ecology”. Specia emphasis is
placed apart from the educational procedure and the evaluating methods, on the better understanding
of the quantified performance of the engineering students. Not only is the latter considered to be part
of the students' evaluation but also a useful feedback for improving the course syllabus and
presentation.

Although the teaching procedure of the course in question is based on lectures and not on laboratory
experiments, the evaluation method may optionally consist of multiple parameters at the students
choice. More precisely apart from the final exams the students can choose from weekly, short length
tests on the taught material and the preparation of three application essays. The current study utilizes
the data concerning the quantified performance of the students, through the evaluation process in the
aforementioned assignments. Valuable results regarding the week after week teaching procedure as
well as the evolution of numerous proposed indicators and indexes are being extracted.

It is well recognized that there is a growing demand for broader and deeper environmental education
for the engineers. The in depth discussion of the statistical analysis held out is, according to the
authors, a tool of crucia importance for the comprehensive auditing and improvement of the class
work being done. Moreover the results are considered to be beneficial for the students who can
improve their studying efficiency by choosing the most suitable path in order to gain the best results
and knowledge.

Keywords: Environmental Education; Environmental Engineering; Industrial Ecology; Students
Performance

1. I ntroduction

The education for the environment and sustainable development has been mainly approached through
separate departments specialized in environmental studies. However, nowadays the environmental

Chalvatzis K.J., Skanavis C., Kaldellis J.K., 2005, "Understanding the Quantified Performance of Engineering
Sudents in Environmental Classes', 9th Conference on Environmental Education in Europe, CEEE-2005,
Klaipeda, Lithuania.
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education is considered to be a vital element for every level of the modern formal education. Despite
this fact, numerous scientific disciplines, including the various engineering fields, have been resisting
in the introduction of environmental courses considering them as irrelevant to the core engineering
interests”

Even in the case that environmental classes are finally approved in the engineering departments these
tend to be included in the optional courses bank, away from the mandatory curriculum® Nevertheless,
the growing importance of the environmenta aspects in the education of engineers has significantly
contributed in changing this attitude, giving them the ability to adopt more efficiently with a number
of tasks.

As such may be considered the adoption to the increasing environmental legislation as well as the
various environmental performance certifications for operationa management or specific
constructions®. Moreover it is in the very core of the engineering profession to interfere with the
environment and burden it in some respects. However, athough the expertise level in anti-pollution
and conventional technology is relatively high, a spherical consideration of the environment is what
seems to be the missing element of the environmental education for engineers'®.

2. Brief Description of the Case Studied

The Technological Educational Institute of Piraeus is divided into two major Schools. The School of
Technological Applications and the School of Management & Economics which consist of seven and
two departments respectively. While the latter presents very limited interest for the current paper, the
former successfully features a wealth of technology-related departments including those of
Mechanical Engineering, Electrical Engineering, Systems Automation, Electronics Engineering,
Information Technology, Textile Engineering and Civil Engineering.

Although most of the aforementioned Departments have done noteworthy steps towards the
implementation of Environmental Education, the Mechanical Engineering Department in particular is
offering to the students a wide variety of environment-related courses. The Laboratory of Soft Energy
Applications & Environmental Protection is playing a key role in supporting the educational and
research activities of the engineering students both in undergraduate and postgraduate level!™.

More specifically the undergraduate program!” of the Mechanical Engineering Department includes
mandatory and optional courses with environmental and energy context. These are the: "Environments
Industrial Development"”, "Introduction to Renewable Energy Sources', "Lab of Renewable Energy
Sources', "Applications of Renewable Energy Sources', "Energy Mechanics and Management of
Natural Resources’, "Basic Principles of Ecology”, "Atmospheric Pollution — Antipollution
Technologies', "Environmental Measurements Technologies', "Waste Management Systems',
"Design and Optimization of Energy Systems'. Finally, the postgraduate course concerns the
remarkable "M Sc in Energy" offered in collaboration with the University Herriot-Watt of Scotland.

The course examined in the present paper is the "Basic Principles of Ecology”, which is offered on an
optional basis. It has been chosen among the other optional courses due to its high popularity. The
week after week syllabus of the course can be mainly separated into three parts. First comes the
Descriptive Ecology which discusses issues regarding the natural ecosystems and describes the
relations and factors influencing their balance. Second follows the Quantitative Ecology, dealing with
aspects of population evolution and dynamics not only for the natural but also for the manmade
ecosystems. Finaly, the course stresses the topic of Industrial Ecology in terms of a deeper
understanding of input and output flows, constantly in the light of the most environmentally friendly
procedures.

While the syllabus of the course in question can be considered as extensive the evauation
methodology consists of various options on the choice of the students. These include weekly brief tests
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on the taught material offered as well as essays on the three aforementioned parts of the course. One
may not disregard the final written exams as the core evaluation methodology. However, it is
noteworthy that the students who will gain sufficient credit from the weekly tests and the written
assignments are exempted from the final written exams. Regarding the students who will try
unsuccessfully to be released from the final exams, they will still have their papers marked with a
bonus depending on the credit they managed to gather during the semester.

3. Evaluation of the Results
As dready mentioned the "Basic Principles of Ecology" course, is the most popular among the

optional environment-related courses offered. More precisely the students enrolled in the course
initially have been more than 240 (figure (1)).

Students' Participation
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Figure 1. Students' Participation

Although this number might be considered as enormously high it is a common practice that students
are registered in more courses than what they will finally be able to attend. Therefore the number of
students who have appeared in the classroom for at least once throughout the semester was only 106.
Nevertheless not more than 84 and 60 have been the students who attended the class for more than 4
and 7 times respectively. Regarding the written assignments, that the students can optionally prepare,
one may notice in figure (1) that while 43 essays have been delivered during the first session of the
semester, only 28 and 25 students worked on the second and third essay accordingly.

Concerning the observed decrease in the number of students decided to study for the second and third
assignment one may suppose that after being informed for the mark of the first one many realized that
it would not be of interest to continue with the forthcoming essays. The same picture is reflected in
figure (2), where the evolution of the number of students attending every week is presented. After the
third week and the completion of the first session ten students decided to drop out.

The same happens after the sixth week and the completion of the second session. The rise of the
students which occurs in the ninth week can be connected to the common practice of the course in
question to present revision exercises helping those students who will sit the final exams.



20 ChalvatzisK.J. et al CEEE-2005, Klaipeda, Lithuania

Number of Studentsin the Classroom
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Figure 2: Number of Studentsin the Classroom

4, Discussion of the Results

Observing the final results after having finished the semester and the written exams some interesting
points should be highlighted. To begin with, only 21 of the students finally succeed to avoid the fina
written exams. However, the number of students who attended more than 7 classes and delivered al
the 3 requested assignments was 25. Therefore one may notice that 84% have been successful.

Final Results
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Figure 3: Final Results
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While 21 students have managed to avoid the final written exams the 80% (85 pupils) of the students
who attended at least one class did not manage to gain an adequate credit. Therefore 67 of them will
be able to sit the exams being benefited by a significant bonus in their mark. Finally only 18 students
collected a credit of insignificant value that will be of no importance in their exams.

Concerning the final written exams one may notice in figure (3) that 101 students are taking part and
only 30% achieve a sufficient mark. Needless to say that the vast majority of the successfully
examined students is coming from the group of the 67 ones who had collected a credit due to their
class work. Not only was the credit of particular help but also the fact that these students have been
attending rather regularly the lectures and working at least for some of the written assignments
contributed in a better understanding of the course’s syllabus.

