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

1. Renewable - Soft Energy Applications

2. Environmental Protection - Environmental Technology

3. Rational Management - Energy & Natural Resources Saving
4. Financial Evaluation of Investments

5. Development of New Technologies

Educational Activities

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

1. Introduction to Renewable Energy Sources (RES I) 5t sem.
2. Lab of Renewable Energy Sources (Lab of RES) 5th
3. Applications of Renewable Energy Sources (RES 1) 6"
4. Energy Engineering & Management of Natural Sources (ENE-MNS) 4t
5. Environment & Industrial Development (ENV-ID) 2nd
6. Basic Principles of Ecology (BPE) 3rd
7. Air Pollution — Pollution Prevention Technologies (AP-PPT) 4t
8. Turbomachines (TURBO) 5th
9. Waste Management Systems (WMYS) 7th

In the context of its high quality educational and academic activities, the Soft
Energy Applications & Environmental Protection Lab implements the MSc in
Energy postgraduate course, in cooperation with the British Herriot-Watt
University. The MSc course offers scientific knowledge and highlights potential
professional opportunities in a wide range of subjects in the field of energy and
environmental impacts of energy generation and consumption.
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Research Areas

1. "Improving the Hybrid Power Stations Viability for the Region of Aegean
Archipelago™”

Published Results:

Kaldellis J.K., 2008, "Maximum Wind Potential Exploitation in Autonomous Electrical
Networks on the Basis of Stochastic Analysis” Journal of Wind Engineering & Industrial
Aerodynamics, VVol.9, pp.1412-1424.

Kaldellis J.K., Zafirakis D., 2007, "Present Situation and Future Prospects of Electricity
Generation in Aegean Archipelago Islands”, Energy Policy Journal, VVol.35(9), pp.4623-
4639.

Kaldellis J.K., 2006, "An Integrated Model for Performance Simulation of Hybrid Wind-
Diesel Systems", Renewable Energy Journal, VVol.32(9), pp.1544-1564.

Kaldellis J.K., Kavadias K.A., Filios A., Garofallakis S., 2004, "Income Loss due to
Wind Energy Rejected 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, VVol.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:

Kaldellis J.K., Kondili E.M, Paliatsos A.G., 2007, "The Contribution of Renewable
Energy Sources on Reducing the Air Pollution of Greek Electricity Generation Sector”,
Fresenius Environmental Bulletin, VVol.17, No 7/8/9.

Kaldellis J.K., Spyropoulos G.C., Chalvatzis K.J., Paliatsos A.G., 2006, "Minimum SOz
Electricity Sector Production Using the Most Environmental Friendly Power Stations in
Greece", Fresenius Environmental Bulletin, VVol.15/11, pp.1394-1399.

Kaldellis J.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, VVol.8/5, pp.502-514.

Kaldellis 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.

Kaldellis 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, SI1/2001, pp.169-180.
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3. "Technological Progress in Wind Energy Market"

Published Results:
Kalafatis El., Skittides Ph., Kaldellis J.K., 2008, "Investigating the Relation between
the Reliability and the Technical Availability of Wind Energy Applications",
MedPower08 International Conference, November 2008, Thessalonica, Greece.
Kaldellis J.K., 2008, "The Wind Potential Impact on the Maximum Wind Energy
Penetration in Autonomous Electrical Grids", Renewable Energy Journal, Vol.33/7,
pp.1665-1677.
Kaldellis J.K., 2004, "Investigation of Greek Wind Energy Market Time-Evolution”,
Energy Policy Journal, VVol.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, VVol.27/3, pp.215-226.

Kaldellis J.K., Zervos A., 2002, "Wind Power: A Sustainable Energy Solution for the
World Development", Energy-2002 International Conference, June-2002, Athens, Greece.

4. "Technological Progress in Solar Energy Market"
Published Results:

Kaldellis J.K., Spyropoulos G.C., Kavadias K.A., Koronaki I.P., 2009, "Experimental
Validation of Autonomous PV-Based Water Pumping System Optimum Sizing",
Renewable Energy Journal, VVol.34(4), pp.1106-1113.

Kaldellis J.K., Zafirakis D., Kaldelli El., Kondili E., 2007, "Combined Photovoltaic and
Energy Storage Systems. An Integrated Electrification Solution for Small Islands”,
International Journal of Environmental Technology & Management, Vol.10.

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, VVol.29/7, pp.1161-1180.

5. "Flow Field Prediction for High Speed Turbomachines"
Published Results:

Tachos N.S., Filios A.E., Margaris D.P., Kaldellis J.K., 2008, "A Computational
Aerodynamics Simulation of the NREL Phase Il Rotor”, Open Mechanical Engineering
Journal, Vol.2.

Kavadias K.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.

Kaldellis 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.

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

Published Results:

Kaldellis J.K., Zafirakis D., Kaldelli El., Kavadias K., 2008, "Cost Benefit Analysis of
a Photovoltaic-Energy Storage Electrification Solution for Remote Islands”, Renewable
Energy Journal, on-line available (11/11/2008) in www.ScienceDirect.com.

Kondili E., Kaldellis 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, VVol.30/5, pp.659-82.
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, VVol.45/17, pp.2745-2760.

Kaldellis J.K., 2002, "An Integrated Time-Depending Feasibility Analysis Model of
Wind Energy Applications in Greece", Energy Policy Journal VVol.30/4, pp.267-280.
Kaldellis J.K., Gavras T.J., 2000, "The Economic Viability of Commercial Wind Plants
in Greece. A Complete Sensitivity Analysis", Energy Policy Journal, VVol.28, pp.509-517.

7. "Combined Wind-Photovoltaic Stand-Alone Applications”

Published Results:

Kaldellis J.K., 2008, "Integrated Electrification Solution for Autonomous Electrical
Networks on the Basis of RES and Energy Storage Configurations”, Energy Conversion
and Management Journal, VVol.49(12), pp.3708-3720.

Kaldellis J.K., Kavadias K.A., Koronakis P.S., 2007, "Comparing Wind and
Photovoltaic Stand-Alone Power Systems Used for the Electrification of Remote
Consumers", Renewable and Sustainable Energy Reviews, VVol.11/1, pp.57-77.

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, VVol.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. "Evaluation of Energy Storage Systems"

Published Results:

Zafirakis D., Kavadias K.A., Kaldellis J.K., 2008, "Evaluation of the Wind-CAES
energy solution for the Aegean Islands. The case of a Private Wind Park in Crete",
European Wind Energy Conference, EWEC-2008, Brussels Belgium.

Kaldellis J.K., Zafirakis D., 2007, "Optimum Energy Storage Techniques for the
Improvement of Renewable Energy Sources-Based Electricity Generation Economic
Efficiency”, Energy Journal, VVol.32(12), pp.2295-2305.
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Kaldellis J.K., Kavadias K.A., Papantonis D.E., Stavrakakis G.S., 2006, "Maximizing the
Contribution of Wind Energy in the Electricity Demand Problem of Crete Island”, Wind
Engineering Journal, VVol.30/1, pp.73-92.

Kaldellis J.K., Kostas P., Filios A., 2006, "Minimization of the Energy Storage
Requirements of a Stand-Alone Wind Power Installation by Means of Photovoltaic Panels”,
Wind Energy International Journal, VVol.9/4, pp.383-397.

Kaldellis J.K., Tsesmelis M., 2002, "Integrated Energy Balance Analysis 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., Kavadias K.A., 2001, "Optimal Wind-Hydro Solution for Aegean Sea
Islands Electricity Demand Fulfillment”, Journal of Applied Energy, Vol.70, pp.333-354.

9. "Air Pollution Analysis"

Published Results:

Fragos P., Paliatsos A.G., Kaldellis J.K., 2008, "Experimental Analysis of the Air
Pollution Impact on Photovoltaic Panels’ Energy Yield", X" World Renewable Energy
Congress, July 2008, Glasgow-Scotland, UK.

Kaldellis J.K., Chalvatzis K.J., Spyropoulos G.C., 2007, "Transboundary air pollution
balance in the new integrated European environment"”, Journal of Environmental Science
and Policy, Vol.10(7-8), pp.725-733.

Paliatsos A.G., Koronakis P.S., Kaldellis J.K., 2006, "Effect of Surface Ozone
Exposure on Vegetation in the Rural Area of Aliartos, Greece", Fresenius Environmental
Bulletin, Vol.15/11, pp.1387-1393.

Kaldellis J.K., Spyropoulos G., Chalvatzis K.J., 2004, "The Impact of Greek Electricity
Generation Sector on the National Air Pollution Problem", Fresenius Environmental
Bulletin, \VVol. 13/7, pp.647-656.

Paliatsos A.G., Kaldellis 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, VVol.11/12b, pp.1119-1126.

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-Gartagani
P., Tapratzi-Potamianou P., Zachariadi-Xypolita A., Kotsonis K., Kassiou K.,
Saxoni-Papageorgiou P., 2006, "The Effect of Weather Types on the Frequency of
Childhood Asthma Admissions in Athens, Greece", Fresenius Environmental Bulletin,
Vol.15/8b, pp. 936-942.

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.

Koronakis P.S., Sfantos G.K., Paliatsos A.G., Kaldellis J.K., Garofalakis J.E., Koronaki
I.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, 36/19, pp. 3173-3181, July.
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11."Autocats Standardization and Recycling"
Published Results:

Paliatsos A.G., Kaldellis J.K., Nastos P.T., 2007, "Application of an Ambient Index for
Air Quality Management in Greater Athens Area, Greece", "1st CEMEPE (Conference on
Environmental Management, Engineering, Planning and Economics)” International
Conference, June 2007, Skiathos, Greece.

Paliatsos A.G., Kaldellis J.K., Viras L.G., 2001, "The Management of Devaluated
Autocats and Air Quality Variation in Athens”, 7" International 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
Catalytic Converters Degradation on Air Quality” International Conference on "Ecological
Protection of the Planet Earth I", VVol. 11, pp.633-641, Xanthi, Greece.

Kaldellis J.K., Charalambidis P., Konstantinidis P., 2000, "Feasibility Study
Concerning the Future of Devaluated Autocats, Social-Environmental Cost Included”,
International Conference, Protection and Restoration of the Environment V, pp.879-886,
Thassos Island, Greece.

12."RES Based Desalination"
Published Results:

Kaldellis J.K., Kondili E., 2007, "The Water Shortage Problem in Aegean Archipelago
Islands. Cost-Effective Desalination Prospects”, Desalination Journal, VVol.216, pp.123-
128.

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, VVol.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 Desalination. A Techno-Economic Evaluation”, Applied Thermal
Engineering, Vol.24/17-18, pp.2487-2500.

13."Waste Management and Recycling Techniques”
Published Results:

Zafirakis D., Fragos P., Kavadias K., Kaldellis J.K., 2007, "Determining the Energy
Pay-Back Period of PV-Battery Stand Alone Systems: Case Study Greece", 2nd
International Conference "The Case of Energy Autonomy: Storing Renewable Energies”,
IRES-II, Eurosolar, November 2007, Bonn, Germany.

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, Global-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
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Environmental Science and Technology, Conference Proceedings, Vol. A, pp.460-469,
University of Aegean, Global-NEST, Syros, Greece.

Konstantinidis P., Spiropoulos V., Vamvakis A., Kaldellis J.K., 2000, "Energy Savings
and Cost Reduction by Recycling the Demolition-Construction Debris", International
Conference, Protection & Restoration of the Environment V, pp.869-878, Thassos, Greece.

14."Waste Water Treatment Applications"
Published Results:

Kondili E., Kaldellis J.K., 2005, "Water Use Planning with Environmental
Considerations for Aegean Islands”, Fresenius Environmental Bulletin, Vol.15/11,
pp.1400-1407.

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 VI, 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 Sea", 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 Applications in Greece"
Published Results:

Kaldellis J.K., 2006, "Evaluation of Greek Wind Parks Visual Impact: Public Attitude
and Experts’ Opinion", Fresenius Environmental Bulletin, VVol.15/11, pp.1419-1426.

Kaldellis J.K., 2005, "Social Attitude Towards Wind Energy Applications in Greece",
Energy Policy Journal, VVol.33/5, pp.595-602.

Kaldellis J.K., Kavadias K.A., 2004, "Evaluation of Greek Wind Parks Visual Impact:
"The Public Attitude™" Fresenius Environmental Bulletin, VVol. 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. Il, pp.719-
727, Xanthi, Greece.

16."Alternative and Fossil Fuels"
Published Results:

Kaldellis J.K., Zafirakis D., 2008, "Review and Future Prospects of Lignite-Based
Electricity Generation in Greece", Fuel Journal, Vol.88(3), pp.475-489.

Kavadias K.A., Zafirakis D.P., Rozakeas K., Kaldellis J.K., 2008, "Optimum Sizing of
a Hydrogen Production Installation Based on Renewable Energy Surplus”, X" World
Renewable Energy Congress, July 2008, Glasgow-Scotland, UK.

Kondili E., Kaldellis J.K., 2006, "Biofuels Implementation in East Europe: Current
Status and Future Prospects”, Journal of Renewable and Sustainable Energy Reviews,
Vol.11(9), pp.2137-2151.
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Research Projects under Development

Participation in Research Programs (2002-2008)

1.

10.

"Experimental Data Analysis and Evaluation of the Hellenic Ministry of
Transport Air Pollution Lab", Hellenic Ministry of Transport and
Communications.

"Overview of Incentive Programmes on Alternative Motor Fuels and Review
of their 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 Islands 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-I" 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

"Feasibility 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 (NOx,
SO, COy) in Greece in View of the European Efforts for Improving the Air
Quality", Research Program "Archimedes-II" 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 Materials in
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

order to Improve the Thermal Behavior of Greek Buildings”, Research
Program "Archimedes-I1" supported by the Greek Ministry of Education

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

Hellenic/French Collaboration Research Program "Platon™ entitled "Advanced
Techniques of Automation in  Wastewater Treatment Plants".
(Accomplished)

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

"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)

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

"Desalination 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
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Abstract

The vast majority of Aegean Archipelago islands cover their continuously increasing electricity
demand on the basis of oil-fired autonomous thermal power stations, presenting increased operational
cost and power insufficiency. On the other hand, this area has a very high wind potential. However,
the stochastic behaviour of the wind and the important fluctuations of daily and seasonal electricity
load pose a substantial penetration limit for the contribution of wind energy in the corresponding load
demand. The problem investigated in the present study concerns the estimation of the maximum wind
energy yield, which is acceptable by an autonomous electrical network, on the basis of the probability
distribution of the local grid load demand and the corresponding data related to the available wind
potential. For this purpose, an integrated numerical method is developed from first principles. More
specifically, the proposed calculation method estimates the maximum wind energy contribution on the
basis of the existing wind potential data and the information provided by the system operator
concerning the corresponding load demand as well as the operational status of the existing thermal
power stations. According to the results obtained, one may state that the present situation imposes a
quite narrow limit on the wind energy contributing to the fulfilment of the local societies electrical
needs. Hence, only by planning and applying an integrated new strategy concerning the incorporation
of new wind power in the local networks, including complementary activities, appropriate energy
storage installations and improved electrical load management, it is possible to increase the wind
energy participation in the autonomous islands electrical networks.

Keywords: Autonomous Electrical Networks; Electricity Production; Wind Potential; Wind Energy;
Wind Penetration Constraints; Maximum Wind Energy Contribution; Stochastic Analysis

1. Introduction

The Aegean Archipelago is a remote Hellenic area, east of the mainland, including several hundreds of
scattered islands. Unfortunately, the electricity production cost for the vast majority of them is
extremely high®™ approaching the 0.25€/kWh, due to the utilization of aged autonomous (based on
diesel-electric generators) power stations (APS). At the same time most Aegean Sea islands are
characterized by a considerable annual increase of the electrical power demand exceeding the 5% on
annual basis!?. In this context, the existing electrification solution cannot meet with reliability the
variable load demand, hence in several cases the existing infrastructure cannot fulfil the excessive
power demand during the summer period™!.

On the other hand, these islands, along with the mainland coasts, possess a very high wind potential,
since in many locations the average annual wind speed exceeds the 9m/s. Thus wind energy may be an
economic attractive solution for their habitants’ urgent electrification problemt. Unfortunately, the
stochastic behaviour of the wind and the remarkable fluctuation of daily and seasonal electricity load, in
almost all island grids, lead to substantial wind energy penetration limits®!®, especially during the low
consumption periods of the year. In fact, the island electrical networks manager (i.e. the Greek Public
Power Corporation or PPC) defines an instantaneous upper wind energy penetration limit in order to
protect the local grid stability in case that the wind energy production is suddenly zeroed. This, up to
now empirically chosen value, permits the operating thermal power units to replace the wind power
contribution without overloading problems or electrical system voltage and frequency fluctuations.

Kaldellis J.K., 2008, "Maximum Wind Potential Exploitation in Autonomous Electrical Networks on the Basis of
Stochastic Analysis” Journal of Wind Engineering & Industrial Aerodynamics, Vol.9, pp.1412-1424.
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The proposed analysis is concentrated on developing an integrated methodology which can estimate
the maximum wind energy contribution to the existing autonomous electrical grids on the basis of
stochastic analysis. For this purpose one takes into account the electrical demand probability density
profile of every island under investigation as well as the operational characteristics of the existing
thermal power stations?!. Accordingly, one also uses the corresponding wind potential characteristics,
on the basis of the available wind speed probability density profilest”. Thus, by combining the
electrical load with the corresponding wind potential probability values one may estimate the resulting
wind energy contribution to the local network electricity generation. The proposed methodology is
applied to a representative Aegean Archipelago island, in order to demonstrate its applicability in
similar problems solution. Finally, the proposed analysis is integrated with an appropriate parametrical
analysis, investigating the impact of the available wind potential quality on the expected maximum
wind energy contribution.

2. Position of the Problem
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Figure 1: Load demand probability distribution for a selected Aegean Sea island

The problem to be solved in the present study concerns the estimation of the maximum wind energy
yield that is acceptable by an autonomous electrical network on the basis of the stochastic distribution
of the local grid load demand as well as the corresponding data related to the available wind potential.
Hence, for the estimation of the maximum wind energy contribution one needs firstly the
corresponding load demand. According to the available measurements? one may use either the long-
term load demand time-series or the corresponding probability density distribution "f_", see figure (1).
In fact, one may estimate the probability "P." the load demand to vary between two specific values
"Ni1" and "N2" as follows:

Ny,
PL(NLl N, NLZ) N fL(NL) dN, (D)
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Hence, for example according to figure (1) the probability of the load demand to vary between
2750kW and 2850kW during the time-period examined is approximately 5.73%.

Subsequently, one should define the maximum wind power penetration acceptable by the local electrical
grid "Ny on the basis of the local electrical system constraints. More precisely, taking into account that
the island autonomous electricity generation systems are based on diesel or heavy oil powered engines,
one should note that these units are not permitted to operate below a certain limit, in order to avoid
increased wear and maintenance requirements. This limit is mentioned as the "technical minimum™ of
each engine, hence the minimum output power of the "in operation" thermal units "Namin" is calculated as:

i i iax

Ng‘j” k

il il

max

. NG, )

dmin

where the technical minimum of each engine is expressed via an appropriate factor "k;" and the rated
(or maximum) output power "Ng " of the unit under investigation. Typical values of "k;" are 30%-50%
for heavy oil powered units and 20%-35% for diesel-fired engines (including gas turbines), depending
very much on the age and the overall condition of the engine. On top of this, the annual maintenance
plan of the system, affecting the number (imax) Of engines "in operation" during the year, should be also
considered.

In addition, due to the stochastic behaviour of the wind one cannot disregard the probability of an
unexpected loss of a significant part of the "in operation” wind parks. To avoid (or to minimize) loss
of load events®™® in similar situations, the local system operator should maintain full spinning reserve
in the thermal power units, which suffices to cover the total load demand. For practical applications,
the above mentioned constraint is written in the following simplified and widely used form, i.e.:

Ny 1 N 3

where "N"," is the maximum acceptable by the local network wind power, "N." is the instantaneous
load demand and "A;" is the corresponding maximum instantaneous participation limit.

Finally, in order to avoid annoying system frequency excursions and increasing wear of the existing
thermal power units, an additional penetration limit is also imposed, dictated by the instantaneous rate
that the "in operation™ units can compensate any power deficit of the system. This dynamic penetration
limitl% is characteristic of the local electrical network as well as the spatial distribution and the type of
the system wind turbines*Yl. Generally speaking, this limit "A," is selected by the system operator (also
incorporating subjective/personal attitude) and is up to now empirically set in the range of 20% to
40%. In case of emergency this value may drop down to 15% or even be zeroed®™. In this context, the
dynamic penetration constraint is expressed as:

w2 N (4)

On the basis of the above analysis, the maximum absorbed wind energy " Ny ()" by the local
electrical system can be estimated according to the following equations, i.e.:

i imax
If N () Ny (bt ki Ng  then N, 0 (5)
il
In this case there is no wind energy absorption by the local network; hence all the wind energy
production is rejected.
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If Ng..() N.(t) @ ) Ny, () then N, N_(t) N min () (6)

where "A" is the wind power upper participation limit depending on the optimum operation of the
system thermal power units (A1) and the dynamic stability of the local network (A2), i.e.:

min 4, , ()
Finally,
If N (t) @ ) Ndmin(t) then N:\, min N, (1), N (1) Ndmin(t) (8)

In this last case the wind energy penetration is bounded by the upper wind power participation limit
"A" and the instantaneous load demand of the system.

Applying the proposed analysis on the load time-series of a typical island electrical system, one may
estimate the resulting maximum wind energy penetration time-series in the local grid. Accordingly,
one may reproduce the corresponding maximum wind energy penetration probability density profile
"f(Nw )", figure (2). Thus, using the information of figure (2) one may state that the local network
accepts wind power of 810kW during the 10.3% of the time-period analyzed. On top of this, one may
also note that the wind power contribution up to 360kW is absorbed for the entire period, while there
is no possibility of more than 2260kW wind power being imported to the local network, under the
normal constraints that the local network manager imposes, see equations (2) to (4).
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Figure 2: Maximum acceptable wind energy by an autonomous electrical network

On the other hand, it is important to calculate the expected wind energy production by one or more
wind turbines operating in the area under investigation, on the basis of the available wind potential.
Generally speaking the wind potential of an area is described by the average wind speed and the
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corresponding probability density value "fy(V)", i.e. the probability of the wind speed to be between
V-AV and V+AVPARE Hence, using long-term wind speed measurements one may define the
corresponding probability density distribution as well as the resulting duration curve, see figure (3).
Using the "fv(V)" value one can estimate the probability of the expected wind speed being between
two specific values (i.e. V1gV<V,) using the following relation:

PV, VOV, (V) AV ©)
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Figure 3: Measured and calculated wind potential parameters for a selected Aegean Sea island

Taking into account the available wind potential one may estimate the expected wind power output on
the basis of the operational characteristics of the wind turbines to be used. More precisely, the
expected wind power probability density distribution "fy(Nw)" of a wind turbine of rated power "N,"
located in a region with wind potential described by the corresponding probability density function
fv(V) can be computed using the following equation:

fu(N,) fu(V;V V(N,)) (10)

i.e. one should take into account all the cases that a specific wind turbine produces "Ny" kW. For this
purpose the wind turbine power characteristic "Nw=N(V)" should be given by the wind turbine
manufacturer, properly modified to take into account the local ambient conditions (air density)
impact™!, see also figure (4).

According to equation (10) one may estimate the possibility of the wind turbine output varying
between "Nw;" and "Nw;" by the following relation, see also figure (5), i.e.:

Ny,
PuN, Ny Ny ) fu(N,) N, (11)

w1
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Using the data of figure (5) one may notice that for low wind speed periods the wind turbine yield is
zero, while in cases that the local wind speed exceeds the wind turbine rated power (for pitch
controlled engines) the installation output equals the corresponding rated power.

Summarizing, one should mention that up to now we have computed the probability density
distribution of the maximum accepted by the local network wind contribution (figure (2)) along with
the corresponding wind energy production probability density profile (figure (5)), resulting by the
local wind potential characteristics, the number and the operational data of the wind turbines to be
used!!,
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Figure 4: Typical power curve of a selected medium-sized wind turbine for various air
density values
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3. Proposed Solution

For the estimation of the wind energy contribution to the local autonomous electrical network one
should first estimate the corresponding energy yield of the wind turbines used on the basis of the
existing wind potential. Thus, taking into account the available wind potential one may estimate the
expected wind power output on the basis of operational characteristics of the wind turbines to be
used!*®l. More precisely, the statistically averaged energy yield "E" of a wind turbine of rated power
"N,", located in a region where the wind potential is described by the corresponding probability
density function fy(V), can be computed™” using the following relation:

E CFzN, t E (12)

where "dE" describes the line transmission and the transformer loss as well as any self-consumption of
the power station, while "At" is the time period examined (At=8760 hours for one year) and "CF" is
the installation capacity factor defined as:

CF (13)

More precisely, the capacity factor can be expressed as the product of the mean technical availability
factor "A" and the mean power coefficient "w" of the installation. For practical application purposes
one may assumel® that A=95%, while the mean power coefficient, expressing the yearly-averaged
energy production during an hour per kW of nominal power of the machine ("V¢" cut-in and "V¢" cut-
out wind speed of a wind turbine), is defined by the following equation, i.e.:

_NWY)

fy(V) dv (14)

Ve VO

In equation (14) the "N(V)/N," distribution is given by the wind turbine manufacturer, properly
modified to take into account the local ambient conditions (air density) impact!*), see also figure (4).

Subsequently, one may estimate the wind energy rejection by the local network operator on the basis
of the existing constraints already described in section two. In this context, one should compare the
expected wind energy production "Ny" (probability Pn=fn(Nw).dNw) with the maximum acceptable
wind energy contribution to the local grid "Ny ™ (probability P, “=f(Ny").dNy"). Hence, for every load
segment (i.e. Nii to Ny i+0N.) of the network we estimate the corresponding maximum acceptable
wind energy contribution "Nwi ". The predicted value is combined with all the expected wind energy
production values, i.e. "Ny;", taking into account the corresponding probability value "fn(Nuw;).dNw .
Hence, for every combination "i x j* we estimate the expected wind energy deficit or surplus as
follows:

N; N, N (15)

along with the corresponding probability (under the assumption that the local wind speed values and
the corresponding load demand of the system are two independent variables), i.e.:

Pi Py Pu (16)

In view of equation (15) one may note that:

If ON;;>0 there is wind energy surplus, i.e. the energy yield of the existing wind turbines
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cannot be entirely absorbed by the local network due to the existing constraints and the corresponding
load demand of the consumption, while

If ON;j<0 wind energy deficit is encountered, thus the wind turbines production cannot
cover the maximum acceptable wind energy by the local electrical grid.

For the computation of the statistical averaged wind energy surplus "AE" of the local network during a
specific time period "At" one may use the following equation, i.e.:

E NgP t (Ny>0)
i

(17)

Finally, the wind energy contribution to the local system "Ef" can be calculated by the difference
between the expected wind energy production and the corresponding statistical averaged wind energy
surplus, thus one may write:

E, E E (18)

4.  Application Results

The proposed methodology is accordingly applied to a typical autonomous electrical network of a
selected Aegean Sea island, i.e. Karpathos island. In figure (1) one may find the necessary information
of the corresponding annual load demand for the year 2004. According to the data presented the peak
load demand of the system is 7960kW, while the most commonly appeared load demand is between
2600kW and 3000kW. Thus the statistically averaged load demand is approximately 3200kW and the
corresponding annual energy consumption is 28,200MWh/year.

In figure (3) one may find the necessary information about the local wind potential based on three-year
long wind speed measurementst”. The mean wind speed of the area is 9.4m/s, which represents an
excellent wind potential case. The wind turbine selected to be installed in the island is a medium-sized
pitch-control wind turbine of 850kW rated power, see figure (4). The selection procedure of the
specific wind turbine is mainly based on the local infrastructure situation and on the expected energy
production-investment cost ratio. However, this analysis is beyond the scope of the present study, see
also [15] and [18].

Applying the proposed methodology for an 850kW wind turbine one gets the calculation results (i.e.
the P;i-ON;; relation) of figure (6). According to the results obtained one may state that the wind energy
production of one 850kW wind turbine cannot cover the maximum acceptable by the local network
wind energy demand, while wind energy surplus (8N;>0) exists only for a very small percentage of
the year. In figure (6) one may observe two distinct wind energy deficit curves. The first one
corresponds to the low wind speed periods of the year (wind speed less than the cut in speed of the
wind turbine used, i.e. 3.4m/s). The second curve describes the possibility of the produced wind
energy (due to the installed rated wind power) being less or greater than the maximum acceptable one.
The total energy balance results from the addition of these two curves, see also figure (7).

Consequently, the statistical averaged wind energy surplus of the 1x850kW wind turbine is only
40.97MWh/year, while the expected annual wind energy yield (CF=36.4%) is 2710.3MWh. Thus, the
maximum wind energy finally absorbed by the local network (see equation (18)) is 2669.4MWh,
representing the 98.5% of the annual wind turbine production and the 9.5% of the local system
electrical consumption.
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At this point it is important to note that the energy deficit corresponding to the first curve of figure (6)
cannot be removed, since it is due to the existing calm spells in the region examined. Only by using
another wind turbine with considerably lower cut in wind speed (not available up to now) it will be
possible to decrease this energy deficit. On the other hand, the energy deficit, described by the second
curve, can be substantially decreased as the installed wind power is amplifying, figure (7).
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Figure 7: Wind energy balance probability distribution for a typical autonomous
electrical network with variable wind power penetration

In fact, it is interesting to investigate in the following the impact of the installed wind power (i.e. by
increasing the number of the wind turbines) on the wind energy rejection by the local network as well
as on the final wind energy contribution to the local system energy consumption. Applying the
proposed methodology for z=2, z=3 and z=4 wind turbines one gets the results of the figure (7). At
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this point it is important to note that the maximum permitted wind power to be installed in the local
system is equal to 30% of the corresponding peak load demand. Consequently, according to the
existing legislation™ only three wind turbines of 850kW can be installed in this specific network.
However, the utilization of one additional wind turbine is included for the proposed analysis purposes.

WIND ENERGY BALANCE FOR VARIABLE WIND
POWER PENETRATION VALUES

12000

EWIND ENERGY REJECTION
OWIND ENERGY ABSORBED

10000

8000

6000

4000 +

2000 +

ANNUAL ENERGY YIELD (MWh)

1 2 3 4
NUMBER OF WIND TURBINES

Figure 8: Wind energy balance for variable wind power penetration values in an autonomous
island network
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Figure 9: Wind park capacity factor evolution as a function of the wind power penetration in an
island autonomous electrical network

According to the results obtained it is obvious that the wind energy surplus increases remarkably along
with the wind turbines number increase. On the other hand, the wind energy deficit is equivalently
reduced. More specifically, the wind energy rejection takes off from 40.97MWh in case of one wind
turbine up to 5500MWh for four installed wind turbines. This negative evolution bounds significantly
(i.e. less than 17.5% of the corresponding annual consumption) the wind energy contribution to the
local energy demand, figure (8), since almost the half energy yield of the "in operation" wind turbines
cannot be absorbed by the local network as the number of wind turbines exceeds three (z=3). This fact
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direct result is the significant decrease of the wind park capacity factor (figure (9)), which is 36% for
one wind turbine and drops down to 17% for the case that four wind turbines of 850kW operate in the
electrical system.