A final consideration should be placed on the comparative assessment among the different sessions
presented throughout the semester concerning separate aspects of the science of Ecology. Data show
that the session of industrial ecology is the one marked higher. While in no case, industrial ecology
can be considered as a comparatively easier session, the authors believe that the mechanical
engineering students simply tend to find it more interesting. In an attempt to explain the higher marks
observed in the last session (industrial ecology) one may not disregard the fact that the students taking
part are the best qualified ones, having already completed successfully the two previous sessions.

Compar ative Assessment
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Figure 4. Comparative Assessment

5. Conclusion

While the quantified performance of the students in the course in question has been presented, the
authors believe that some useful results can be extracted. As such would be to the need to encourage
students to participate actively during the semester in order to maximize their benefit both in terms of
knowledge and credit gained. Moreover it is of significant importance to emphasize on the Descriptive
Ecology in order to help the students familiarize with the relevant lectures demands. Finaly, the in
depth preparation of the students who will sit the final exams would be considered as more than
welcome.
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Concerning the Environmental Education for Engineers it is obvious that narrowing it down to the
improvement of skills on green production is simply an insufficient approach™. A wider, inter-
disciplinary approach can only meet the demands for a holistic integration® of the values of the
environmental awareness and responsibility. The analysis carried out can be of use not only for the
interested teachers but also for the keen students who can improve their studying efficiency by
choosing the most suitable path in order to gain the best marks and knowledge.
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COMPARING WIND AND PHOTOVOLTAIC STAND-ALONE POWER SYSTEMS
USED FOR THE ELECTRIFICATION OF REMOTE CONSUMERS
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Abstract

Wind power and photovoltaic driven stand-alone systems have turned into one of the most promising
ways to handle the electrification requirements of numerous isolated consumers worldwide. In this
context, the primary target of the present work is to estimate the appropriate dimensions of either a
wind power or a photovoltaic stand-alone system that guarantees the energy autonomy of several
typical remote consumers located in representative Greek territories. For al regions examined, long-
term wind speed and solar radiation measurements as well as formal meteorological data are utilized.
Accordingly, special emphasis is put on the detailed energy balance analysis of the proposed systems
on an hourly bass, including aso the battery bank depth of discharge time evolution. Finaly,
comparison is made between the wind and the solar based systems investigated, proving that in most
Greek regions either a wind or photovoltaic driven stand-alone system is able to cover the
electrification needs of remote consumers, at a moderate first installation cost, without any additional
energy input.

Keywords: Wind Power Stand-alone System; Photovoltaic Stand-alone System; Energy Balance;
Battery Capacity; System Comparison

1. I ntroduction

Greece, being located in the SE European edge, possess excellent wind and abundant solar potential,
since in several areas the wind speed exceeds the 10m/s at 30m height, while the annual solar energy
approaches the 1900kWh per square meter!. On the other hand, the country is strongly depended on
imported oil and natural gas, which represent almost the 75% of the domestic energy consumption?.

Besides, in Greece, due to its geographical distribution, exist several thousands of remote
consumers®?, located on the numerous small and medium-sized islands scattered throughout the
Aegean and lonian Archipelagos, as well as in rural areas of mainland, i.e. country houses, shelters,
telecommunication stations etc. All these isolated consumers have no direct access to reliable
eectrical networks, covering their electrification needs using small diesel-generator sets.

In this frame, the present study investigates the possibility of using either a wind power®>® or a
photovoltaic”®? driven stand-alone system to meet the electricity demand of all these remote
consumers. Thus, the primary target of the present study is to estimate the dimensions of either awind
power or a photovoltaic stand-alone system that guarantees the energy autonomy of atypical remote
consumer. Accordingly, specia emphasis is put on the detailed energy balance analysis of these
systems on an hourly basis, including also the battery bank depth of discharge time evolution. Finally,
comparison is made between the wind and the solar based systems for various representative wind and
solar potential profiles, proving that in most Greek regions a wind or solar driven stand-alone system
is able to cover the electrification needs of remote consumers at a moderate first installation cost.

Kaldellis J.K., Kavadias K.A., Koronakis P.S., 2005, "Comparing Wind and Photovoltaic Stand-Alone Power
Systems Used for the Electrification of Remote Consumers', to appear in Renewable and Sustainable Energy
Reviews, on-line available (05/03/05) in www.ScienceDirect.
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2. Description of the Wind/Solar Stand-Alone System
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Figure 1: Proposed Stand-Alone Wind Power System

The proposed by the authors®” stand-alone system (figures (1) and (2)) comprises either a small wind
converter feeding -via a UPS of similar nominal power- the AC load of the system or a small
photovoltaic generator of "z" panels properly connected to meet via a charge controller and an inverter
the consumption load demand. In case that the electricity demand isinferior to the corresponding wind
turbine or photovoltaic generator production, the energy surplus is stored to a battery row via the
battery charge controller. Finally, in cases that the wind or the solar energy production cannot fulfill
the load demand, a DC/AC inverter is used to transform the battery output in order to meet the
system’s power requirements. More precisely the proposed stand-alone systems are described as
follows.

2.1 Wind Power System

Asshown in figure (1) thewind power system is based on:

i. A small wind converter of rated power "N, kW (i.e. N,<20kW) and specific power curve
"Nwr=N(V)" for standard day conditions"

ii. A lead-acid battery with cell capacity of "Qm', Mmaximum depth of discharge "DOD."
ensuring along term operation and output voltage "U,"

iii. An AC/DC rectifier of "N," kW and Uac/Upc Operation voltage values

iv. A charge controller of "N," kW, maximum 8h charge rate "Rq" and outlet voltage " Ucc"
V. A UPS of "N," kW, frequency of 50Hz, autonomy time "5t=2min" and operational voltage
220/380Volt

vi. A DCIAC inverter of "N," kW, frequency of 50Hz and operational voltage 220/380Volt™®

The main system dimensions are the wind turbine rated power "N," and battery size "Qma"', While the
inverter maximum power is directly related to the consumption peak load demand "N,", see also™?,

2.2 Photovoltaic Power System
Accordingly, the proposed stand-alone photovoltaic system (figure (2)) consists of:
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Figure 2: Proposed Photovoltaic Stand-Alone System for | solated Consumers

i. A photovoltaic system of "z" panels ("N." maximum power of every pand, Npy=z.N.)
properly connected (z; in parallel and z; in series) to feed the charge controller to the voltage
required™

ii. A lead acid battery storage system for "h," hours of autonomy, or equivalently with total
capacity of "Qma", Operation voltage "U," and maximum discharge capacity "Qmn" (Or
equivalently maximum depth of discharge "DOD,")

iii. A DC/AC charge controller of "N." rated power, maximum 8h charge rate "R.," and charging
voltage "Ucc"

Iv. A DC/AC inverter of maximum power "N," able to meet the consumption peak load demand,
frequency of 50Hz and operational voltage 220/380V olt

where "N," is the maximum load demand of the consumption, including a future increase margin (e.g.
30%). Taking into account that the proposed system has an operational life of at least twenty years, it
is assumed reasonable to take into consideration a five-year forecast of the expected electricity
consumption. The two governing parameters of the proposed installation are the number "z" and the
rated power "N." of each photovoltaic panel used along with the battery maximum necessary capacity

"Qrad"

Both stand-alone systems include aso the non-active part of the installation, including supporting
structures, power conditioning devices and wiring.