Summarizing, one may state that (using the available stochastic wind potential and electrical load
data) the wind energy contribution to the local system electricity demand is significantly decelerated
as the number of the installed wind turbines is increased. On top of this, a significant decrease of the
wind turbines utilization degree (capacity factor value) is encountered, strongly questioning the
financial viability of a potential installation using more than two (2) wind turbines.

5. Wind Potential Impact on the Maximum Wind Energy Contribution

In order to underline the applicability of the proposed analysis for various practical cases, possessing
different wind potential values, we extend the above described analysis in cases with quite different
wind potential than the one of figure (3). In most practical cases, the wind potential of an area is
expressed via the well-known Weibull probability density distribution "fw(V)", which defines the
probability of the wind speed being between "V-3V" and "V+3dV", on the basis of two
parameterst*2® At this point it is important to mention that there is a considerable amount of
research work concerning the analytical simulation of wind speed experimental measurements, using
the Weibull distribution or other more recently presented functions, see for example [19], [20], [21].
More specifically, the corresponding probability density distribution is given as:

k

exp-X 19
c (19)

k-1
Vv
fw (V) = E

o=

where "C" is the wind speed normalizing factor and "k" is the corresponding shape factor. Both
parameters are related with the mean wind speed of an area as well as with the corresponding standard
deviation, via the Gamma function!??. In fact, one may estimate the mean wind speed of a specific
location using the corresponding values of "C" and "k" as follows:

V=€ (1+3) (20)

where "Vy" is the average wind speed for the time period examined. The accuracy of the applied
analytical functions to reproduce the experimental data is usually very good, see for example figure (3)
describing the analytical simulation of the real data used in Section 4. However, in specific cases the
stochastic behaviour of the wind may hinder the up to now used analytical equations to describe the
real data. In fact, in most cases examined*" 924231 concerning the annual energy production one may
definitely state that the discrepancy encountered between the energy yield calculations based on
analytical models and experimental measurements does not exceed the 5%. According to detailed
wind speed measurementst?¥! the long-term mean wind speed value in the Aegean Archipelago varies
between 5.0m/s and 8.0m/s, thus the corresponding "C" values range between 5.5 and 8.5. On the
other hand, in most cases the "k" takes values slightly less than 2.0, hence the value k=1.8 may be
used as a typical shape factor value for the area investigated.

In figure (10) one may find representative probability density distributions on the basis of equation
(19). According to the information provided, as the "C" value increases the corresponding wind
potential is higher, while as the "k" value increases the wind speed values are concentrated around the
mean value. Generally speaking, "C" values of the order of 5.5 describe areas with medium-low wind
potential, while "C" values of the order of 8.5 describe areas with very high wind potential.
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Figure 11: Wind energy balance for typical wind potential cases and low wind power
penetration in the autonomous electrical network

In an attempt to study the wind potential impact on the wind energy absorption-rejection from the
local network, we repeat the calculation of section 4 for selected representative V" values for the
Aegean Archipelago, assuming that k=1.8. The calculation results are summarized in figure (11) for
the case of low wind energy penetration (i.e. 1x850kW). As expected for medium-low wind potential
(Va=5.0m/s) cases the wind energy surplus is minimal, since the wind turbine does not work for a
considerable time period due to low wind speed values (extended calm spells). The energy surplus
increases as "Vu," tends to considerably higher values, Table I. Note that for this low wind penetration
scenario (wind park rated power 850kW-local network peak load 7960kW) the wind energy yield
represents the 4% (Va=5.0m/s) up to 10% (Va=8.0m/s) of the corresponding annual consumption of
28200MWhly.
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Table I: Wind energy generation balance (in MWhly)

Low Wind Medium High Wind Low Wind Medium High Wind
Speed, Wind Speed, Speed, Speed, Wind Speed, Speed,
Low Wind Low Wind Low Wind High Wind High Wind High Wind
Penetration  Penetration  Penetration  Penetration  Penetration  Penetration

Wind Energy 1116.9 19285 2710.3 3350.7 5785.5 8131.0
Production
Absorbed 11115 1908.6 2669.4 2636.2 3916.0 4909.0
Wind Energy
Wind Energy 5.4 19.9 41.0 7145 1869.5 3222.0
Surplus
WIND ENERGY BALANCE (3x850kW)
FOR TYPICAL WIND POTENTIAL CASES
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Figure 12: Wind energy balance for typical wind potential cases and high wind power
penetration in the autonomous electrical network
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A quite different picture is valid for the case of high wind penetration (i.e. 3x850kW) in the local
network, figure (12), since considerable wind energy surplus is encountered, especially as "Va"
exceeds 6.5m/s. It is important to note that for high wind penetration scenarios the wind energy
surplus remain minimal for low wind potential cases. Of course the calculated amount of wind energy
rejection in this last scenario is definitely higher than the one of the (1x850kW) case, Table I. In fact,
for the high wind potential case the 40% of the wind park annual production cannot absorbed by the
local network (figure (13)), while for the low wind potential case this amount drops to 21.3%. As a
result the maximum wind energy contribution varies between 13% and 17.5% of the local network
annual consumption, depending on the available wind potential.

6. Conclusions

An integrated numerical method, able to estimate the maximum wind energy penetration in existing
autonomous electrical networks is developed using stochastic analysis, taking into consideration the
area wind potential and the corresponding load demand. More precisely, the calculation method
developed estimates the maximum wind energy contribution on the basis of the existing wind potential
data and the information provided by the system operator concerning the corresponding load demand
and the operational status of the existing thermal power stations. For this purpose extensive wind
speed and load demand measurements for a considerable time-period are taken into account, using the
appropriate mathematical tools.

The calculation results indicate that the wind energy absorption by the local network decreases
significantly as the rated power of the installed wind parks increases. Thus, if one wants to amplify the
wind energy contribution to covering the energy consumption of autonomous island grids, a
considerable part of the wind energy yield cannot be absorbed. The problem is much more intense in
regions with high wind potential, since the energy surplus increases with the quality of the available
wind potential. Only by finding complementary applications of the wind energy (e.g. desalination or
hydrogen production) or by building appropriate energy storage installations it will be possible to
further increase the wind energy participation in similar autonomous electrical markets.

Recapitulating, it is important to note that the proposed methodology gives us the capability to
estimate the maximum wind energy contribution to any autonomous electrical network, on the basis of
the available wind potential and the operational parameters of the existing thermal power units. Using
this model, one may state that the present situation imposes a quite narrow limit for the wind energy
contribution to fulfil the electrical needs of the local societies. Unfortunately, this situation minimizes
the possibility of new wind parks to be erected in these remote islands without energy storage
applications. Hence, only by planning and applying an integrated new strategy, concerning the
incorporation of new wind power in the local networks, including complementary activities,
appropriate energy storage installations and improved electrical load management, it is possible to
increase the wind energy participation in the continuously increasing electricity demand of
autonomous islands networks.
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Abstract

The entirety of Aegean Sea islands, including Crete, is characterized during the last decade by a
considerable annual increase of the electrical power demand exceeding the 5% in annual basis. This
continuous amplifying electricity consumption is hardly fulfilled by several outmoded internal
combustion engines usually at a very high operational cost. On the other hand most of the islands
possess high wind potential that may substantially contribute in order to meet the corresponding load
demand. However, in this case some wind energy absorption problems related with the collaboration
between wind parks and the local electricity production system cannot be neglected. In this context,
the present study is devoted to realistically estimating the maximum wind energy absorption in
autonomous electrical island networks. For this purpose a new reliable and integrated numerical
algorithm is developed, using the available information of the corresponding electricity generation
system, in order to calculate the maximum acceptable wind power contribution in the system, under
the normal restrictions that the system manager imposes. The proposed algorithm is successfully
compared with existing historical data as well as with the results of a recent investigation based almost
exclusively on the existing wind parks energy production.

Keywords: Numerical Algorithm; Electricity Production; Thermal Power Stations; Wind Energy;
Penetration Constraints; Maximum Wind Energy Absorption; Autonomous Island Networks

Nomenclature

Np local network load demand (kW)

N historical data concerning the wind energy absorption by the local network (kKWe)

Ni" predicted (expected) wind energy absorption by the local network (kW,)

Ni"~  rated power of wind park "i"" (KWe)

Nmin technical minima of thermal power stations of the network (kW)

Nw  wind energy production (kW.)

Ny~ maximum permitted wind energy absorption by the local network (KWe)

ON  wind energy curtailment due to the operational problems of the local network (kW,)

AN,, wind power rejection (curtailment) by the local electrical network (kW,)

€ discrepancy between the expected (predicted) and the real wind energy absorption by the local
electrical network (kWe)

A upper wind energy participation limit in the instantaneous load demand

Vi the contribution of wind park "i*' in the total wind energy generation

1. Introduction

Wind energy applications are recently characterized as an economic attractive solution for the urgent
electrification problem of most Aegean Sea islands, especially in regions with high or medium high
wind potential™?B! On the other hand, the fluctuation of daily and seasonal electricity load in almost
all island grids leads to substantial wind energy penetration limitst1®, especially during the low

Kaldellis J.K., Kavadias K.A., Filios A.E., 2008, "A New Computational Algorithm for the Calculation of
Maximum Wind Energy Penetration in Autonomous Electrical Generation Systems", Applied Energy Journal,
on-line available (04/12/2008) in www.ScienceDirect.com.
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consumption periods of the year. This paradoxical situation, i.e. "desperate” need of additional
power'® during the summer and electricity production rejection during the rest of the year, influences
negatively the financial efficiency of the existing wind parks!” and discourages the new investors of
the sectort®l,

10000

9000 -

8000 -

7000 1—} M’\ M ﬂ

6000 -

Energy (MWh)

5000

4000

— T
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360
Day of Year

Figure 1: Daily electrical load variation for Crete island during 2002

One of the most interesting case studies!®™® concerning the incorporation problems of wind parks in
an autonomous electrical network, is the island of Crete. As in most islands, the electricity demand in
Crete strongly varies during the year, see for example figure (1). In an attempt to meet the
continuously increasing (on annual basis) electricity demand of the existing autonomous electrical
grids, several outmoded internal combustion engines are utilized to cover base load™. For technical
reasons, all these engines have specific power outlet minima, which cannot be violated without
endangering the existing equipment. As a result, during very low consumption periods no wind power
contribution is possible, since the entire system base load units should operate at power level higher
than their technical minima.

In addition, even in high load demand periods the island electrical networks manager (i.e. the Greek
Public Power Corporation or PPC) defines an instantaneous upper wind energy penetration limit "A"(?
in order to protect the local grid stability, in case that the wind energy production is suddenly zeroed.
This properly selected value permits the operating thermal power units to replace the wind power
contribution without overloading problems or electrical system voltage and frequency fluctuations and

dipping.

Finally, additional wind energy rejection is evident in cases that serious failures of the local grid
branches are taken place or the quality of the wind energy production is not in accordance with the
existing standards, i.e. high demand of reacting power, load phase asymmetry, system short-circuit,
flicker etc.l*®l, These problems are more frequent when stall control wind turbines are operating, while
there are almost negligible for variable speed-pitch control machines.

For all the above presented reasons, serious wind energy rejection was encountered during the last five
years, see for example figure (2), which is continuously increasing on annual basis. In this context, the
present study is devoted to realistically estimating the maximum acceptable wind energy absorption
(and hence the minimum wind energy rejection) in autonomous electrical island networks. For this
purpose a new reliable and integrated numerical algorithm is developed, using the available
information of the corresponding electricity generation system (EGS), in order to calculate the
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maximum acceptable wind power contribution to the system, under the normal restrictions that the
system manager imposes. The proposed algorithm is successfully compared with existing historical
data as well as with the results of a parallel investigation based almost exclusively on the energy
behaviour of wind parks™*.
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Figure 2: Wind energy rejection per installed MW for the wind parks of Crete island

Accordingly, comparing the real wind energy absorption by the local system and the maximum
permitted one, it is possible to locate either specific technical problems of the local grid branches or
unreasonable settings concerning the wind energy absorption upper limit by the system operator. In
any case, further examination is required to maximize the clean wind energy penetration in the
corresponding electrical systems, minimizing also the wind energy investors’ financial loss.

On top of this, one of the most advantageous characteristics of the developed algorithm is its
capability to be extended in the near future in order to predict the expected maximum wind energy
absorption under specific EGS situations, including grid stability constraints.

2. Existing Situation of Crete Island Electricity Generation System

2.1 Thermal Power Stations of Crete Island

Crete island electricity generation system is based, since its foundation in mid-sixties, on oil-fired
thermal power units located either near Chania (west of Crete) or at Linoperamata (location outside of
Heraklion), see figure (3). Recently, two internal combustion engines (2x51MW) started their
operation in the new Atherinolakkos power station. The official capacity of the local EGS is
742.9MW, although the real power of the system is 693MW for winter and 652MW for summer
operation. As it is obvious from figure (3) the conventional thermal power stations (TPS) are not
equally distributed throughout the island, since almost 320MW (real winter capacity) of thermal power
is located in West Crete and the rest 260MW (real winter capacity) in the middle of the island. To face
this problem, the new (200MW) TPS of Atherinolakkos is situated in SE of Crete.

According to official data®™! the local EGS is based (see also Table 1) on six (6) relatively outmoded
steam turbines of total capacity amounting at 111.25MW, operating since the seventies in
Linoperamata TPS, one combined cycle power unit of 135MW located in Chania and four (4) internal
combustion engines (diesel units) of 49MW operating since 1990 at Linoperamata. The technical
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minima of all these units are approximately 100MW, excluding the annual service periods, while their
mean specific fuel consumption (SFC) of heavy-oil (mazut) is almost 350gr/kwh.

Linoperamata

L Fossil-fuel Fired Power Station

T Wind Parks

— Electric Grid

Heraklion

giog Nikolaos

Atherinolakkos

Figure 3: Existing wind farms and fossil-fuel fired power stations location in Crete

Table I: Crete island electricity generation system (EGS), end 2004

Unit Type Location  Fuel  StartUp Rated SFC Techn.
Used Time Power (gr/KWh) Minimum
(MW) (MW)
1 Steam Turbine L-H Mazut 1965 6.2 366 4
2 Steam Turbine L-H Mazut 1970 15.0 330 7
3 Steam Turbine L-H Mazut 1970 15.0 330 7
4 Steam Turbine L-H Mazut 1977 25.0 285 12
5 Steam Turbine L-H Mazut 1981 25.0 285 18
6 Steam Turbine L-H Mazut 1981 25.0 285 18
7 Diesel Engine L-H Mazut 1989 12.3 200 3
8 Diesel Engine L-H Mazut 1989 12.3 200 3
9 Diesel Engine L-H Mazut 1990 12.3 200 3
10 Diesel Engine L-H Mazut 1990 12.3 200 3
11 Gas Turbine L-H Diesel 1973 16.3 450 3
12 Gas Turbine L-H Diesel 1974 16.3 450 3
13 Gas Turbine Ch Diesel 1969 16.2 540 3
14 Gas Turbine Ch Diesel 1979/85 24.0 450 3
15 Gas Turbine Ch Diesel 1979/87 36.0 450 3
16 Steam Turbine Ch Diesel 1993 44.4 250 18
17 Gas Turbine Ch Diesel 1992 45.0 380 7
18 Gas Turbine Ch Diesel 1992 45.0 380 7
19 Gas Turbine Ch Diesel 1998 59.40 315 8
20 Gas Turbine Ch Diesel 1998 59.40 315 8
21 Gas Turbine L-H Diesel 1982/01  15.50 270 3
22 Gas Turbine L-H Diesel 2002 43.30 270 5
23 Gas Turbine L-H Diesel 2003 30.00 300 4
24 Gas Turbine Ch Diesel 2003 30.00 300 4
25 Diesel Engine A Diesel 2004 51.00 210 12.3
26 Diesel Engine A Diesel 2004 51.00 210 12.3
TOTAL 742.9

* The Units (1 to 6 and 16 to 18) are used to cover base load
** The Units 16, 17 and 18 constitute a combined cycle system

***" -H" is the Linoperamata TPS at Heraklion, "Ch" is Chania TPS and "A" is Atherinolakkos TPS

+

The Engines 7 to 15 and 19 to 22 normally should not be used to cover base load



on-line available 04/12/2008 Kaldellis J.K. et al. 23
www.ScienceDirect.com

In order to cover the surplus power demand, eleven (11) gas turbine generators (by the end of 2004) of
rated power of 345MW operate in the island, in excess of the two gas turbines of the combined cycle.
The corresponding mean specific fuel consumption (diesel-oil) is quite high, exceeding in several
cases the 450gr/kwh, Table I.

Finally, the Atherinolakkos new station is based on two internal combustion engines of 2x51MW and
two steam turbines of 2x50MW. However, the erection of this new station was strongly opposed by
the local inhabitants, on the basis of environmental impacts*®.. Consequently, the first two engines
(2x51MW) were brought into operation during 2004, while the full operational year of the
Atherinolakkos TPS has officially been transferred to 2006. Additionally, the Greek Regulatory
Authority of Energy (RAE) recently called for tenders in order to build a new TPS of approximately
220MW near the city of Rethimno!®. The whole procedure is about to start and the authors estimate
the operation of Rethimno TPS not earlier than 2008.
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Figure 4: Monthly variation of minimum & maximum electrical energy demand for Crete
island during 2002. Comparison with the maximum official power of the local EGS

Taking into consideration the touristic character of the island and the overall economic development,
serious power insufficiency problems appear, especially during the summer, dictating expensive
solutions for coping with the peak power load, mainly due to the overuse of the gas turbine generators.
To get a clear-cut picture of the problem importance one may examine in figure (4) the monthly wide
minimum and maximum load demand during 2002 along with the corresponding maximum rated
power of the local system thermal power units, Table | (6" column). Based on the sited data, the
summer peak load demand is hardly covered by the existing TPS, operating in lower -by almost 10%-
capacity due to the engine cooling problems. This fact underlines the remarkable power contribution
of the existing wind parks, which have a share in facing peak load demand situations along with their
contribution to the fuel saving. In addition, even during winter time, the utilization of high operational
cost gas turbines is obligatory so as to meet the daily load demand, Table 1.

2.2 Electricity Consumption Time Variation in Crete Island
Using official long-term data (1975-2004) concerning the Crete EGSI™ several conclusions may be
drawn, see also figure (5), i.e.:
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There has been a considerable annual increase of electricity demand approaching the 7% during the
last decade (1996-2005), when the corresponding national figure is 3.5%. As a result, the annual
energy consumption during 2005 surpassed the 2650GWh in comparison with the modest
280GWh of 1975.

The corresponding power increase was also high, since the official hourly peak load demand
appearing during August 2005 has been 571MW, more than ten-times the value of 1975.

Due to the development of the tertiary sector, i.e. services, commerce and primarily tourism, a high
seasonal variation of electricity demand has been encountered during the last years. For example,
the (1998-2004) mean monthly electricity demand of summer (=250GWh) was more than 50%
higher than the corresponding winter one (=150GWh). In addition, comparing the mean hourly load
demand variation between the four seasons of a typical year (figure (6)), one may easily conclude
that there was a considerable electricity generation diversification between the year periods (e.g.
summer versus other seasons). However, even during the low consumption periods of the year, the
minimum load demand was greater than the local EGS technical minimum (i.e. 100MW).
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Figure 5: Time evolution of Crete island electricity system main parameters
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2.3 Crete Island Wind Power Stations

It is widely accepted that Crete possesses very high wind potentiall® 128121 while the wind energy
exploitation activities started since mid eighties®?. Taking also into account the size of the island (4"
biggest of Mediterranean) and the rather good infrastructure situation, as well as the definitely positive
attitude of local people towards wind energy applications!?!!, wind energy was characterized as an
advantageous option to meet the increased electricity demand requirements of local economy.

As a result, a remarkable wind park installation activity has started since 1992, leading by 2004 to the
existence of sixteen (16) wind power stations of rated power 90MW (end of 2004), Table II. More
specifically, four of the island wind farms belong to local electricity utility (PPC), two wind parks
belong to local municipalities and the rest installations (representing almost the 87% of the island
capacity) were erected by private investors. Up to now the centre of wind energy production is the
East part of the island (Lasithi prefecture), although recently significant investment interest is
expressed for the other parts of the island, see Table Ill. According to the available information ten
new wind parks are under planning for the near future (realization time up to 2008) pushing the total
wind power of the area above 120MW. For the entirety of these new wind parks a substantial subsidy
(approximately 30% to 40% of the initial capital to be invested) has been approved either via the
National Competitiveness Program (Ministry of Development) or via the National Development Law
3299/04 (Ministry of Economy)!.

Table 11: Existing wind parks in Crete island (end of 2004)

Location Prefecture  Owner Start Up Rated Power Turbines

Time (MW) Number
1 Toplou Lasithi PPC 1993 5.10 17x300kW
2 Toplou Lasithi PPC 1993 1.00 2x500kW
3 Toplou Lasithi PPC 1995 0.50 1x500kwW
4 Xirolimni Lasithi PPC 2000 10.20 17x600kW
5 Mitato Lasithi Private 1998 10.20 17x600kW
6 Chandras Lasithi Private 1999 9.90 18x550kW
7 Meg. Vrisi Heraklio Private 1999 4.95 9x550kW
8 Achladia Lasithi Private 1999 10.00 20x500kW
9 Anemoessa Lasithi Private 1999/2000 5.00 10x500kW
10 Krya Lasithi Private 1999/2000 10.00 20x500kW
11 Plativolo Lasithi Munic.-Priv. 2000 2.50 5x500kW
12 Mare Lasithi Municipality 1993 0.5 1x500kwW
13 Vrouchas Lasithi Private 2003 7.65 9x850kW
14 Xirolimni Lasithi Private 2004 3.0 5x600kW
15 Plativolo Lasithi Private 2004 3.0 AX750kW
16 Krousona Heraklio Private 2004 5.95 7x850kW

Table I11: New planned wind parks in Crete island (end of 2004)

Location Prefecture  Owner Start Up Rated Power
Time (MW)
1 Xirolimni Lasithi PPC 2005 3.0
2  Epanosifi Heraklio Private 2005 6.3
3  Modi Lasithi Private 2006 2.7
4 lerapetra Lasithi Private 2006 4.6
5  Mires Heraklio Private 2007 5.2
6  Platanos Chania Private 2007 3.3
7  Spatha Chania Private 2007 4.6
8  Chonos Lasithi Private 2008 4.5
9  Mare Lasithi Municipality 2008 1.2
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2.4 Position of the Problem: Estimation of Maximum Wind Energy Absorbance
Recapitulating the above presented information, one can state the following:

There has been a continuous electricity demand increase during the last 25 years, hence the
corresponding peak power value by 2005 is 570MW, see figure (5).

The real summer capacity of the existing thermal power units is approximately 650MW, while
during this period the energy consumption achieves its maximum value of the year, figure (6).

Besides the remarkable wind power penetration, there is a significant interest for developing new
wind farms in the island due to its favourite techno-economic conditionst®!.

However, according to official data, a significant wind power rejection has been encountered in the
Crete island EGS during the last years, figure (2), which in annual basis exceeds the 300MWh per
MW installed. This evolution leads the owners of the existing installations to considerable financial
loss and discourages the new investors, since any wind power addition to the existing EGS should
provoke further diminution of the wind energy absorption by the local electrical network™*!,

This problem was already analyzed by the present research group on the basis of wind parks operation
datal™™. In the present study an alternative and supplementary approach is developed, where emphasis
is put on estimating the maximum acceptable wind energy absorption, from the EGS point of view.
For this purpose an integrated and reliable numerical algorithm is developed, able to realistically
calculate the wind energy rejection on hourly basis, using the operational characteristics of the local
EGS and the island wind farms as well as the instantaneous electrical load demand of the system. The
results of this new algorithm can be compared with the results of the direct calculation method,
already presented and the most recent official wind energy rejection values available (for 2000-2002),
in order to prove its reliability. Finally, in excess of the direct calculation method, the proposed
algorithm can be extended to simulate the expected situation of the local EGS in the near future.

3. Proposed Algorithm for the Prediction of Wind Energy Absorption/Rejection

For the estimation of the wind energy absorption "N, ()" or equivalently the corresponding wind
energy rejection "ANy(t)" by the local EGS in course of time, the following information is needed,
expressed as a function of time "t":

The instantaneous electrical load demand of the system, i.e. "Np(t)". For example, in figure (7) one
may see typical electrical load profiles for February and August of a typical year.

The technical minima "Nmin(t)" of the local EGS. The specific numerical value of "Nmin(t)" results
by the operational characteristics (Table I) of the existing engines and the corresponding dispatch
order. However, due to the age of the system engines the assignment of these values includes
remarkable empirical information. In figure (8) the distribution of the technical minima of the local
EGS is given as a function of the year month. It is obvious that the technical minima demonstrated
represent a specific unit commitment for the year under investigation, taking into consideration the
corresponding maintenance and renovating plan applied by PPC. For the current situation of the
system the corresponding values vary between 70MW on March (maintenance period) and
100MW during summer (full operation period).

The instantaneous wind energy production "Ny(t)" of the island existing wind parks, excluding any
wind energy rejection (only in case that the wind energy rejection should be also calculated). The
total wind energy system production is the sum of the electricity generation of all wind parks
(imax=16, for 2004) of the island in operation (see Table I1), i.e.:

l 'max

N, (t N, (t
O Ny 0
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Subsequently, the proposed algorithm named "WINDENEREJ" is based on the next four steps:

Step I: For every time point "t" define the local EGS load demand "Np(t)" and the corresponding

technical minima "Nmin(t)"

Step I1: Estimate the maximum approved wind energy production "N(t)" by the local EGS#

according to the following equations, i.e.:

If Np(t) N, () then N, 0

)
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In this case there is no wind energy absorption by the local network, hence all the wind energy
production is rejected.

If Ny Np(®) () Npp(t) then Ny Np() N (D) @)

where "A" is the upper wind energy participation limit in the instantaneous electrical power demand,
defined by the local electricity utility (PPC) in order to face undesirable local network problems!®!22,
The definition of the limit should be based on an on-line analysis of the local electrical network taking
into account both static and dynamic security criteria®IBl221 - Actually, the limits set take into account
the whole system energy balance as well as the local transmission constraints of the main system
branches. Usually, the value selected results from the "in operation™ thermal power units technical
characteristics and the time depending electricity load profile "Np(t)". Moreover, the experience of the
system operator is of vital importance. In most cases, this value is set less or equal to 30%, i.e. A<0.3,
although in some circumstances different values have been encountered.

If Np(t) @ ) N, (t) then N Np (1) (4)

In this last case the wind energy penetration is bounded by the upper wind energy participation limit
"A" and the instantaneous load demand of the consumption.

Subsequently, one has the ability to estimate the maximum acceptable wind energy absorbance "Ny "
by the local EGS for each wind park "i"" according to the above described algorithm and the following
relation:

If N () Ny, () N, () Ny, (©)

N, () () NL® N, (® N, () N, () for (i 3toi
and

N, () N, () for (i 1,2and12)

max)

otherwise

(®)

N, () 0 for (i 3toi

max)

and
N,,;(t)
Nui(t) Ny, (1) Ny, (1)

N’;vj (t)y N, (1) for (j 1,2 and 12)

In order to fully understand the wind energy distribution model depicted in Eqg. (5) one should take
into account that:

The wind parks operating before the law 2244/94 (i.e. corresponding to lines 1,2 and 12 of Table
I1) are not obliged to reject more production than the one dictated by the EGS technical minima,
hence they enter first in the local grid.

The wind energy absorbance of the rest wind parks is distributed officially according to the
instantaneous output "Nyi(t)" of each wind park and practically according to their rated power

*n

"N;i™, see Eq. (6).
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N, (t
i(t) ,,W—I() (I 31 imax)
Ny, (t)
i3
or (6)
i i iNi (I 3, imax)
Ni
i3
where "vi(t)" is the time depending contribution of the wind park "i" in the total wind energy

generation of Crete island. Fortunately, the old (before the law 2244/94) wind parks (i=1,2 and 12 of
Table 1) are relatively small ones (i.e. total rated power 6.6MW), thus their operation does not
seriously affect the wind energy rejection of the younger and bigger wind parks. Note that the above
described procedure is officially established in cases of normal operation and it is validated by the
accuracy of the calculation results depicted in section 4.

,

17 19

1 3. 5 7 9 11 137 "2l 28 25 27 29 3 3 3 37 30

Wind Energy
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Wind Energy Deficit
N Wind Energy Rejection
—e— Wind Parks Production
Wind Energy Penetration Limit
------ Absorbed Wind Energy

Figure 9: Schematic presentation of absorbed versus wind energy production, in view of the
maximum wind energy penetration constraints in autonomous electrical networks

On the other hand, if the instantaneous wind energy production is inferior to the corresponding wind
energy absorbance (local network problems included), due to low wind speed values in the wind park
area, only the available wind energy yield will be absorbed and no wind energy rejection will take
place. In figure (9) one may find a schematic (qualitative) presentation of the produced wind energy
disposal in the course of time, in order to clarify the possible operational status of the existing wind
parks. In fact one may find:

a. The maximum acceptable wind energy by the local electrical network

b. The expected wind energy production on the basis of the available wind potential
c. The absorbed wind energy by the local electrical network

d. The rejected (by the local network) wind energy
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In this context one has the opportunity to compare, for a given period of time, the maximum wind
energy approved by the local EGS with the existing wind parks real output. According to the data
presented, in several cases (4<t<1l and 22<t<33) the wind energy production, due to the low wind
speed values, is not able to cover the local system absorbance capability, while in several low
electrical load demand periods (1<t<3, 11<t<22 and 34<t<39) there is significant wind energy surplus,
which is finally rejected since it is not absorbed by the local system operator. In the same figure (9)
and in the negative y-axis the real wind energy production finally absorbed by the local electrical
network is also sited. As it is obvious from the results demonstrated the real wind energy absorbance is
quite lower than the maximum permitted one, while in several other cases there is no wind energy
production (low wind speed values), despite the local system capability of absorbing it.

Recapitulating, the predicted wind energy absorption "N;i'(t)" by the local EGS for the "i-th" wind park
is finally given as:

Ni(t) min NG, () N;i(t), Ny, (1) ()

where additional wind energy rejection "0N;" is possible due to the EGS subsystem problems or
technical constraints imposed by the electricity transmission equipment (like voltage and frequency
instability, excess reactive power demand, etc.).

The resulting from Eqg. (7) value can be directly compared with the existing historical data concerning

the wind energy amount forwarded by each wind park to the consumption "N;f(t)". Thus one should
expect that:

Ni()  Ni(t)  with Ni() Ni@t) for (i 1 i) ©)
In fact, any discrepancy "€i(t)" defined as:

(1) NI Ni() 9)

should be appropriately explained and validated by the local EGS manager. Similar attention should
be paid to the term "0N;(t)", attributed to additional wind energy rejection due to problems of the
network branch, which the wind park "i" is connected with. For the maximization of the wind energy
penetration in the local EGS both "gi(t)" and "0N;(t)" terms should be minimized or zeroed. Generally
speaking, the following relation should be validated:

() min N(t) 0 (10)

In case that equation (10) is not fulfilled, the proposed method may identify any additional wind
energy curtailments, resulting by unexpected technical problems of the overall system.

If the wind energy rejection is necessary to be computed, the next steps of the algorithm will also be
executed, i.e.