2.3 Stand-Alone Systems Operational M odes

During the long-lasting service period of the proposed stand-alone system (20-30 years is assumed to

be redlistic), the following operational modes may appear:

a The power demand "Np" is less than the power output of renewable energy station "Nges"
(Where Nres=NwT Or NRES:NP\/)I i.e (NRES>ND)- In this case the energy Surpl us (ANzNRES-ND)
is stored via the rectifier (only for wind power systems producing AC) and the battery charge
controller. If the battery is full (Q=Qm), the residual energy is forwarded to low priority
loads.
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b. The power demand is greater than the renewable energy station power output (Nges<Np),
which is not zero, i.e. Nres20. In similar situations, the energy deficit (AN=Np-Nges) is
covered by the batteries via the battery charge controller and the DC/AC inverter.

C. There is no renewable energy production (e.g. low wind speed or zero solar radiation, system
not available), i.e. Nres=0. In this case the entire energy demand is covered by the battery
charge controller-DC/AC inverter subsystem, under the condition that Q>Qpn.

In cases (b) and (c¢) -when the battery maximum depth of discharge is exceeded- an electricity
management plan should be applied; otherwise the load would be rejected. In this context, a system-
monitoring device may encourage operators to remarkably improve the efficiency operation of the
autonomous wind/solar power station. Finally, for practical reasons, in an attempt to preserve the
stand-alone system energy autonomy, an emergency energy consumption management plan is also
necessary, in order to face unexpected energy production problemsrelated to "Force Majeure” events.

3. Computational Algorithms Presentation

As aready mentioned, the primary prospect of this analysis is to estimate the appropriate dimensions
of a stand-alone wind or solar power station for remote consumers sited al around Greece. The main
inputs of the problem are:

»  Detailed meteorological data, including either wind speed "V" or solar radiation "G"
measurements for a given time period (e.g. one year minimum)

»  Ambient temperature "0" and pressure "p" datafor the entire period analysed

»  Operational characteristics of the wind turbine (i.e. specific power curve "Nwr=N(V)" for
standard day conditions) or of the photovoltaic modules (current, voltage) selected, i.e. I1=1(U,G)
and "N."

> Operational characteristics of al the other electronic devices of the installation, i.e. inverter
efficiency, AC/DC rectifier performance (only for wind driven systems), battery cell (Q-U;6)
curve etc.

»  The dectricity consumption profile, based on information provided by the Hellenic National
Statistical Agency'>”, on an hourly basis (see figure (3)), being also dependent™2*** ypon the
selected period of analysis (winter, summer, other).

Typical Weekly Electricity Demand Profile
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Figure 3: Typical Electricity Demand Profile of the Remote Consumer Analyzed
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Accordingly, for the estimation of the appropriate configuration of awind or solar stand-alone system
able to guarantee the energy autonomy of an isolated consumer two fast and reliable numerical
algorithms (i.e. WINDREMOTE-II and FOTOV-III, respectively) have been created [3,11], able to
analyze in detail the energy behaviour of the above described installation for a selected time period.
The main steps of the two algorithms (see aso figures (4) and (5)) are asfollows:

a For every region analysed, select a (No-Qmax) OF (z-Qmax) pair, respectively.

b. For every time point of a given time period (with a specific time step) estimate the energy
produced by the renewable energy station, i.e. "Nwt" by the wind turbine or "Np," by the
photovoltaic generator, taking into account the existing meteorological parameters (i.e. wind
speed or solar radiation, the ambient temperature and pressure) and the selected wind turbine or
photovoltaic panel power curve.

C. Compare the renewable energy production "Nges” with the isolated consumer energy demand
"Np". If any energy surplus occurs (Nres>Np), this energy is stored to the battery bank and a
new time point is examined (i.e. proceed to step b). Otherwise, proceed to step (d).

d.  The energy deficit (Np-Nges) is covered by the energy storage system, if the battery is not near
the lower limit (Q>Quin). Accordingly proceed to step (b). In cases that the battery is practically
empty (Q<Qmin), the load is rejected for an hour period and the complete analysis is repeated,
starting from step (@), up to the case that the no-load regjection condition is fulfilled for the
complete time period examined. If the desired energy autonomy is obtained define
Q =min{ Quad} -

e Next, the wind turbine rated power or the number of photovoltaic panels is increased and the
calculations are repeated. Thus, after the integration of the analysisa (No-Q) or a(z-Q’) curveis
predicted which guarantees the isolated consumer energy autonomy for the investigated period.

At this point it is important to mention that for every (N,-Q) or (z-Q') pair ensuring the energy
autonomy of the remote system, a detailed energy production and demand balance time-distribution is
available along with the corresponding time-series of battery depth of discharge.

4.  Application Results

The present analysis should be applied for several typical Greek territories possessing representative
wind and solar potential, see figure (6). For the regions selected long-term wind speed and solar
irradiance measurements™ exist, as well as formal meteorological data. More specifically, for the
installation of wind power stand-alone systems the cases analyzed (see Table 1) include:

Tablel: Annual Wind Potential Characteristics of the Areas Analyzed

Island Annual Mean Wind Speed (m/s) Max. Calm Spell Duration (h)
Andros 9.56 41

Naxos 7.54 94

Skiros 7.01 112

Kithnos 6.58 178

Kea 6.09 210

= avery high wind potential area (Andros island, mean wind speed 9.5m/s),

= ahigh wind potential area (Naxos island, mean wind speed 7.5m/s),

= amedium-high wind potential area (Skirosisland, mean wind speed 7.0m/s),

. amedium wind potential area (Kithnos island, mean wind speed 6.5m/s) and

amedium-low wind potential area (Keaisland, mean wind speed 5.8m/s)

To get a clear-cut picture of the wind potential difference, figure (7) demonstrates the daily average
wind speed time series for the best and the worst wind potential cases examined, for an entire year.
There is a remarkable wind speed value difference for amost every day of the year between Andros
and Kea islands. Hence, applying the WINDREMOTE-II algorithm to the above islands we get the
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WIND & SOLAR ENERGY IN GREECE
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Figure 6: Wind-Solar Potentia in Greece

results of figure (8). In this figure one may find the corresponding wind turbine rated power and
battery bank capacity combinations that guarantee one year energy autonomy without any external
energy input. According to the results obtained, there is a significant battery capacity reduction as the
wind turbine rated power increases. This increase is more abrupt for the high wind potentia areas,
while the medium wind potential areas present milder distribution. Besides, for all regions examined,
the battery size tends to an asymptotic value as the wind turbine size surpasses a specific value, which
is depending on the wind potential quality. Finally, it is important to note that for the relatively low
wind potential areas the battery size is significantly bigger than for the medium or high wind potential
case. In fact, Naxos and Andros islands tend to amost the same asymptotic battery capacity value,
despite their remarkable wind potential difference, see aso Table I. On the contrary, the battery
capacity difference between Kea and Kithnos islands is quite large, although for these two islands the
annual mean wind speed difference is less than 1m/s. Kithnos and Skiros islands distributions are
rather similar, although Skiros island possesses a dlightly higher annual mean wind speed.
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MEAN DAILY WIND SPEED for ANDROS and KEA ISLANDS
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Figure 7: Comparison of Wind Speed Time Series for the Two Extreme Cases Analyzed
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|slands

Subsequently, for the installation of photovoltaic power stand-alone systems the cases analyzed (see
Tablell) include:

a high solar potentia idand of Aegean Sea (Rhodes island, annual solar energy

1843kWh/(m?.year) at horizontal plane),

a S. Greece medium-high solar potential area (town of Sparti in Peloponnesus, annual solar energy

1731kWh/(m?.year)),
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e a medium-high solar potential island of N.E. Aegean Sea (town of Mytilene in Lesvos island,
annual solar energy 1680kWh/(m?.year)),

e a medium solar potential area of Centra Greece (Larissa town, annual solar energy
1565kWh/(m?.year)) and

e a medium-low solar potential island of N. Aegean Sea (Thassos island, annual solar energy
1547kWh/(m?.year))