Step 111 Estimate the total wind production of the island ""Ny(t)"**

Step IV: Estimate the wind energy rejection "AN," for each wind park imposed by the local
EGS manager, i.e.:

Nu () Ny (0 N () Ni(®) if (N, () N, (D)
otherwise (112)
N,, () 0
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4.  Application Results-Comparison with Existing Data

4.1 Data Preparation

The above presented algorithm is accordingly applied to estimate the maximum wind energy
absorbance for three selected wind parks (corresponding to lines 8-10 of Table 1), on hourly basis for
the 2000-2002 time period, where detailed official data exist. More precisely, historical data exist for
this specific time period concerning:

The instantaneous electrical load demand "Np(t)", see for example figure (7)

The technical minima of the local EGS "Nmin(t)", €.g. figure (8)

In case that the wind energy rejection is also needed, one needs either the theoretical wind energy
output of each wind park, without any wind energy rejection "Nui(t)", or the wind speed values
"Vi(t)" and ambient density®® for every wind park of the island and the corresponding power
curves of each wind park, in order to calculate the expected wind energy production, in case the
wind parks were operating without any barriers by the local EGS manager.

For comparison purposes only, one may use the wind power sold finally to the local network
(including wind rejection) by each wind park under operation, i.e. "Ni(t)".

Thus, one may apply Egs. (2) to (4) in order to calculate the maximum acceptable absorbance of wind
energy by the local EGS and Eqg. (5) to estimate the corresponding share of each wind park of the
island.

4.2 Wind Energy Absorbance Calculation Results
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Figure 10: Calculated minimum wind energy rejection vs. rejection values realized by Crete EGS
during March for a 10MW wind park

After presenting the information needed, we proceed to use the local EGS information to compute via
the "WINDENEREJ" algorithm the resulting wind energy absorption and the corresponding rejection,
see also Eqgs. (7) and (11). For the calculation of the maximum wind energy penetration we shall use
the hourly distribution of the system load demand and the corresponding technical minima for the time
period examined. Thus, in figure (10) one has the possibility to compare the calculation results for
Achladia (10MW) wind park during March 2001 with data measured by the PPC and the wind park
owner. According to the results of figure (10) no remarkable differences are existing between the
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calculated and the real wind energy rejection realized by the local network. This fact also indicates
that the local network manager (PPC) applies the normal wind energy penetration (absorption)
procedure, while no serious (instability, black out, etc.) problems appeared in the island electrical
network, which may lead to additional wind energy curtailment. Similar conclusions are drawn from
the comparison between the calculated and the realized by PPC wind energy rejection for the January
of the same year, figure (11). At this point it is worthwhile to mention that usually during January
significant wind energy rejection takes place, due to the combination of high wind speeds and low
electrical load demand of the island especially during nights.
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Figure 11: Calculated minimum wind energy rejection vs. rejection values realized by Crete EGS
during January for a 10MW wind park
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Figure 12: Calculated minimum wind energy rejection vs. rejection values realized by Crete EGS
during October-November for a 10MW wind park
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On the other hand, important differences between the calculated and the realized wind energy rejection
are encountered during the analysis of the same wind park for October/November 2001, figure (12).
Taking into consideration that the proposed algorithm is estimating the minimum wind energy
curtailment under the normal operation of the local electrical network, the discrepancies appearing in
figure (12) may be attributed to the following two reasons:

i. The first one implies a decreased "A" value (lower than 30% which is normally adopted) utilized by
the local electrical system manager. Actually, during November (t>304) the calculated wind energy
rejection profile is similar to the grid realized one, but quite lower in absolute terms. In fact, according
to numerical analysis of the available data, a value of parameter "A" equal to 15% or 25% was
temporarily used (see also figure (14)). In this case the value of "&;(t)" term of Eq. (9) is considerable.
ii. The second type of disagreement can be, more or less, characterized as located wind energy
curtailment during specific time intervals (280<t<300) of the examined period. According to the
available information, during mid-October of 2001 major operational problems of the local network
have taken place leading to two severe black outs of the Crete island network. Unfortunately, these
problems have been attributed to the operation of the island wind parks. Consequently, the island
electrical network operator did not follow the normal procedure and practically "turned off" the
existing wind parks every time he wanted to stabilize the electrical system. In similar cases, one
should have known (in advance) the exact "dNi(t)" profile for each branch of the network in order to
correctly estimate the wind energy rejection time distribution.

Despite the remarkable discrepancy between the calculated and the realized wind energy curtailments
during the above examined period, the proposed numerical algorithm may be equally well used in
order to locate any serious wind energy absorption problem by the local electrical network. In these
cases the normal operation conditions of Eqg. (10) are violated and the financial efficiency of the
existing wind parks is further decreased("/®],
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Figure 13: Wind energy rejection calculations comparison on daily basis for a typical year

4.3 Wind Energy Rejection Calculation Results Presentation

In an attempt to estimate the annual income loss of the wind parks owners, the corresponding wind
energy rejection distribution is also needed. For this purpose one also needs the instantaneous output
of the island wind parks, Eq. (11). For the estimation of the wind energy production, we shall use for
every wind park of the island the appropriate analytical power curves. Accordingly, the results of
"WINDENEREJ" are going to be compared with the results of the direct calculation method™* and
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with the corresponding official data. Thus, applying the proposed algorithm "WINDENEREJ" one can
calculate the hourly time-depending distribution of the expected wind energy rejection, according to
the barriers set from the local electrical network manager on the basis of the instantaneous electrical
demand and the operational characteristics of the EGS thermal power units. As expected, the wind
energy rejection is zero during summer and quite important during the low electricity consumption
periods. Bear in mind that during the last three months of the year the wind energy rejection may be
smaller in size but much more frequent than the one during the first months of the year. Hence, we
expect rather greater wind energy rejection during October to December than during January to April.
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Figure 14: Wind energy rejection calculation results, comparison with official data (2001)
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Figure 15: Wind energy rejection calculation results, comparison with official data (2002)

In figure (13) we compare the daily wind energy rejections, resulting by the measurements of the wind
park owners™! and the proposed numerical algorithm for 2001. As a general conclusion, one may state
that up to mid-October the present calculation method describes well the official data. After the 11* of
October two major black outs of the local EGS took place, attributed to existing wind parks by the
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local utility, see also figure (12). After that (and for the next two months) much more strict barriers to
the local wind energy penetration are imposed, leading to almost double wind energy rejection in
comparison with the ones given by the proposed algorithm. After December of 2001, the situation
returned to the normal operation.

Finally, for practical reasons, emphasis in put on the monthly wide wind energy rejection, since the
available official data are given on monthly basis. Thus, in figures (14) and (15) one can compare the
calculation results of the present method with the official data for 2001 and 2002 respectively. From
this comparison (figures (10) to (15)) the following conclusions may be drawn:

There is a fair agreement between the calculations results of the direct method and the
"WINDENEREJ" algorithm, indicating that the proposed algorithm can be used to realistically
simulate the wind energy rejection in future operation forecasting efforts.

Both calculations describe fairly well the official data, although in some cases remarkable
discrepancies appear.

During summer (June to September) the calculated wind energy rejection is practically zero, since
the local EGS absorbs any available electrical power to meet the high electrical load demand.
There was a remarkable wind energy rejection increase from 6000MWh during 2001 to
13000MWh during 2002 concerning the wind parks under investigation.

During the low demand periods of the year (October to May) the monthly wide wind energy
absorption is quite limited leading to significant wind energy rejection/loss, i.e. up to 2000MWh
per month.

5. Conclusions and Proposals

An integrated numerical algorithm, able to estimate the maximum wind energy penetration in a given
autonomous electrical network is presented. The calculation method developed estimates the
maximum instantaneous wind energy contribution on the basis of the information provided by the
system operator, concerning the corresponding load demand and the operational status of the existing
thermal power stations. For the prediction of the minimum wind energy rejection one takes into
consideration, besides the operational characteristics of the local system, the island wind parks energy
production without energy rejection.

The calculation results can be characterized as reliable, since they are based on detailed and long-term
data and measurements and describe fairly well the existing official wind energy rejection in the
course of time. On top of this, one may use the proposed methodology as an evaluation procedure
concerning the wind energy cut outs by the grid operator and contribute on solving any argument
between private investors and PPC.

One of the most interesting findings of the present analysis is that the local electrical utility imposes,
often, more strict barriers to wind energy penetration than the analytical model calculates, in order to
eliminate any grid instability problems, usually attributed to wind parks operation. Thus, a better wind
energy production management will be possible if the proposed algorithm is utilized. In any case, the
existing (Power Purchase Agreement) PPA is not violated by the local utility, although during 2002
the wind energy rejection attained the upper limit of the agreement. As a result any wind energy
investor loses almost 25,000€ per MW of installed power, a quite higher amount than the one of 2000
and 2001.

Recapitulating, it is quite irregular that despite the considerable electricity deficit of most Greek
islands, Crete included, a significant wind energy rejection is taking place at the same time. This
situation is going to be worsening during the next years, especially if new wind power is installed in
the islands. In this context, the application of an integrated electricity management system, considering
the steady-state and the dynamic grid analysis, should improve considerably the current electrical
network management performance.
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A future extension of the present study is the utilization of the proposed algorithm -already well
compared with the official data- in order to simulate the expected wind energy rejection in the near
future and for different wind power and EGS development scenarios. This new calculation may be
used to underline the importance of the problem for the case of significant wind energy penetration to
the island electrical networks and contribute on solving the severe problem of the continuously
increasing electricity demand on the basis of minimum carbon dioxide production power stations.
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Abstract

The island of Lesbos as all the Aegean Archipelago islands lacks any indigenous solid fuel sources;
hence it depends on imports to cover the needs for electricity production, transport and heating. In this
context, the existing thermal power station consumes significant oil-fuel quantities emitting also
remarkable air pollutants and contributing to the environment degradation. On the other hand, the
renewable energy potential of the island is quite significant but its contribution to energy supply
remains restricted. As a result, remarkable wind energy amounts should be rejected leading to severe
financial loss of the wind park owners and discouraging any additional investment in new wind energy
applications. In order to ameliorate the current situation and to maximize the wind energy penetration
in the island energy balance an integrated wind-powered pumped hydro storage (wind-hydro) solution
is proposed. All numerical calculations are based on real data, like long-term wind speed
measurements, electrical load distribution and operational characteristics of the local system
components. During the sizing procedure one defines the size and the number of the wind converters,
the rated power and the operational characteristics of water pumps and hydro turbines as well as the
capacity of the water reservoirs required. For this purpose a well established methodology by the
authors is applied, properly modified to utilize either statistically weighed (probability density)
distributions or detailed time-series data. According to the results obtained, using the proposed wind-
hydro solution one may maximize the wind energy participation in the island electrical balance,
contributing also in stable and safe energy supply, in reducing the dependency from imported oil, in
minimizing the environmental impacts, in improving the regional development without excessive
initial capital requirements.

Keywords: Pumped-Hydro Storage; Wind Energy Surplus; Probability Analysis; Hybrid System

1. Introduction

The island of Lesbos is located in the North-Eastern part of the Aegean Sea and it is the third in size
island of Greece with an area of 2,154 km? Mytilene is the capital of the island as well as the
administrative centre of the North Aegean Prefecture. According to the 2001 census, the total
population of the island is around 108,000 inhabitants presenting an increase of 4% since 1991. The
climate of Lesbos is a mild, Mediterranean one, with sunlight all the year round and excellent wind
potential, figure (1). The local economy is based on the rural production and specifically on the
cultivation of olive trees, stock-farm and fishery, while a large part of the habitants is professionally
involved with tourism.

The island, as all of the Aegean Archipelago islands, lacks any indigenous solid fuel sources; hence it
depends on imports to cover the needs for electricity production, transport and heating. In this context,
the existing autonomous (thermal) power station (APS), located at the east part of the island at the
borders of Mytilene (figure (2)), consumes™ significant oil-fuel quantities (approx. 60,000tn/year)
emitting also remarkable air pollutants and contributing to the environment degradation'?. In fact, the
existing APS comprises eight quite old internal combustion engines which use mainly heavy-oil
(mazut) and one gas turbine consuming diesel-oil. The official rated power of the existing units is
slightly above 80MW, while the real maximum power available is almost 60MW. The corresponding

Kapsali M., Kavadias K.A., Kaldellis J.K., 2008, "Energy Based Sizing of a Wind-Hydro Solution for Maximum
Wind Energy Penetration in Lesbos Island”, X" World Renewable Energy Congress, July 2008, Glasgow-
Scotland, UK.
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specific fuel consumption (SFC) of the existing
ﬁ internal combustion engines varies between 0.2
%\/— and 0.25kg/kWh, while the local gas turbine
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presents an average SFC value of 0.35kg/kWh.

vV 75 On the other hand, the total installed wind power
of the island is almost 12MW, based on three
//v, medium-sized wind parks located in the west part
" of the island (figures (1) and (2)) and one small
wind park located outside Mytilene. More
specifically, in the east part of the island one may
find the small wind park of Mytilene
municipality. This wind park was created in 1994 and started its full operation in 1995, being one of
the first wind parks in Greece belonging to local municipalities. In 1997 its rated power was increased
from 600kW to 825kW. According to the official data™ for the period 1995-2004 the corresponding
long-term average value of the wind park capacity factor (CF) was slightly above 12.5%. During 2003,
major failures of the two HMZ-300 wind turbines were encountered with the second wind turbine
being completely destroyed. Since then only a Micon-225kW wind turbine is still in operation.

Figure 1: The wind potential in N. Aegean

In 1999, nine V-27 wind turbines were installed by the Greek PPC at the west part of the Lesbos
island, constituting a wind park of 2025kW rated power. These wind turbines were operating for two
years with very good energy production performance!. However, during 2002 major problems
appeared, leading one of the machines to complete destruction, while three other turbines presented
serious malfunctions. These problems were solved in 2004, thus since then the wind park has been
operating with only eight (8) wind turbines (rated power of 1800kW). Recently, two private wind
parks (4800kW and 4200kW) based on fifteen E-40 (600kW) wind turbines started their operation in
the west part of the island. According to the official data®), the two new-erected private wind parks
show up to now excellent performance, since their annual average CF values exceed 35%.

Recapitulating, the "in operation™ wind power of the island is 11025kW, located at the west part of the
island. It is worth mentioning that the west part of the island, which concentrates many locations of
high wind potential, is an uncultivated part, something that contributes to the creation of favourable
circumstances for the installation of wind turbines.

2. Problem Definition

Taking into account the continuous electricity consumption increase (figure (3)) along with the
problematic condition of the local electrical grid and the insufficient power capacity of the local APS,
several black outs have been encountered on annual basis, especially during the summer. Figure (4)
illustrates the total electricity production time variation "N (t)" for 2007, where one may detect at least
eight (8) major black outs of the system. Besides, the current electrification solution is related with a
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high operational cost, which for the case of Leshos exceeds 0.25€/kWh, presenting also a continuous
increase!®),
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Figure 3: Time evolution of the Lesbos island electricity system main parameters
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Figure 4. Profile of electricity production for the island of Lesbos, 2007

On top of these, the operation of the local thermal power station is assumed responsible for several -
dangerous for the human health- air pollutants, while it needs remarkable quantities of sea water for
the engine cooling process. In this context, the local population is against the operation of the APS,
being also negative in any proposal for relocation of the APS to another place of the island. In fact,
despite the existence of three possible new candidate areas the local population and the municipality
councils strongly oppose to the installation of the new plant on the basis of environmental impacts and
its influence on the mild touristic development of the area.

On the other hand, the wind energy potential of the island is quite significant since in many regions the
long-term average wind speed approaches 9m/s. Unfortunately, up to now the existing wind parks
contribution to the energy supply remains restricted, since the contribution of almost 122MW of wind
parks of the island in the annual electricity consumption hardly approaches 10%%!. This unfavorable
situation is mainly due to the inability of the local electrical system to absorb the stochastic wind
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energy production, especially during low electricity demand periods®. As a result, remarkable wind
energy amounts being rejected lead to severe financial losses of the wind park owners” and
discourage any additional investment in new wind energy applications.

More specifically, one may estimate!® the instantaneous maximum wind power penetration in the local
grid "Nw*" as follows:

If N_(t) Ny () then N 0 (1)

where "Ngmin" is the technical minimum of the local system. In this case there is no wind energy
absorption by the local network; hence all the wind energy production is rejected.