Table 1: Solar Potential Characteristics (at Horizontal Plane) of the Areas Analyzed

Region Annual Specific Solar Energy Geographical Geographical
(kWh/(m?.year)) Latitude L ongitude
Rhodes 1843 36°22' 28°13'
Sparti 1731 37°04' 22°26'
Mytilene 1680 39°06' 26°33'
Larissa 1565 39°38' 22°25'
Thassos 1547 40°56' 24°25'

Using the available experimental data (e.g. figure (9) for the worst solar potential month) and applying
the PHOTOV-I11 numerical algorithm, the calculation results concerning the autonomous photovoltaic
panel and battery capacity combination for the examined areas are summarized in figure (10). All the
calculations are carried out using panel tilt angles equal to 60°"*®. For aimost all energy autonomy
curves, two digtinct parts can be defined. In the first part of these curves the battery capacity is
significantly reduced as the photovoltaic panels number is dlightly increased. This rapid change is
more evident for high solar potential areas. In the second part, the battery capacity remains almost
constant, not depending on the photovoltaic panels' number, achieving an asymptotic value depending
mostly upon the local solar potential. It is aso interesting to mention that the battery capacity of the
stand-al one systems decreases remarkably as the available solar potential isimproved. In any case, the
differences encountered between the best and the worst solar potential cases are quite smaller than the
ones of figure (8).
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Figure 9: Comparison of Solar Irradiance for the Two Extreme Cases Investigated
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Greek Regions

In an attempt to directly compare the wind and solar stand-alone power system configurations we
present together in figure (11) three representative configurations of each category that guarantee, on
an annual basis, energy autonomy to the isolated consumer of figure (3). After a careful inspection of
figure (11) data, covering the vast majority of Greek territory, one may state the following:
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» The best wind potential areas need quite smaller stand-alone system configuration than the best
solar potentia case.

» On the other hand, medium-low wind potential areas need extremely huge configurations to
guarantee energy autonomy.

» The necessary battery capacity of photovoltaic stand-alone systems is quite smaller than the
minimum battery size required by wind-driven stand-alone systems. This may be explained by the
fact that considerable calm spell periods may appear (Table 1) even in the best wind potentia areas
(stochastic behaviour of wind), while there is almost no possibility for a place in Greece, for two
successive days, hot to experience afair solar energy gain; see for example figures (7) and (9).

» On the contrary the rated power of the wind turbines used are lower than the corresponding
photovoltaic generator peak power, especialy for medium-high wind potential cases. This fact can
be attributed to the different available wind-solar energy density (i.e. KWh/m?), as well as by the
rather high efficiency discrepancy between the contemporary wind turbines (up to 45%) and the
commercia photovoltaic panels (=13%)*"2,

As a genera conclusion one may state that -taking into consideration the ex-works cost difference
between wind turbines and solar panels of the same rated power- wind based stand-alone systems
present a relative size-advantage for high or medium-high wind potential cases. On the other hand,
photovoltaic based stand-alone installations are using quite smaller batteries and need less
maintenance for almost every area in Greece. Of course, a detailed cost-benefit analysis is necessary
on long-term basisin order to reach final conclusions, under the current socio-economic environment.

5.  Energy Balance Analysis of Wind/Solar Stand-Alone Systems

As dready mentioned, one of the main targets of the present study is to analyze and compare the
energy behaviour of wind and solar based stand-alone systems located throughout Greece. In order to
select a representative stand-alone configuration among the pairs of figures (8) and (10), the minimum
initial cost combination is selected -using the analysis presented by the authors™*, for every region
examined. Thus, the resulting outcomes are based on wind power and photovoltaic stand-alone

Annual Energy Balance of Stand-Alone Systems
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Figure 12: Annual Energy Balance of Wind and Solar Stand-Alone Systems
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systems that guarantee the remote consumers energy autonomy under the minimum first installation
cost restriction.

To get an integrated picture of the proposed system energy balance, figure (12) demonstrates the
annual energy balance of several wind power and photovoltaic stand-alone systems. Taking into
consideration that energy demand is the same for every stand-alone system, it isinteresting to note that
the energy production of wind power systems is three to six times higher than the demanded energy,
while the corresponding energy production of the photovoltaic installations is not greater than 1.5 the
remote consumer energy demand. As aresult, all wind power systems present quite higher losses than
the photovoltaic ones, while their corresponding energy surplus is very high, exceeding the 150% of
the energy consumption. Thisis not the case for the photovoltaic systems, since even in Thassosisland
case presenting the lowest solar potential, the energy rejection is dightly over 30% of the energy
consumption.

Another interesting point related to the monthly energy analysis of the stand-alone systems
investigated (figures (13) and (16)) is the hig differences between Andros and Kea islands energy
distribution, where the Kea wind turbine is aimost 15kW, while the corresponding engine for Andros
island is less than 4kW. Despite this considerable size difference, during low wind speed periods (e.g.
May to July) the wind energy production of these power stations is similar, due to the quite different
wind potential of the areas. In fact, comparing the detailed energy balance profile of these two islands
during June (figures (14) and (15)) one may state the following:

Monthly Wind Energy Distribution for Andros (3.75kW)
and Kea (15.2kW) Stand-Alone Wind Power Systems

6000

5000 @ System Loss
ORejected Energy B
M Energy Demand
4000 m m ay
=S
B
=
> 3000 -
2
[}
[
|
2000 -
1000
0
T o T B Ty fy Ry By Ty By T R Ry, R, Ny Ty e o o Ty e o

%Y %
Month of the Year

Figure 13: Monthly Energy Balance of Selected Wind Power Stand-Alone Systems

The wind energy production in Andros (4kW) is bigger than the one of Kea (15kW)

The calm spell periods of Keaisland is much longer than Androsisland

In both cases there are two relatively long low wind speed periods leading to considerable battery

energy storage decrease.

> Due to quite higher battery bank size, the first minimum battery discharging limit of Keaisland is
not very low, while in Andros island both minima are very near to the maximum battery DOD
limit.

» Dueto the relative smaller wind turbine used, the instantaneous wind energy production in Andros

island is comparable with the energy demand, which is not the case for Keaisland.

YV VYV
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» Unfortunately, the excessive wind power of Kea stand-alone system during the first week of June
ispractically lost, since the system batteries are completely full.
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Figure 14: Energy-Battery Capacity Distributions of a Wind Power Stand-Alone System
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Figure 15: Energy-Battery Capacity Distributions of a Wind Power Stand-Alone System
Located in Kealsland
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Monthly Photovoltaic Energy Distribution for Rhodes (105x51W)
and Thassos (150x51W) Stand-Alone Solar Power Systems
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Figure 16: Monthly Energy Balance of Selected Photovoltaic Stand-Alone Systems
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Similarly, one may analyze the monthly energy profile of the photovoltaic stand-alone systems
situated in the two extreme Greek solar potential regions, i.e. Rhodes and Thassos islands, keeping in
mind that the Thassos stand alone system uses 50% more solar panels than the corresponding Rhodes
one. As mentioned in figure (12), the photovoltaic energy production is primarily used to meet the
energy consumption, while only a small portion of the energy production is finally rejected. This
energy rejection takes place primarily during the hot months of the year and is more obvious for
Thassos system. More specifically, the most difficult energy balance situation for this N. Aegean
island is during December and January, where the photovoltaic generator hardly coverstheinstallation
load. On the contrary, for S. Greece installation the limited energy balance takes place during June and
July, where the selected photovoltaic generator faces quite higher power demand, see aso figure (3).
In any case, the energy disposal by the photovoltaic generator is quite better than the one produced by
wind turbines, a fact that may support the idea that photovoltaic panels are more convenient than
micro wind converters, disregarding the first installation cost matter.

Finaly, in figures (17) and (18) one may find the energy balance time evolution along with the
corresponding battery energy content for the two most difficult months of Rhodes and Thassos
photovoltaic stand-alone systems, i.e. June and December respectively. On the basis of these two
figures one may conclude that:

» Energy production in Rhodes island is comparable with the increased energy consumption of the
installation, hence the problem is not due to the low solar irradiance in June but mainly due to the
small system battery bank (only 2200Ah). In fact, this means that the selected photovoltaic stand-
alone system is amost perfectly adapted to the local conditions.

» On the other hand, there is a remarkable low energy production period during the 3 week of
December for Thassos island, which endangers the energy autonomy of the proposed stand-alone
system.

» Even during this low solar potential period (December) the Thassos stand-alone system produces
relatively high energy.

» The energy production of Rhodes island during June is ailmost constant, excluding a few cloudy
days during the first week of the month.
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Figure 17: Energy-Battery Capacity Distributions of a Photovoltaic Stand-Alone System
Located in Rhodes Island
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Figure 18: Energy-Battery Capacity Distributions of a Photovoltaic Stand-Alone System
Located in Thassos Island

Therefore, according to the information presented, both wind and solar based stand-alone systems can
face the energy demand of the isolated consumer. To be more precise, the photovoltaic systems seem
to be more adaptable to the specific energy consumption profile, although high wind potential areas
may use smaller and less expensive configurations than the corresponding photovoltaic ones. On the
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other hand, wind driven stand-alone systems may be more attractive when supporting supplementary
second priority electrical loads, like small desalination plants®”, water pumps for irrigation
purposes®!!, small ice-making machines etc.

6. Conclusions

The possibility of using either a wind power or a photovoltaic driven stand-alone system to meet the
eectricity demand of typical remote consumers located in different places in Greece is investigated.
For this purpose two independent stand-alone configurations are used, based respectively on a small
wind converter or asmall photovoltaic generator.

Applying the proposed methodology, one has the opportunity to estimate the two systems dimensions
that guarantee energy autonomy of the instalation for the entire period analyzed. For al regions
examined, long-term wind speed and solar irradiance measurements, as well as other meteorol ogical
data are needed.

According to the results presented both wind or photovoltaic driven systems have the ability to cover
the corresponding load demand. More specifically, for most regions analyzed the rated power of the
wind turbine used is lower than the corresponding photovoltaic generator peak power. On the other
hand the necessary battery capacity of the photovoltaic based systemsis quite smaller than the one of
the wind based installation. A long-term cost-benefit evaluation may be used, for each region
separately, in order to reach to final estimates and conclusions.

Finally, a detailed energy analysis for both wind and solar driven stand-alone systems is presented,
including also the system battery depth of discharge time-evolution. Generally speaking, the energy
production of the wind power stand-alone systems is much higher than the corresponding power
demand, while photovoltaic installations seem to be more adaptable to the power demand profile of
the specific consumer. In this context, wind driven systems may be more appropriate to cover
additional second-priority loads, especially during high wind speed periods.

Summarizing, on the basis of the above presented information, one may definitely state that both
stand-alone configurations can significantly contribute to the energy requirements of numerous
isolated consumers all around Greece. More precisely, in regions of high or medium-high wind
potential wind driven systems are definitely the best solution, including preliminary cost aspects. On
the other hand, in most other situations photovoltaic driven installations use quite smaller batteries and
may present even aremarkable initial cost advantage.

In any case, every one of the proposed configurations is able to guarantee the remote consumer energy
autonomy without any additional energy input, while protecting the corresponding system batteries
from deep discharge. For al these regions, wind or photovoltaic based stand-alone systems are
possibly the best alternatives to meet the electrification requirements of isolated communities,
improving also their life quality.

REFERENCES:

[1] Kaldellis J.K., Vlachos G. Th., Kavadias K.A., 2000, "Optimum sizing basic principles of a
combined photovoltaic-wind-diesel hybrid system for isolated consumers', Proceeding of
EuroSun 2002 International Conference, 2002. Paper W141, Bologna, Italy.

[2] Greek Regulatory Authority of Energy, 2004, http://www.rae.gr.

[3] Kalddlis J.K., 2002, "Optimum Autonomous Wind Power System Sizing for Remote
Consumers, Using Long-Term Wind Speed Data', Journa of Applied Energy, vol.71(3),
pp.215-233.



42

Kaldellis J.K. et al Renewable and Sustainable
Energy Reviews (2005)

[4]
[3]
(6]

[7]

[8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]
[19]

[20]

[21]

Jensen Th. L., 2000, "Renewable Energy on Smdll 1dands’, Second edition, Forum for Energy &
Development, FED.

U.S. Department of Energy (DOE), 1997, "Small Wind Energy Systems for the Homeowner",
prepared by NREL, DOE/GO-10097-374, FS 135, USA.

Notton G., Musdli M., Poggi P., Louche A., 1999, "Stand Alone Wind Energy Systems Sizing
Procedure with Cost Optimization”, presented at 1999 European Wind Energy Conference and
Exhibition, pp.919-922, Nice, France.

KaldellisJ.K., Koronakis P., Kavadias K., 2003, "Energy Balance Analysis of A Stand-Alone
Photovoltaic System, Including Variable System Reliability Impact”, Renewable Energy Journal,
vol.29(7), pp.1161-1180.

Sidrach-de-Cardona M., Mora Lopez Li., 1998, "A Simple Model for Sizing Stand Alone
Photovoltaic Systems®’, Solar Energy Materials & Solar Cells Jr., vol.55(3), pp.119-214.

Arab A.H., Driss B.AA.,, Amimeur R., Lorenzo E., 1995, "Photovoltaic Systems Sizing for
Algerid’, Solar Energy Jr., vol.54(2), pp.99-104.

Kaldelis J.K., Tsesmdis M., 2002, "Integrated Energy Balance Anaysis of a Stand-Alone Wind
Power System, for Various Typical Aegean Sea Regions', Wind Energy Journal, vol.5(1), pp.1-17.
Kaldellis J.K., 2003, "Optimum Techno-Economic Energy-Autonomous Photovoltaic Solution
for Remote Consumers Throughout Greece", Journal of Energy Conversion and Management,
vol.45(17), pp.2745-2760.

Muselli M., Notton G., Louche A., 1999, "Design of hybrid-photovoltaic power generator,
with optimization of energy management", Solar Energy Journal, vol.65(3), pp.143-157.

Beyer H.G., Degner T., Gabler H., 1995, "Operational Behaviour of Wind Diesel Systems
Incorporating Short-Term Storage: An Analysis via Simulation Calculations', Solar Energy,
vol.54(6), pp.429-439.

Lazou A., Papatsoris A., 2000, "The Economics of Photovoltaic Stand-Alone Residential
Households: A Case Study for Various European and Mediterranean Locations', Solar Energy
Materials & Solar Cells Jr., vol.62(4), pp.411-427.

Public Power Corporation, 1985, " Wind Speed and Solar radiation measurements for Greece,
1980-85", Edition PPC, Athens.

Bari S., 2000, "Optimum slope angle and orientation of solar collectors for different periods of
possible utilization", Journal of Energy Conversion and Management, vol.41, pp.855-860.
Masini A., Frankl P., 2002, "Forecasting the diffusion of photovoltaic systems in southern
Europe. A learning curve approach”, Technological Forecasting and Social Change Journal,
vol.70(1), pp.39-65.