If Ndmin(t) NL(t) (1 )Ndmin(t)

. )
then N, N_(t) Ng. (1)
where "A" is the wind power upper participation limit of the system. Finally,
If NL(t) (1 ) Ndmin (t)
3)

then N, min  N_(), N_(t) Ny (t)

In this last case the wind energy penetration is bounded by the upper wind power participation limit
"A" and the instantaneous load demand of the system, while the technical minima of the existing
thermal units are also respected®/l,

Wind Energy Absorbance Balance in Case of
15x600kW and 25x600 Wind Parks in Lesbos Island

— 15x600kW
------ 25x600kwW

Probability

T T o

-16000 -11000 -6000 -1000 4000 9000 14000
Power (kW)

Figure 5: Wind energy balance for Lesbos island

Applying the proposed analysis on the load time-series of the Lesbos electrical system®®, one may
estimate the resulting maximum wind energy penetration time-series in the local grid as well as the
corresponding wind power curtailments. Using the proposed by the authors model one may also
estimate the corresponding maximum wind energy penetration probability profile "p(Nw )", see for
example figure (5), describing the expected absorbance-rejection of the wind energy production by
15x600kW wind turbines operating in Lesbos along with their probability profile. Actually, the
negative values of the horizontal axis describe the situations where the wind energy production is less
than the one accepted by the local grid. On the other side, the positive x-axis values describe the cases
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that there is wind energy surplus, i.e. the wind energy production cannot be completely absorbed by
the local electrical system, hence the corresponding wind energy is rejected.

3. Proposed Solution

In order to ameliorate the current situation and to maximize the wind energy penetration in the Lesbos
island energy balance, an integrated wind-powered pumped hydro storage (wind-hydro) solution is
proposed, figure (6). This solution is based™ ' on:

a number of wind turbines spread over the island

a water pump station able to absorb the wind power surplus of the system

a small hydroelectric power plant able to contribute on meeting the local grid maximum demand
and

two water reservoir groups (an upper and a lower one) working in closed circuit along with the
corresponding pipelines.

Upper Reservoir
(hy)

Energy
Consumption
— M
Wind Park |
(zZWTs)

Hydraulic

Machines Desalination

Plant

Proposed Solution for Electricity
& Water Demand Problem
Concerning Remote Islands

Figure 6: Proposed wind-hydro solution

During the long-lasting operation of the proposed energy production plant, the following situations
may appear:

a. The wind park feeds the local electrical network. Any energy surplus is forwarded to an
appropriate water pumping station in order to transfer water from the low to the high water reservoirs.
b. The wind energy is not absorbed by the local electrical system, while the energy surplus is bigger
than the water pumping capacity of the installation or the upper reservoir is full. In this case the energy
surplus is transferred to low priority loads.

¢. The wind energy production is lower than the electricity demand. In this case the energy reserves
of the upper water reservoir are used via the existing small hydro turbines™ of appropriate size in
order to cover the load demand of the system.
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4.  Sizing Methodology

The problem to be solved consists of a specific electrical micro-grid (i.e. Lesbos island) where one or
more wind parks operate without having the opportunity to sell their entire energy production to the
local grid manager. The idea examined is to find the appropriate water-pumping station which should
have the capability to store the wind energy surplus to an appropriate reservoir situated at a certain
elevation. This hydraulic energy amount is accordingly forwarded to the consumption via a small
hydro power station during peak load demand periods to cover the increased energy
consumptionttoIt2),

The optimum sizing solution (given the characteristics of the existing wind parks) for maximum wind
energy penetration includes -at this preliminary stage- the estimation of:

The rated power "N," and operational range of the water pumps

The size "Ny" and the operational characteristics of the small hydro power station

The energy storage capacity "Es" of the water reservoirs

The energy surplus "Nr;" that may be absorbed by the proposed water pumping installation

All numerical calculations will be based on real data, like long-term wind speed measurements (e.g.
wind speed probability density profiles), electrical load distribution and operational characteristics of
the local electrical system components. During the entire sizing procedure one should define the size
and the number of the wind converters, the rated power and the operational characteristics of water
pumps and hydro turbines as well as the capacity of the water reservoirs required. For this purpose a
well established methodology by the authors is applied® I8l properly modified to utilize
statistically weighed (probability density) distributions. In the following, the basic principles of
predicting the operational characteristics of the hybrid station components are briefly presented.

The water pumping system is chosen in order to transfer water from the lower to the higher reservoirs,
absorbing the wind energy surplus "Nri" ("pi" is the corresponding probability) of the wind parks of
the system, where "i" represents the annual wind energy surplus values. If "N," is the nominal power
of the water pumping station, then the energy absorbed "E," is given by the following relation:

E P Nr Pm N, 8760 4)

k m

where the first term of the RHS of equation (4) expresses the cases that the wind energy surplus is less
than the nominal power of the water pumping station, while the second term describes the cases that
the the wind energy surplus is greater or equal to "N,".

Accordingly, the energy finally stored "Es" in the water reservoir is expressed as:
Es S Ep (5)

with "ns" being the energy storage transformation coefficient, including!” water pump loss, friction
loss in the penstocks etc.

Finally, the hydro turbine(s) rated power "Nu" depends on the available energy™? on the upper
reservoir and on the hours per day "h," that the small hydro power plant will provide electricity to the
local grid (e.g. peak load demand hours, see also figure (4)). Actually, the following relation should be
validated:



WREC X, Glasgow, UK Kapsali M. et al. 45

E
v s 5
N, (6)
: h
(0]

where "na" is the efficiency of the electricity production branch.

5. Application Results

The above analysis is accordingly applied to the micro-grid of Lesbos, taking into account that 15
wind turbines E-40 (rated power 600kW) operate on the island. In figure (5) one may find the
corresponding energy absorbance balance. According to the calculation results there is a remarkable
possibility (17.8%) to obtain wind energy surplus, since wind rejection values up to 6000kW have
been encountered.

WIND ENERGY ABSORBED (15x600kW, Lesbos Island)
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Figure 7: Absorbed wind energy, Lesbos island

Using equation (4) one may find in figure (7) the wind energy absorbed by the corresponding water
pumping station as a function of the water pumps nominal power. As we can see from this figure the
total wind energy surplus of the 9MW wind park is approximately 3.2GWh (i.e. 11.3% of the wind
park annual production), representing a net financial loss of almost 300,000€ or 4% of the initial
capital invested for the specific wind park installation. Additionally, one may also conclude that the
absorbance of the wind energy surplus is gradually decelerated, see figure (8).

Hence, by setting a limit "&" (e.g. £&=300MWh) concerning the accepted wind energy absorbance
increase due to the corresponding water pumping nominal power increase (e.g. from 2400kW to
3000kW) one may estimate the maximum water pumping station size.

Accordingly, the corresponding energy storage capacity results from the maximum daily energy
amount to be stored and the efficiency of the entire energy storage procedure. For the case of
Np=3MW the corresponding two water reservoirs storage volume (at 50m elevation difference) is
almost 400,000m?, or (5500m?x70m).

Finally, the nominal power of the system hydro turbines varies between 1.2MW and 7.2MW,
depending on the energy providing strategy of the proposed wind-hydro installation. More
specifically, by selecting hydro turbines with relatively low nominal power it is almost sure that these
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hydro turbines will operate most of the days of the year covering peak load demand, however in some
cases the upper water reservoir may remain full, limiting the next day wind energy absorbance
capacity of the proposed system. On the other hand, in case that the high hydro power nominal power
value is selected, the hydro power station will contribute on absorbing all the wind energy stored by
the water pumping system, however the initial cost of the small hydro power installation may be too
hight*2. In this context, the size of the hydro power station should be the outcome of a complete cost-
benefit analysis. Recapitulating, the maximum wind energy to be forwarded to the consumption by the
proposed wind-hydro solution is approximately 1.5GWh, representing 48.1% of the entire wind
energy surplus of the local wind parks.

Energy Increase vs. Water Pumping Power Increase
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Figure 8: Wind energy absorbance rate
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Figure 9: Absorbed wind energy, Lesbos island

In order to underline the possibility of increased wind-hydro penetration in the Lesbos island electrical
network, one may investigate the theoretical case of adding another 10 E-40 wind converters in the
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existing wind parks, hence the total wind power of the island micro-grid will be 15MW. In this case
the wind energy surplus is almost 14.9GWh, representing 30.2% of the total wind energy production,
see also figure (5). As it is obvious for this scenario (25x600kW) the financial loss of the wind park
owners is much higher than the 15x600kW case, i.e. 1,340,000€ corresponding to 11.1% of the initial
capital invested.

Applying the same analysis as in the previous case, one may find in figure (9) the wind energy
absorbance profile as a function of the water pumping nominal power. It is important to mention that
by using a 3MW water pumping station one has the possibility to absorb almost 7.5GWh in
comparison with the 2.6GWh of the initial (15x600kW) case, strongly supporting the financial
attractiveness of such an installation. In this context, one may state that by using a 6MW water
pumping station, 82.5% of the wind energy surplus can be finally absorbed, thus remarkably
improving the wind energy contribution on the solution of the energy problem of Lesbos island.

6. Conclusions

An integrated energy based analysis concerning the optimum sizing of a wind-hydro installation for
medium size remote islands is presented. The best size of the main components of the proposed hybrid
station may be determined, using a systematic probabilistic analysis. All the numerical calculations are
based on real data, like wind speed measurements, electrical load profile, operational characteristics of
the components etc.

According to the results obtained, using the proposed wind-hydro solution one may maximize the
wind energy participation in the island electrical balance. Benefits also arising include the stable and
safe energy supply, the reduction of the imported oil dependency, the minimization of environmental
impacts and the improvement of the regional development without excessive initial capital
requirements.
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Abstract

Most medium and small islands of the Aegean Archipelagos face serious infrastructure problems,
strongly related with the limited electrical energy available at extremely high cost. On the other hand,
the area is characterized by very high wind speeds and abundant solar energy, thus the exploitation of
the available renewable energy sources (RES) may significantly contribute to the fulfillment of the
local societies energy demand at minimum environmental and macroeconomic cost. However, the
stochastic availability of wind energy and the variable availability of solar energy, the daily and
seasonal electricity demand fluctuations, as well as the limited local electrical network capacity result
in serious restrictions concerning the maximum renewable power penetration. In this context, the
present paper investigates the possibility of creating a combined electricity generation facility based
on the exploitation of wind or/and solar potential of an area as well as on the utilization of an
appropriate energy storage configuration in order to replace the existing thermal power stations with
rational investment requirements. For this purpose, the major parameters of the proposed integrated
configuration are firstly calculated and its financial viability is accordingly analyzed. One of the main
targets of the proposed solution is to maximize the RES exploitation of the area at a minimum
electricity generation cost, while special emphasis is given in order to select the most cost-efficient
energy storage device available. According to the results obtained the proposed solution is not only
financially attractive but also improves the quality of the electricity offered to the local communities,
substituting the expensive and heavily polluting existing thermal power stations.

Keywords: Renewable Energy Sources; Energy Storage; Autonomous Electrical Network; Wind
Energy; Photovoltaic Generator; Electricity Production Cost; Island

1. Introduction

The Aegean Archipelagos is a remote Hellenic area at the east of mainland, including several hundreds
of scattered islands of various sizes, figure (1). For administrative purposes these islands are divided in
five groups, i.e. the islands belonging to Lesvos, Chios, Samos, Cyclades and Dodecanese prefectures.
One of the major problems of the area is the insufficient infrastructure, which is strongly related to the
limited electrical energy available and the extremely high electricity generation cost of most islands,
see for example figure (2). In fact, the electricity demand in the Aegean Archipelagos islands has up to
now been covered™ by the existing (thirty) Autonomous Power Stations (APS), based on internal
combustion engines and gas turbines, which belong to the former Greek Public Power Corporation
(PPC). The existing APS total installed capacity is approximately equal to 800 MW, while the
corresponding electricity generation during 2005 is almost 2200GWh?., Unfortunately there is a
significant variation (figure (3)) of the electricity consumption throughout the year since in most
islands the electricity demand during summer season (June-August) represents more than 40% of the
total annual consumption, while the corresponding peak load demand is usually two or even three
times greater than the mean annual electricity demand®!. On the other side, the electricity production
cost varies between 0.12€/kWh for the big islands and 0.6€/kWh for the small remote Greek islands
(figure (2)), presenting a mean annual increase rate of 5%, during the last fifteen years. Note that the
corresponding electricity price for domestic users in all Greece is slightly above 80€/MWh, hence the
operation of the Aegean Archipelago APS leads to severe financial loss, for the Greek PPC,

Kaldellis J.K., 2008, "Integrated Electrification Solution for Autonomous Electrical Networks on the Basis of
RES and Energy Storage Configurations", Energy Conversion and Management Journal, Vol.49(12), pp.3708-
3720.
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approaching the 200,000,000€/year. Finally, in almost all these islands there is an extremely urgent
need for additional power on annual basis, since the existing APS can hardly meet the corresponding
peak load demand®. On top of this, the vast majority of the existing thermal power units is very old

and should be replaced in the next few years.
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At this point it is worthwhile mentioning that the area is characterized by very high wind speeds and
abundant solar energy, figure (4). Thus the exploitation of the available renewable energy sources
(RES) potential may significantly contribute to the fulfiliment of the local societies energy demand at
minimum environmental and macroeconomic cost!. However, the stochastic availability of wind
energy and the variable availability of solar energy, the daily and seasonal electricity demand
fluctuations, as well as the limited local electrical network capacity result in serious restrictions
concerning the maximum renewable power penetration, in order to maintain the local grid stability™!.
For example, until recently, the local electricity utility (PPC) posed a 30% wind power penetration
barrier to guarantee the local grid stability. However, even this strict limit has theoretical value, since
economic viability criterial® deteriorate the maximum wind energy contribution to single digit
numbers (i.e. 10%).

According to previous researchl I the prospect of creating a combined RES based energy
production station with an appropriate energy storage system (ESS) is the only available -for those
regions- solution, provided that the central target is to maximize the renewable energy sources
penetration in small and medium-sized islands, under the precondition of rational electricity
production cost. Although the first installation cost of a combined RES-ESS power station is relatively
higher than the corresponding cost of an equivalent thermal power station, the excellent RES potential
and the extremely high production cost of local APS provide the proposed solution with an undoubted
competition advantage even in terms of economic efficiency. On top of this, an energy storage system,
when sized appropriately™®? not only can match a highly variable RES based energy production to a
generally variable and hardly predictable system demand, but also improves the system reliability and
contributes to the energy production cost reduction. Additionally, by reducing the operation hours of
the existing thermal power units their service life is prolonged, therefore the need for extra
investments concerning the installation of new internal combustion engines is postponed.

In this context, the present paper investigates the possibility of creating a combined electricity
generation facility that is based on the exploitation of wind or/and solar potential of an area as well as
on the utilization of an appropriate energy storage configuration in order to replace the existing
thermal power stations with rational investment requirements. More precisely, one should first
calculate the major parameters of the proposed integrated solution and accordingly analyze the
financial viability of the resulting solution. As already mentioned one of the main targets of the
proposed solution is to maximize the RES exploitation of the area at a minimum electricity generation
cost, while special emphasis is given to improve the local network reliability. Besides, the most cost-
efficient energy storage configuration is selected*? on the basis of the developed minimum cost
methodology, after analyzing various available ESS. Finally, the complete methodology is applied to
representative island (autonomous electrical network) cases with very enlightening results.