Ackermann Th., Soder L., 2002, "An overview of wind energy-status 2002", Renewable and
Sustainable Energy Reviews', vol.6, pp.67-128.

Kaldellis J.K., 2002, "Minimum Stand-Alone Wind Power System Cost Solution for Typical
Aegean Sealdands', Wind Engineering Journal, vol.26(4), pp.241-255.

Kaldellis J.K., Kavadias K.A., Kondili E., 2004, "Renewable Energy Desalination Plants for
the Greek Islands, Technical and Economic Considerations', Desalination Journal, vol.170(2),
pp.187-203.

Kavadias K., Komnimoglou A., Kaldellis J.K ., 2001, "Wind Energy Surplus Management for
Remote Consumers Using a Water Pumping Storage System", European Wind Energy
Conference, Conference Proceedings, pp.972-975, Bella Centre, Copenhagen.
































































































































































































106 KaldellisJ.K. et al Wind Energy (2005)

while wind speed presents a stochastic behaviour. The proposed analysis is accordingly applied to
representative remote consumers located at selected areas with enlightening results.

2. TheProposed Configuration

The proposed configuration (figure (1)) is consisting of a micro-wind converter, a small photovoltaic
generator and a battery storage device, along with the corresponding electronic equipment. More
precisely it involves:

Figure 1: Proposed Wind-Solar Stand-Alone System
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a. A micro wind converter of rated power "N," and given power curve N,=N(V) for standard day
conditions (i.e. air density taken equal to 1.225kg/m”).

b. A photovoltaic array of "z" panels ("N." maximum/peak power of every panel) properly
connected to feed the charge controller to the voltage required.

c. A lead acid battery storage system for "h," hours of autonomy, or equivalently with total capacity
of "Qmax ', Operation voltage "Uy" and maximum discharge capacity "Qmin".

d. AnAC/DC rectifier of "Ng" kW.
e. A DC/DC charge controller of "N." rated power.
f. A UPS (uninterruptible power supply) of "N," kW, frequency of 50Hz, autonomy time "5t" and

operation voltage 230/400V. The utilization of this device is optional and it is used to protect the
installation from any unexpected e ectricity production fluctuations due to the stochastic behaviour
of the wind.

g. A DC/AC inverter of maximum power "N," able to meet the consumption peak load demand,
frequency of 50Hz and operational voltage 230/400V.

In the present analysis the above described system is used to meet the electrification requirements of a
typical remote consumer, see figure (2), located in one of the several small islands of the Aegean
Archipelago. The corresponding load profile used is basically arura household profile (not an average
load taken from typical users) selected among severa profiles provided by the Hellenic Statistical
Agency™® see alsol*®*. More precisely, the numerical load values vary between 30W (refrigerator
load) and 3300W. According to the consumption profile approved, the annual peak load "N," does not
exceed 3.5kW, while the annual energy consumption "E," is around 4750kWh.
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Figure 2: Typical Electricity Demand Profile of the Remote Consumer Analyzed

For the complete energy analysis of the proposed installation, the corresponding wind potential, the
ambient temperature and pressure, along with the solar irradiance measurements -usually at horizontal
plane- for a given time period (e.g. one year) are also needed. Finaly, there are also required the
operational characteristics of al the components composing the stand-alone system under
investigation, e.g. wind power curve at standard day conditions, operational characteristics (current,
voltage (I-U)) of photovoltaic modules selected, inverter efficiency, battery bank characteristic etc.
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3. Description of the Operational M odes-Proposed Analytical M odel

During the long-lasting operation of the proposed stand-alone system (figure (1)), the following

Situations may appear:

a. The power demand "Np" of the consumption is less than the power output "N, of the wind
turbine, (N,>Np). In this case the energy surplus (AN=N,-Np) is stored via the rectifier and the
battery charge controller along with the energy production of the photovoltaic generator "Npy". If
the battery isfull (Q=Qmax), the residual energy is forwarded to low priority loads.

b. The power demand is greater than the power output of the wind turbine, (N,<Np) but less than
the sum of powers of photovoltaic station and wind converter put together, i.e. ((Nw+Npy)>Np).
In this case the remaining load demand is covered by the photovoltaic station via the DC/AC
inverter. Any energy surplus from the photovoltaic station is stored in the battery via the charge
controller. If the battery is full (Q=Qme), the residual energy is forwarded again to low priority
loads.

c. The power demand is greater than the power output of the two renewable stations, i.e
(Nw*+Npy)<Np, where (N, +Npy)=0. In similar situations, the energy deficit (AN=Np-(Ny+Npy)) is
covered by the batteries via the DC/DC converter and the DC/AC inverter. During this
operational condition, special emphasis is laid on the three-electricity production subsystems
management plan.

d. There is no renewable energy production (e.g. low wind speed, machine non available and zero
solar irradiance), i.e. (N,+Npy)=0. In this case, all the energy demand is covered by the battery-
DC/DC controller-DC/AC inverter subsystem, under the condition that Q>Qn,. In cases (¢) and
(d), when the battery capacity is near the bottom limit, an electricity demand management plan
should be applied; otherwise the load would be rejected.

According to the above, for the estimation of the appropriate configuration that guarantees the energy
autonomy of a remote consumer located in a specific area, under given wind and solar potential
conditions, a new algorithm "WT-PV-II" is devised, using the experience obtained from the already
presented™3 "WINDREMOTE-II" and "FOTOV-III" agorithms. In this context the proposed
algorithm uses the following steps:

Step1:  Define the number "z" of PV panels to be used (N., I=1(U,G,0)), taking into consideration
the existing solar intensity "G" and the corresponding ambient temperature 6"

Step 2.  Determine the size "N," of the wind converter to be used along with the corresponding
power curve (i.e. Nw=N(V))

Step 3. Select a battery capacity value "Qma", taking into account the desired hours of the system’s
energy autonomy

Step 4: At each time step, starting at t=0, complete the following steps:

Step 5: At the current time step "t" estimate the energy produced by the wind turbine

Step 6: At the current time step "t" estimate the energy produced by the photovoltaic station

Step 7:  Check if the output of the wind turbine production branch is greater than the energy demand
of the system. If thisis true, charge the batteries of the installation with the energy surplus,
under the condition that the batteries are not full. The photovoltaic generator energy
production is also stored at the system battery bank, if possible. In the opposite occasion, the
energy surplus is forwarded to low priority loads. Then proceed to the next time step, i.e.
Step (10).

Step 8 If the wind turbine cannot fulfil the energy demand, the energy deficit is covered by the
photovoltaic generator. In case of energy surplus, the batteries are charged, provided that
they are not full. In the opposite case, the energy surplus is forwarded to low priority loads.
Then proceed to the next time step, i.e. Step (10).

Step 9:  If the energy demand cannot get covered by the renewable energy production systems, the
energy deficit is covered by the system batteries, under the assumption that the batteries are
not near the maximum permitted depth of discharge. Otherwise, the battery capacity is
increased by a given amount "6Q" and go back to Step (4).

Step 10:  Proceed to analyze the next time step, Steps (5) to (9), until the complete time period is
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examined.
Step 11:  Increase the wind turbine size and repeat Steps (3) to (11).
Step 12: Increase the photovoltaic panels number and repeat Steps (2) to (12).

After the analysis is completed, the distribution Qmax=Qmax(No;2) is predicted, taking into account that
every set of "Qmax", "No" and "z" guarantees the energy autonomy of the remote consumer for the
entire period analyzed.

4.  Application Results

The proposed combined wind-solar solution is first applied at the island of Kea. Thisisasmall isand
(2300 inhabitants, area 103km?) close to Athens (figure (3)), with a relatively low wind potential®,
since the annual mean wind speed is dightly above 5.5m/s a 10m height, being marginally
appropriate to feed contemporary wind turbines for eectricity production. In fact, figure (4) presents
the year-long daily mean wind speed distribution, demonstrating the quite long low wind speed
periods, especially during June. More specifically, according to previous long term analysis”, the
maximum calm spell period of the area during an-entire 5-year period approaches the 200 hours
(approximately 8 days). Thus, the utilization of an extremely huge battery bank size reported in
Kaldellis and Tsesmelis® is quite rational for such a long calm spell period. During that study, an
attempt was made to guarantee the energy autonomy of atypical remote consumer on the basis of a
wind only based stand-alone system; see aso figure (5) for z=0.
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Figure 3: Wind-Solar Potential in Greece

According to the calculation results, one should use a wind turbine of rated power equal to 7kW
minimum, in order the required battery (24Volt) capacity not to exceed the 25000Ah. Considering,
however, the high solar potential (figure (6)) of the area, which belongs to the "C" solar potential type
of figure (3), a significant battery size reduction is encountered by introducing a small number of
photovoltaic panels. At the same time, the wind turbine rated power required is also decreased. More
precisely, using 20 photovoltaic panels of 51W, (or 1020W), the required wind turbine rated power is
less than 5kW, while the corresponding battery capacity drops to 20000Ah. In addition, a larger
number of photovoltaic panels (e.g. z=100 or 5.1kW) can practically establish a viable energy-
autonomous solution, by using only 8000Ah of battery capacity and awind converter of 5kW.
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MEAN DAILY WIND SPEED FOR KEA ISLAND
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Figure 4: Wind Speed Time Series for Kealsland
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Figure 5: Energy Autonomous Configuration of Wind-Solar Stand-Alone Systems

Accordingly, one may examine the resulting battery size reduction in the hypothetical case that -for
the island analyzed- the solar potential is better (case "A") than the one corresponding to case "C" of
figure (6). In this case however, due to the higher solar radiation available, the ensuing battery size
reduction is much greater, figure (7), as -by using 20 photovoltaic panels- the corresponding battery
reduction approaches the 25% in comparison with the zero PV panels (or wind only) solution, while
the corresponding wind turbine size decreases down to 3kW. Subseguently, one may accomplish the
installation energy autonomy by using only 50 panels -instead of 100 of figure (5)- where the
corresponding battery capacity is less than 10000Ah. Finaly, by increasing the photovoltaic panels
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number, there is not only a battery capacity decrease but also a considerable reduction of the wind
converter rated power required, figure (7).

The second region examined is the island of Kithnos, possessing a better wind potential than the Kea
island. More specifically, Kithnosis aso a small isand (1700 inhabitants, area of 94knv) in the Aegean
Sea, located approximately 60km southeast of Athens, figure (3). Due to the insufficient infrastructure
(e.g. road network) there are many isolated consumers, who have no access to the local eectrica grid. The
idand has a medium-strong wind potential, since in severa locations the annual mean wind speed exceeds
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Figure 6: Solar Potential Monthly Profiles for the two Cases ("A" and "C") Investigated
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6.5m/s, a a 10m height. Despite the higher annual mean wind speed of the area, the seasonal profile is
quite similar to the one of Kea, hence the corresponding calm spells are aimost equally long to the ones
of the Keaidand, appearing aso during summer. Thus, asin the previous case, the required dimensions of
awind power stand-alone system are rather sizeable, according to the results by Kaldellis™.

Applying the WT-PV-II adgorithm and using the solar potentia of case "C" of figure (3), one may
estimate a significant battery capacity reduction by incorporating 20 to 50 photovoltaic panels of 51W,;
figure (8). For example, the predicted battery capacity drops from 16800Ah (for the wind only system)
to 13100Ah (z=20) and to only 8500Ah (z=50) in case of a solution based on a 7.5kW wind converter.
In the extreme case that a 5kW photovoltaic generator is adopted, the corresponding battery capacity
drops below 5000Ah for a 5kW micro wind turbine based system.
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Figure 8: Energy Autonomous Configuration of Wind-Solar Stand-Alone Systems

Finally, in the theoretical case that the solar potential of the area examined corresponds to the case "A"
of figure (3), the corresponding battery size decrease is even greater, figure (9). In fact, by including a
1kW, photovoltaic generator (i.e. z=20) in a 7.5kW wind power stand-alone system the installation’s
energy autonomy isfulfilled by using a battery capacity of only 20000Ah. On top of this, by adding 75
photovoltaic panels on a typical 3kW wind-based stand-alone system the corresponding battery size
drops below 3500Ah.

Before completing this section it is important to address the possible economic advantage of the
proposed solution in comparison with the utilization of a dispatchable generator. Generally speaking
the utilization of a dispatchable generator may solve some of the energy demand problems of remote
consumers in short-term time horizon. However, the long-term (life-cycle) cost-benefit analysis does
not justify the incorporation of a diesel-electric generator in Greek remote island areas. In as much, the
optimization of a wind-solar stand-alone system is being attempted in view of the uncontrollable ail
price augmentation and the continuous environment degradation due to the usage of fossil fuels.

More precisely, in order to check the viability of the proposed wind-solar based solution, to meet the
eectricity demand of a remote consumer with rational cost, a preliminary comparative study is
undertaken including also the possibility to use a small autonomous diesel-electrical generator system.
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Figure 9: Energy Autonomous Configuration of Wind-Solar Stand-Alone Systems

The most widely applied (up to now) solution for the remote consumers to fulfill their electrification
needs is to install a small internal combustion engine in combination with an appropriate electrical
generator. Although the efficiency of such a system is quite small (=20%) the corresponding buy cost
isvery low (=240Euro/kW), increasing the short-term economic attractiveness of this solution. On the
other hand, the service supplied, based on the life span of a continuously through the year operating
system, is taken equal to six (6) years and the corresponding long-term average M&O cost (mainly
due to fuel cost) is assumed equal to 7000 Euro per year. Consequently, selecting a 5kW autonomous
system the total electricity cost "Cy" of the installation after "n" years of operation is given as:

C,=1200+7000-n+V, (@)

where "V," term describes the replacement cost of the diesel engine every six years.

Accordingly, using the proposed configuration based (e.g. Kithnosisland, figure (8)) on awind turbine
of rated power 7.5kW and taking into consideration a 3% (m=0.03) annual maintenance and operation
cost coefficient®, the total electricity production cost by applying the wind-solar energy solution can
be approximated as:

Cue =I1C,+m-IC,-n+V, 2)

while"V/," term is used to describe the battery replacement cost (depending on the photovoltaic panels
selected) every seven years. Theinitial installation cost "1C," of the proposed solution includes the ex-
works price of the wind turbine (7.5kW), the battery and the photovoltaic panels purchase cost (Table
I) and the corresponding balance of the plant cost, including any additional electronic egquipment
required. Bear in mind that similar applications, based on the exploitation of renewable energy sources
are strongly subsidized by the Greek State, up to 50% for combined wind-solar based systems.

For comparison purposes, the calculation results are summarized in figure (10), for various
combinations of photovoltaic modules and battery capacity (Table I). Asiit is clearly understood by
figure (10) the dispatchable diesel generator scenario presents a financial advantage during the first
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five to eight years of operation of the installation, excluding any excessive oil price augmentation.
Accordingly, the proposed stand-alone system is by far the best alternative, especially if the number of

photovoltaic modules exceeds the twenty (20).