2. Proposed Solution

The proposed by the authors!® integrated solution comprises a RES-based power station (usually a
wind park or a photovoltaic generator) able to meet the electricity demand as well as an appropriate
energy storage facility that guarantees the local community energy autonomy for a desired time
period. Besides, the existing thermal power station may be also used either as a back up solution or to
cover unexpected high load demand. More precisely the proposed configuration (figure (5)) includes:

a. One or more power stations based on the exploitation of the available wind or solar potential. The
most attractive solutions are either wind parks for medium and large-sized islands or photovoltaic
generators for small or very small islands. The rated power of the proposed installation is "Nges".

b. A number of energy storage devices (e.g. lead-acid or Na-S batteries, a group of water reservoirs,
etc.) combined with their corresponding energy production equipment (e.g. inverters, small hydro-
turbines, etc.). The energy storage capacity of the installation is equal to "Es" and the input and
output rated power values are "Ni," and "Ng", respectively. The selected ESS should be able to
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cover the local network electricity requirements for "do" typical hours without the contribution of
any other electricity generation device.

The existing thermal power units of the already operating APS, with rated power equal to "No",
may contribute on meeting the local system electricity consumption under specific circumstances
by "dE". The main target of the proposed solution is to minimize the contribution of the local APS
to the local system electricity consumption (3E — 0), as well as to use by priority the most cost-
effective thermal power units.

LOCAL APS
WIND FARM
L J
sk
- =]
PR
¢ =z m|m_m
m_|
CONSUMPTION

PV STATION

Figure 5: Proposed electricity generation configuration for autonomous electrical grids

During the long-term operation of the proposed system several operational situations may appear, i.e.:

If the energy production of the RES-based power stations is greater than the local community
consumption, the energy surplus is stored at the existing ESS. In case that the ESS is full, the
excess energy is forwarded to low priority loads.

If the RES-based production is lower than the corresponding electricity demand and the ESS is not
empty, the electricity deficit is covered via the ESS.

iii. If the RES-based production is lower than the electricity demand and the ESS is practically empty,

the electricity deficit is covered by the existing thermal power units, using diesel or heavy oil.
Finally, for practical reasons, the utilization of all available power units may be required in order
to face unexpected energy production/demand problems or situations related to "Force Majeure"
events.

In the following sections one should initially define the major dimensions of the proposed integrated
electricity production system and accordingly evaluate the financial behavior of the entire solution in
comparison with the up to now existing systems based almost exclusively on a number of internal
combustion engines.
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3. Sizing a RES-ESS Based System

The present analysis concerns an autonomous (island) electrical network with annual energy
consumption equal to "Ew:", while the corresponding peak load demand is "N,". The main target of the
proposed solution is to meet the local demand using electrical power stations mainly based on
renewable energy sources (RES) and appropriate energy storage systems (ESS), with rational
production cost. Up to now the electrification solution!! was based on the existing outmoded thermal
power stations, which operate using diesel or heavy (mazut) oil with mean electricity production cost
equal to "c™ (figure (2)) and provoking serious environmental and macroeconomic impactst®!™!, For
increased reliability purposes the most efficient thermal power units may be used as back up engines
with annual energy contribution equal to "dE", where "0E<<Eiy".

In this context, one may assume that the total energy demand is covered either directly by the existing
power stations "Egii" (mainly wind parks, photovoltaic generators and complementary by thermal
power stations) or via the energy storage system "Eso'". In order to describe the contribution of the

storage system to the total energy consumption we define the parameter "¢" as:

Estor 1 ﬁ (1)
Etot Etot

since:

Etot Edir Estor (2)

As it is obvious, theoretically "€" takes values between zero (no storage system usage) and one (all the
energy consumption is covered through the storage system), i.e. 0<e<1.0. In practice, between these
two extreme values, a contribution range determined by the existing power units’ principle features
(including photovoltaics and wind turbines) in relation with the corresponding load demand time-
variation dictates the potential use of the ESS (i.e. the exact "€" value) on an annual basis.

Taking into consideration that the RES based power stations should cover the major part of "Eqi" and
provide also the necessary energy to the ESS (total energy efficiency ns), the corresponding annual
energy production "Egres" is estimated as:

E E
Eres (E E) 4 (0 )E, E —= (3)

SS SS

Defining the capacity factor of the local electrical network "CF," and the RES-based power stations
"CFres" Using equations (4) and (5), i.e.:

E tot

CF, —— _
P 8760 N, (4)
and
E
CF RES
RES 8760 Npes ®)

one may calculate the necessary nominal power of the proposed RES-based power stations as:
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E
Nges max (1 SF) Np;ﬁ
RES

(6)

CF,
Nges N, max 1 SF);—— (1 )
RES Etot sS

where "SF=0" is an appropriate safety factor in order to guarantee that the RES-based power station
can meet the local consumption peak load demand. In order to ensure the system reliability one should
take into account that at the same time one may use either the ESS power units (inverters, hydro-
turbines etc.) or the existing (back up) thermal power units.

Subsequently, the ESS -to be utilized in order not only to increase the RES penetration in the local
electrical market but also to improve the reliability of the local system and the quality of the electrical
energy provided to the consumption- is characterized by the energy storage capacity "Es" and the
nominal input "Ni," and output power "Ns" of the entire energy storage subsystem. More precisely,
the energy storage capacity of ESS may be estimated by the following relation:

E,q 1 1 11
E, d, —9o — d, E, —
= 7% 8760 DOD, ° " . DOD, 0

SS

where one should take into account the desired hours of energy autonomy "d,", the maximum depth of
discharge "DOD." and the energy transformation efficiency of the ESS "ns". Note that "En" is the
average hourly load demand of the electrical network under investigation defined as:

E tot

Eh -
8760

(8)

In regard to the nominal output power "Ns" of the storage unit, it is the power efficiency "n," that
must be considered as well, i.e.:

1
N, — = = )
p CF p

N E,

p
where """ is the peak power percentage of the local network that the energy storage branch should be
able to cover, see also equation (4).

Accordingly, the input nominal power "N;," of the ESS depends on the available power excess of the
existing electricity generation units and the corresponding probability distribution® as well as the
desired charge time of the installation. For practical cases and assuming that the charge and the
discharge time period of the ESS are comparable one may finally write:

N N

in ss (10)
where "A" depends on the ratio of charge and discharge periods as well as on the efficiency of the
energy transformation procedures involved. Generally speaking "A" takes values in the range of 1.0 to
3.0.

4. Financial Evaluation of the Proposed Solution
4.1 Initial Investment Cost

The total investment cost (after -n years of operation) of the proposed solutionlIel js g
combination of the initial installation cost and the corresponding maintenance and operation (M&O)
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cost, both quantities expressed in present values. In this context the initial investment cost "IC," takes
into account the initial cost of the RES-based power station and the ESS as well as the balance of the
plant, expressed as a function "f" of the initial cost of the RES-based power station, i.e.:

ICo ICRES f ICRES ICss (11)

According to the available information the purchase cost of the RES-based station can be expressed by
the following relation:

ICRES Pr NRES (12)

where "Pr" is the specific price (€/kW) of the RES-based power stations, see for example4/tIe],

Accordingly, the initial cost "ICs" of an ESS can be expressed as a function of two coefficients. The
first "ce" (€/kWh) is related to the storage capacity and type of the system, and the second "c," (€/kW)
is referring to the nominal power and type of the storage system in view of equation (10). Hence one
may use the following relation:

C
IC, ¢ E, ¢, Ny E, e f G
N DOD, CFp No

SS e (13)

In order to obtain a first idea of the numerical values of the above mentioned parameters (i.e. DOD,,
Nss» Nps Ce, Cp) the data of Table | can be used, based on the available information in the international
literaturet* 111811291201 1 the same Table I, the service period "ns" and the corresponding annual M&O
factor "mgs" for every ESS are also included. As it is obvious from Table I, a wide range of values has
been found for most energy storage systems under investigation. In the present analysis the
corresponding mean values have been adopted.

Table I: Major Characteristics of the Energy Storage Systems Examined!71el[19120]

Service Power Ener: Specific Specific
SS;(JS;Z‘?: Period D((ODASL Efficiency Efficiegr]\)cl:y Ene?gy Cost Povl\cl)er Cost rnMsij/?)
Nss (years) 1p (%) 1Nss (%0) Ce (€/KWh) Ccp (E/kW)
P.H.S. 30+50 95 85 65+75 10+20 500+1500 0.25+0.5
Flywheels 15+20 75+80 90+95 80+86 250+350 150+400 1+1.5
Regenesys 10+15 100 75+85 60+70 125+150 250+300 0.7+1.3
F.C. 10+20 90 40+70 35+45 2+15 300+1000 0.5+1
Lead Acid 5+8 60+70 85 75+80 210+270 140+200 0.5+1
Na-S 10+15 60+80 86+90 75+85 210+250 125+150 0.5+1

According to the existing legislation there is a considerable subsidization by the Greek State for RES-
based applications on the basis of the current development law (e.g. 3299/04) or the corresponding
National Operational Competitiveness Program. Actually, the subsidy percentage "y" equals to 30%-
50% of the total investment cost. However, in the current analysis the subsidization impact is
neglected, hence "y" is taken equal to zero.

4.2 Total Investment Cost

In addition to the initial investment cost one should also take into consideration the maintenance and
operation cost of the entire installation, including the RES-based power station and the ESS. The
M&O cost can be split!¥ into the fixed maintenance cost "FC" and the variable one "VC". Expressing
the annual fixed M&O cost as a fraction "mges" and "mg" (see [14 ], [15], [16] and Table I) of the
initial capital invested and assuming an annual increase of the cost equal to "gres" and "gs"
respectively, the present value of "FC" is given as:
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in i in j
FC I:CRES FCss mRES ICRES M mss ICss & (14)
i1 @) i1 (@)

where "i" is the capital cost of the local market. The distinctive nature of a Compressed Air Energy
Storage (CAES) principle operation imposes the need of the fuel factor to be also included®Y.
However, in the proposed solution an attempt is made to minimize the fossil fuel consumption, thus
the utilization of CAES is excluded from the present analysis?.

Subsequently, the variable maintenance and operation cost mainly depends on the replacement of "k,"
and "ks" major parts of the RES-based power station and the energy storage facility respectively,
which have a shorter lifetime "ni" or "n;" compared to the complete installation "n™". Using the symbol
"r* or 'r" for the replacement cost coefficient of each one of the "k," and "ks" major parts of the entire

installation, the "VC" term can be expressed as:

kko 1l i ik U g\ o) M
VC ICRES rk (1 gk)(l pk) ICSS rj ( gl)( pl) (15)
k1 10 (1 I) j1 10 (1 |)
with "l"* and "I;" being the integer part of the following equation (16), i.e.
n 1
I and I, —— 16
k nk j nj ( )

while "gx" or "g;" and "px" or "p;" describe the mean annual change of the price and the corresponding
level of technological improvements for the "k-th" major component of the RES-based power station
or the "j-th" major component of the energy storage installation, respectively.

Recapitulating, the total cost "C" ascribed to the proposed RES-based installation and operation after
"n" years (in present values) may be estimated using equation (17).

Y
" APS (17)

C Ic, 1 ) EC FC VC
@ i

where "Y," is the residual value of the installation after n-years of operation in current values and
"EC" describes the cost of the input energy "dE" absorbed from the existing thermal power station. For
practical applications this term can be estimated using the following relation, i.e.:

i w)

EC Ec :
T ()

(18)

where "cy" is the specific input energy cost value (cw=c") and "w" is the mean annual escalation rate of
the input energy price. Finally, "APS" is the cost of keeping the existing thermal power station as a
back up station.

Substituting equations (11), (14), (15) and (18) into equation (17) concludes to:

in j in j
C o IChs @ 1) IC, (@ ) Myes ICues O y yc 0 @ 8s)
i (@ jin (@0
(19)

- j
AW e Y pps

E CW . —
i @0 @an
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4.3 Comparison of the Available Solutions

The proposed RES and ESS-based configuration should be compared with the existing solution, which
is based on the utilization of the existing thermal power station in order to cover the electricity demand
"Ewt" Of the local society. In this scenario, the current electricity production cost is assumed equal to
"c™, while the annual electricity price escalation rate "e" should also be included. More precisely, the
total electricity production cost "C*" of the existing thermal power station for a n-year time period can
be approximated by the following relation:

L AL

cC ¢ E - .
total i1 (1 I) (1 I)n

(20)

where "Y,"™" is the residual value of the existing thermal power units after n-years of operation in
current values.

The time evolution of the total gains (or cost savings) "R" between the proposed and the existing
electricity generation solutions can be expressed as:

*

R C C (21)
In case that R>0 the RES-based solution is more cost efficient than the utilization of the existing APS,
while the opposite is valid if R<0. Note that in the above presented analysis the following factors have
been implicitly neglected:

a. The increased reliability and the improved quality of the electricity offered by the RES and
ESS-based solution.

b. The reduction of the environmental (air pollution, oil leakages, thermal waste etc.) and
macroeconomic (exchange loss and political dependency due to oil imports etc.) impacts.

C. The need for gradual replacement of the existing outmoded internal combustion engines in the
course of time.

Finally, in order to clarify the impact of the ESS on the improvement of the financial efficiency of the
proposed solution, one may also repeat the calculation without the utilization of an ESS. In this case
€=0 and the contribution of the ESS to the total cost of the installation is zeroed. Note that due to the
existing penetration limits of the RES-based electricity production in the local electrical network®!®!
the existing thermal power units should cover the major part (approximately dE=0.75.E:) of the local
community electricity demand, see also [23].

5. Application Results

Table I1: Main Parameters of Anafi and lIkaria Islands

Peak  Power Total Annual _
Island Demand Energy _ RES—Baseq Population (2001 Area (km?)
KW-2005) Consumption Power Unit census)
(MWh-2005)
Anafi 420 984 PV 272 38.35

Ikaria 7,550 24,119 Wind Turbines 8,354 255.26
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The developed methodology is accordingly applied to two representative cases of Aegean Archipelago
islands, i.e. the islands of lkaria and Anafi, see Table Il. The scope of the analysis described is
twofold: first to investigate the viability of an integrated RES and ESS-based electricity generation
solution in comparison with the existing solution based on fossil fuel utilization and secondly to find
the most appropriate energy storage configuration that maximizes the gains of the proposed solution.

5.1 Wind Energy Based Solution for a Medium-Sized Island

Ikaria is a medium-sized island (population 8,354 habitants, area of 255km?) of the East Aegean Sea,
located approximately 240km from Athens and belonging to the Samos prefecture, figure (1). Its
major town is Agios Kirikos with 2688 habitants, and the main economic activities of the local society
are agriculture, fishing, merchant marine and tourism. The annual energy production of the local APS
was 24,200MWh for 2005, see also figure (6). The peak load demand -approximately 7550kW-
appears also during summer, while the corresponding minimum value is 1100kW. The island has an
excellent wind potential, since in several locations the annual mean wind speed approaches 9m/s, at
10m height, see for example figure (7). What is more, there is a remarkable natural water reservoir at
almost 700 meters elevation, which can be used as a basis for the application of a pump-hydro storage
(PHS) solution™.