Table |: Main Parameters of the Kithnos Stand-Alone System Analyzed

Photovoltaic Battery Initial Initial Cogt (€), Battery
modulesnumber | Capacity (Ah) | Cost (€) including subsidy replacement cost
0 16700 58666 29333 39425
20 13100 57898 28949 31518
50 8800 58930 29465 21840
100 4600 66949 33475 12009
COST COMPARISON BETWEEN PROPOSED SOLUTION
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Figure 10: Life-Cycle Cost Analysis: Comparison Between the Proposed Wind-Solar Based
and a Typical Dispatchable Diesel Generator Solution

5. Battery Size Reduction

According to the results of figures (5), (7), (8) and (9), a significant battery size reduction is
encountered for two representative wind power stand-alone systems located in medium-low wind
potential Greek islands, when a small photovoltaic generator is introduced in the original wind power
stand-alone system, designed to meet the electrification needs of a typical remote consumer. On the
other hand, the incorporation of photovoltaic panels in similar systems may be characterized as a
rather expensive improvement, which does not have practical results. Contrarily to this general belief,
one may prove that this proposal isin fact financially beneficial, if the money saved by the replaced
battery capacity counterbalances or overwhelms the introduced photovoltaic panels ex-work price,
under a constant wind turbine rated power value, see also figure (10). In this case the entire system
energy production cost is respectively reduced. One should not disregard the fact that a typical |ead-
acid battery must be replaced every 4 to 7 years, while the photovoltaic generator has a life span
period of more than 20 years'®. This fact is obvious if one compares the z=0 and the z=100 solutions
of figure (10). More precisely, the z=100 solution is definitely |ess expensive than the z=0 one on life-
cycle base analysis, athough the z=0 solution (zero photovoltaic panels utilization) presents lower
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initial cost, see also Table |. This may be attributed to the lower battery replacement cost in case of
increased photovoltaic panels’ utilization as well as to the remarkable (50%) initial cost subsidy by the
Greek State.

In this context, one may consider a greater ratio value of the battery reduction per photovoltaic panel
(51W,) (in absolute terms) than the value calculated by equation (3). More specifically, in equation (3)
one may estimate the marginally considered "AQ/Az" value according to the following relation:

(AQ/a) =4 ®

where "A" is the ex-works price of one (51W,) photovoltaic polycrystalline panel and "B" is the
present value of the purchase cost plus the replacement cost (every 4-7 years) corresponding to the
battery capacity (24Volt) reduction by one Ah. More specifically, if the slope of the curve of the
battery capacity decrease vs. PV panels number (AQ/Az) for each wind turbine size tested is steeper
than the value of equation (3), then the battery replacement by PV panelsis a less expensive option.
On the other hand, if the corresponding slope is less than the one of equation (3), one should use lead-
acid batteries instead of additional PV modules.

Using the available current market prices*?”, the numerical value of equation (3) varies between -250
(battery decrease vs. photovoltaic panel increase) and -100. Thus, when the battery reduction rate per
photovoltaic pand introduced exceeds (in absolute terms) a specific value (e.g. | AQIAz | =150), the
replacement of lead-acid batteries by photovoltaic panels is financially beneficial. For instance, the
expense for installing one additional photovoltaic panel of 51W, is below the purchase and
replacement cost of the battery (greater or equal to 150Ah) module -no further required to guarantee
the system energy autonomy- in constant (present) values.

In order to get a clear-cut picture of the proposed modification, figures (11) and (12) demonstrate the
battery capacity versus photovoltaic panels variation, resulting from figures (5) and (8) for the two
isand cases analyzed. More specifically, in figures (11) and (12) one may find the (Qmax-2)
distributions for selected constant wind turbine rated power values (ranging from 5kW to 15kW).
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Figure 11: Maximum Battery Size Reduction Due to Photovoltaic Panels Introductionin a
Wind-Solar Stand-Alone System of Kea lsland (Solar Potential Type"C")
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Kithnos Island-Solar Potential Type "C"
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Figure 12: Maximum Battery Size Reduction Due to Photovoltaic Panels Introduction in a
Wind-Solar Stand-Alone System of Kithnos Island (Solar Potential Type "C")
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Figure 13: Maximum Battery Size Reduction Due to Photovoltaic Panels Introduction in a
Wind-Solar Stand-Alone System of Kealsland (Solar Potential Type"A")

In the same figures the | AQ/Az| =150 constant slope lines are aso drawn. Bear in mind that the
precise "AQ/AZ" value depends on the local market prices™®*® and the technological time evolution
[18] expected. The financial attractiveness of the proposed battery substitution by photovoltaic panels
is more obvious for stand-alone systems based on relatively small wind turbines (i.e. z < 115 for
N,=5kW and z<60 for N,=10kW; Kea idand, figure (11)). Besides, the lower the available wind
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potential of the stand-alone system location the bigger the photovoltaic panels number accepted (i.e. z
<85 for Keaidand and z < 35 for Kithnosisland; N,=7.5kW, figures (11) and (12)).

In case that the two examined islands possess the "A" solar potential type of figure (3) (the best solar
potential type in Greece), more photovoltaic panels can be incorporated to replace battery modules,
figures (13) and (14), than the ones of figures (11) and (12) due to the better solar potential available.
In this context, the maximum number of photovoltaic panels to be installed is greater, e.g. z < 85 for
solar potentia type "C" and z < 95 for solar potentia type "A", Kea idand, N,=7.5kW, figures (10)
and (12) or z < 35 for solar potential type "C" and z < 40 for solar potential type "A", Kithnos island,
N,=7.5kW, figures (12) and (14).

Kithnos Island-Solar Potential Type "A"
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Figure 14: Maximum Battery Size Reduction Due to Photovoltaic Panels Introduction in a
Wind-Solar Stand-Alone System of Kithnos Island (Solar Potential Type"A™)

Recapitulating, one may state that the introduction of a small number of photovoltaic panels (normally
up to 50 of 51W,) leads to a significant battery size reduction of a wind driven stand-alone system.
This reduction is in proportion to the corresponding solar potential and in reverse proportion to the
available wind potential. The exact size of the photovoltaic power penetration in the wind power
stand-alone system should be the result of a detailed cost analysis based on the battery and

photovoltaic panels market prices, considering the expected forthcoming technological improvements
of the sector ™9,

6. Conclusions

The possibility of remarkably reducing the energy storage requirements of wind based stand-alone
systems by adding a rational number of photovoltaic panels is investigated. For this purpose, an
integrated energy production installation -based exclusively on renewable energy resources- is
proposed. The recommended power station is able to guarantee the energy autonomy of a typica
isolated consumer devoid of other energy imports. Accordingly, a new numerical algorithm is
developed, able to estimate the appropriate dimensions of a similar renewable based system, taking
into account the combined energy production of a small wind converter and a small photovoltaic
generator.
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Subsequently, the above-described methodology is applied to selected Greek idands, possessing
medium-low wind potential and fairly high solar radiation. On the basis of the calculation results,
utilizing long-term experimental measurements, the introduction of the photovoltaic panels
considerably reduces the complete installation dimensions and decreases the corresponding
operational cost, due to the imposed significant battery capacity diminution. This reduction is higher
for low wind and high solar potential areas, although its exact value depends on the current and future
market prices of al the stand-alone system components involved.

As a general conclusion, one may definitely state that the introduction of a rationa number of
photovoltaic panelsin awind only stand-alone system remarkably decreases the system energy storage
requirements, improves the entire instalation reliability, simplifies the corresponding maintenance
procedure and strengthens the financial competitiveness of similar renewable energy applications.
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