Time Evolution of Electricity Generation and
Electricity Production Cost, Island of Ikaria

25000 + 250
—e— Electricity Generation (MWh)

—=— Electricity Production Cost (€/MWh)
20000 - + 200

15000 - + 150

- /4\//!'/./ v
5000 ;*/:/_/./‘

0 T T T

1980 1985 1990 1995 2000 2005

Year

Electricity Generation
(MWh)
Electricity Production Cost
(Euros/MWh)

ol
o

Figure 6: Electricity consumption and electricity price time variation for Ikaria Island

On the other side, the evolution of the local APS production cost presents an average annual increase
of 7.3%, see figure (6), while an important part of it ( 45%) is due to the fuel cost. The autonomous
power station of lkaria consists of seven internal combustion engines along with their electrical
generators, and their specific fuel consumption is almost 270gr/kWh. The rated capacity of the APS is
11360kW, while in the island a small wind park of seven (7x55kW) outdated WM-15S wind
turbinest?¥ rated power 385kW, as well as a private wind turbine of 600kW exist. Finally, the annual
cost of the existing APS is approximately 5M€ME],

In order to face the gradually increasing electricity demand of the island one may install several wind
turbines of total nominal power resulting from equation (6) in collaboration with an appropriate ESS.
Taking into account the wind potential of the area and the corresponding load demand time
distribution the corresponding ESS contribution varies!?®! between 50% and 60%, i.e. 0.5<¢<0.6. In the
current analysis the parameter "¢" is taken equal to 55%.
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WIND POTENTIAL DATA for IKARIA ISLAND
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Figure 7: Wind potential data for Ikaria Island
Wind Energy Solution in Collaboration with Energy
Storage Systems for Ikaria Island
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Figure 8: RES-based power station rated power vs. energy autonomy hours of the ESS,
Ikaria Island

Accordingly, the ESS selected in order to collaborate with the proposed wind power station include on
top of the well known lead-acid batteries and the pump-hydro storage systems, the Na-S batteries, the
Flow batteries (Regenesys) and the Fuel Cells (FC)™], The major characteristics of the technologies
examined are summarized in Table I, see also [17], [18], [19] and [20]. At this point it is important to
note that one of the main parameters influencing the techno-economic behavior of the proposed
solution is the desired energy autonomy of the local electrical network, expressed via the hours of
energy autonomy "d," of the system. In this context "do," varies between 6h and 48h, while the
contribution of the existing APS (3E/E:) takes values between 50% and 0%, respectively.

According to the results obtained, the rated power of the wind park required to cover the desired
energy autonomy of the local network depends not only on the ESS technology adopted but also on
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the "do" value, see also figure (8). Actually, the wind park size increases (from 9MW up to 12.5MW)
as the desired energy autonomy increases for all ESS analyzed, while for the Fuel Cells solution the
corresponding range is between 13MW and 18MW due to their low energy transformation efficiency
obtained up to now™!. It is important to mention that for low "d," values the wind park rated power is
defined (9MW) by the peak load demand of the local network and the corresponding safety factor
(SF=0.2), see equation (6). For higher "d," values the "Ngres" value is dictated by the energy demand
of the proposed installation and the APS contribution (3E), i.e. from the second term of the RHS of
equation (6).

20-year Cost Analysis for Lead-Acid Batteries and Wind 20-year Cost Analysis for PHS and Wind Energy System
Energy System for Ikaria Island (e=55%, d,=24h) for lkaria Island (e=55%, d,=24h)
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Figure 9a: Total cost analysis of the combined Figure 9b: Total cost analysis of the combined
RES-Lead Acid Batteries based solution for RES-PHS based solution for Ikaria Island
Ikaria Island

On the other side, the energy storage capacity "Ess" of the ESS is directly analogous to "d," (equation
(7)), while the corresponding rated power "Ns" depends only on the peak load demand of the local
network, see equation (9). In this context, one may examine the contribution of the various cost
components (equation (19)) on the total operational cost of the proposed solution for a 20-year long
service period. According to the data of figure (9) concerning the Lead-Acid and the PHS solutions for
24hours energy autonomy of the system two different cost patterns appear. The first category
demonstrates (figure (9a)) significant contribution of the ESS (initial cost and replacement or variable
M&O cost), which represent almost the 60% of the total configuration cost. In the second alternative
(figure (9b)) the RES-based power station represents the main part of the total installation cost. In both
cases the contribution of the input energy from the existing APS (representing only the 10% of the
total annual consumption) is also remarkable (15%-25%).

Accordingly, the total gains (or cost savings) of the proposed solution in relation to the operation of
the existing APS are presented in figure (10) as a function of the desired hours of energy autonomy
(R-d,) for all the ESS tested. In the same figure one may also find the corresponding gains of a wind-
only based solution, i.e. without the existence of an ESS. In this specific case the contribution of the
wind-based power station in the annual electricity demand is rather low!?®], i.e. approximately 20%
(OE/E=0.8). As it is obvious from the results presented, all the RES and ESS based configurations
tested are more cost-efficient than the APS based solution. On top of this, the utilization of an ESS
improves the financial behavior of the RES-based power station, decreasing at the same time the
utilization of imported oil.

After a closer inspection of figure (10) one may also state that the ESS analyzed present two different
cost-saving distributions, at least in the autonomy range examined. More precisely, all the battery type
ESS (Lead-Acid, Na-S and Flow batteries) present one maximum cost saving value for a specific "d,"
value, after which the gains are decreasing. This is not the case for PHS and FC systems which present
a continuously increasing gain distribution, at least in the autonomy range examined. In this context,
Flow batteries and Na-S batteries present (figure (11)) comparable gains for low "do" values, while for
"d," values of 12h-24h the PHS and Flow batteries solutions are the most cost-efficient ones. Finally,
in case of high energy autonomy PHS and Fuel Cells present a significant cost saving advantage.
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Wind Energy Solution in Collaboration with Energy
Storage Systems for Ikaria Island
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Figure 10: Cost saving distribution of the Wind-ESS based power station in comparison
with the existing APS for Ikaria Island
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Figure 11: The impact of the energy autonomy on the cost saving distribution of the
Wind-ESS based power station in comparison with the existing APS for Ikaria Island

Recapitulating for the Ikaria island case, the exploitation of the excellent wind potential of the area
remarkably reduces the electricity generation cost of the local network. However, the only possibility
to significantly increase the contribution of the RES in the local system energy balance is by
introducing an appropriate ESS. In this case, considerable energy production cost saving is
encountered (50%-70% cost decrease) which depends on the selected energy autonomy degree of the
system (without the utilization of the local APS). According to the results obtained the pump-hydro
storage is the most cost effective energy storage technology, especially for "do" values higher than six

hours (d,>6h), while the Flow batteries and the Fuel Cells may constitute an interesting alternative
solution for low and high "d," values, respectively.



Energy Conversion and Management Kaldellis J.K. 65
49(12), 3708-3720

5.2 Photovoltaic Based Solution for a Small Island

Anafi is a very small island (population 272 habitants -approximately 70 families- area of 39km?) at
the southeast edge of Cyclades complex. There is a complete lack of fresh water in the island, thus it
has no remarkable flora and fauna. The local terrain is quite relief, including rocky hills and absence
of flat fields. The main economic activities of the local society are fishing, and tourism. The annual
energy production of the local APS was almost 1000MWh for 2005, see also figure (12). The peak
load demand -approximately 420kW- appears during mid-August, while the corresponding minimum
value is 50kW (during winter). The island has very good solar potential, since the annual mean solar
energy approaches 1700kWh/m?, at horizontal plane, figure (13).

Time-Evolution of Electricity Generation and
Electricity Production Cost, Anafi Island
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Figure 12: Electricity consumption and electricity price time variation for Anafi Island

Annual Solar Potential for Anafi Island at Horizontal Plane
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Figure 13: Solar potential of Anafi Island

The small APS of the island includes five small internal combustion engines of total rated capacity of
670kW, while their mean specific fuel consumption is 242gr/kwWh. The high solar potential of the island
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and the extremely high electricity generation cost of the local APS, see also figure (12), exceeding the
480€/MWh, are two significant parameters that encourage the installation of a photovoltaic (PV)
generator in the island. Besides the proposed PV-based solution requires minimum maintenance effort.

For this purpose, one may install a new PV generator of nominal power resulting from equation (6),
which in collaboration with an appropriate ESS can meet the electricity demand of the local
community. Taking into account the solar potential of the area (available during daytime) and the
corresponding load demand time distribution the resulting ESS contribution varies®! between 70%
and 80%, i.e. 0.7<e<0.8. In the current analysis the parameter "¢" is taken equal to 75%.

Accordingly, the ESS examined in order to collaborate with the proposed photovoltaic generator
include on top of the well known lead-acid and Na-S batteries, the relatively new Flow batteries
(Regenesys) and the Fuel Cells (FC). Due to the very small size of the network one may also examine
the installation of a Flywheel based system, while the utilization of a PHS is not recommended taking
into consideration the size and the topography of the island as well as the total absence of local water
reserves. However, the possibility of combined electricity and clean water production on the basis of
the solar energy exploitation is an interesting idea to be examined™.

As in the previous case, the major characteristics of the technologies examined are summarized in
Table I, see also [17], [18], [19] and [20]. Also note that the desired energy autonomy of the local
electrical network, expressed via the hours of energy autonomy "do," of the system, is still the major
parameter influencing the techno-economic behavior of the proposed solution. In this context "d,"
varies between 6h and 48h, while the contribution of the existing APS (O0E/E:) takes values between
50% and 0%, respectively.

Photovoltaic Solution in Collaboration with Energy Storage
Systems for Anafi Island
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Figure 14: RES-based power station rated power vs. energy autonomy hours of the ESS,
Anafi Island

As in the wind park case of lIkaria, the PV rated power required to guarantee the desired energy
autonomy of the local network depends not only on the ESS technology adopted but also on the "d,",
see also figure (14). More specifically, the PV generator size increases (from 500kW up to 800W) as
the desired energy autonomy increases for most ESS analyzed. This is not the case for the Fuel Cell
solution, since the corresponding rated power exceeds the 1.1MW. Note that the Flow batteries system
requires also quite high PV rated power. At this point, it is important to mention that for low "d,"
values the PV station rated power (500kW) is defined by the peak load demand of the local network
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and the corresponding safety factor (SF=0.2), see equation (6). For higher "d," values the "Nges" value
is imposed by the energy demand of the proposed installation and the APS contribution (6E), i.e. the
second term of the RHS of equation (6).

Interesting conclusions may be achieved by examining the contribution of the various cost
components (equation (19)) on the total operational cost of the proposed PV-based solution for a 30-
year long service period. According to the information of figure (15) concerning the Lead-Acid and
the Na-S batteries solutions for 24hours energy autonomy of the system, one should mention the
dominant impact of the PV station initial cost, representing almost the 60% of the total 30-year long
operational cost of the installation. This fact reduces the impact of the best ESS choice encountered for
the wind-based case, see also figure (9). However, there is an implicit impact of the ESS type selected
via the required rated power of the PV generator, figure (14). Finally, in both cases presented in figure
(15a) and (15b), the contribution of the input energy cost from the existing APS (representing only the
10% of the total annual consumption) is also remarkable (=15%).

30-year Cost Analysis for Lead-Acid Batteries and 30-year Cost Analysis for Na-S Batteries and Photovoltaic
Photovoltaic System for Anafi Island (e=75%, d,=24h) System for Anafi Island (e=75%, d,=24h)

EC
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14,2%

Figure 15a: Total cost analysis of the combined Figure 15b: Total cost analysis of the combined
RES-Lead Acid Batteries based solution for RES-Na-S Batteries based solution for Anafi
Anafi Island Island
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Figure 16: Cost saving distribution of the PV-ESS based power station in comparison
with the existing APS for Anafi Island

In figure (16) the variation of the proposed solution total gains in comparison with the operation of the
existing APS as a function of the desired hours of energy autonomy (R-d,) for all the ESS analyzed
can be examined. In the same figure one may see the corresponding gains of a PV-only based solution,
i.e. without the existence of an ESS. In this case, the contribution of the RES-based power station in
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the annual electricity demand is approximately 20% (i.e. dE/E«=0.8). As it is obvious from the results
presented, several RES and ESS based configurations tested are more cost efficient than the APS
based solution. This is not the case for the Fuel Cells based option taking into consideration the small
size of the installation. On top of this, the utilization of an ESS improves in most cases the financial
behavior of the RES-based power station, especially for 12h and 24h of energy autonomy.

PV-ESS Based Solution for Anafi Island
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Figure 17: The impact of the energy autonomy on the cost saving distribution of the PV-
ESS based power station in comparison with the existing APS for Anafi Island.

After a closer inspection of figure (16), one may note that for all the cost-efficient ESS examined
(excluding the Fuel Cells) the estimated gains present initially an increase approaching a maximum
value between do,=12h and d,=24h, which is followed by a remarkable reduction as "d," approaches
the 48h. In this context Na-S batteries and Flywheels present (figure (17)) the best financial behavior
for up to 24hours of energy autonomy, while for higher "d," values the Flow Batteries solution is
slightly better than the Na-S batteries one.

Summarizing the Anafi island case, the exploitation of the high solar potential of the area is expected
to reduce the electricity generation cost of the local network. In fact, remarkable energy production
cost saving is estimated (=30% cost decrease), which depends on the selected energy autonomy degree
of the system, in relation to the local APS operation. According to the calculation results, the Na-S
battery solution is the most cost effective energy storage technology applied, especially for "d," values
less than twenty-four hours (do.<24h), while the Flywheels and the Flow batteries may constitute an
interesting alternative solution for low and very high "d," values, respectively.

Comparing now the two island cases examined one may state the following:

The wind-based solution needs relatively lower energy storage support (at least for high wind
potential areas) in comparison with the solar-based electricity generation configuration.

In terms of total cost analysis, the PV-based configuration is dominated by the cost of the PV
generator, while for the wind energy based solution both ESS and wind parks share the
corresponding total cost of the installation.

Finally, the financial gains of the wind-based solution is quite higher than the corresponding ones
of the PV-based installation, although the electricity production cost™ of the existing APS is much
higher for the small island (PV solution) than for the medium-sized island (Wind energy solution).
This is mainly due to the higher specific price of PV generators in comparison with the
commercial wind turbines as well as due to their lower capacity factor in relation to wind parks!?®,
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6. Conclusions

An integrated methodology, investigating the possibility of creating a combined electricity generation
system based on the exploitation of wind and solar potential of the numerous islands of the Aegean
Archipelagos as well as on the utilization of an appropriate energy storage configuration, is developed.
The proposed electrification solution can replace the existing thermal power stations based on
imported oil with considerable production cost reduction. In this context, the main parameters of the
combined RES-ESS based installation are calculated first and accordingly used in order to prove the
economic viability of the proposed solution.

During the analysis special attention is paid to select the most cost-effective energy storage strategy in
order to maximize the RES penetration (minimizing at the same time the oil consumption) and to
minimize the electricity generation cost. The developed methodology is subsequently applied on two
representative autonomous island cases, based on the exploitation of the available wind and solar
potential respectively. The calculation results are very encouraging, since in both cases the proposed
configuration leads to quite lower electricity production cost than the existing thermal power stations.
On top of this, the utilization of an appropriate ESS improves the financial behaviour of the RES-
based power station leading also to much higher wind or solar energy penetration levels in the local
energy market.

According to extensive calculations, the pump-hydro storage for medium-sized islands and the Na-S
batteries for small sized islands are the most cost effective energy storage techniques. Besides, flow
batteries (i.e. Regenesys technology) are also a techno-economic interesting alternative for both cases
analyzed, while the fuel cells based systems cannot compete with the existing energy storage systems,
excluding the high energy autonomy cases. Finally, lead-acid batteries and flywheel systems may be
an interesting energy storage option for small systems and limited energy autonomy scenarios.

Recapitulating, it is important to mention that the proposed integrated electrification solution based on
the exploitation of the available RES potential in collaboration with an appropriate energy storage
configuration is a financially attractive solution for the existing autonomous island networks of the
Aegean Archipelagos. In fact, the proposed power stations are able to substitute the expensive and
heavy polluting existing thermal power stations, improving the reliability of the local electrical
networks and the quality of the energy offered to the local communities.
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COST BENEFIT ANALYSIS OF APHOTOVOLTAIC-ENERGY STORAGE
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Abstract

A large number of various sized islands are spread throughout the south-east Mediterranean Sea. Most
of these small islands face serious infrastructure problems, like the insufficient power supply and the
low quality of electricity available at very high production cost. In an attempt to improve the life
quality of all these isolated communities, an investigation concerning the financial viability of an
integrated electrification solution based on one or more photovoltaic generators and an appropriate
energy storage system is described. The main target of a similar solution is to maximize the
contribution of the photovoltaic generator and minimize the life-cycle electricity generation cost of the
remote island networks investigated. In addition, special emphasis is given in order to select the most
cost-efficient energy storage configuration available. According to the results obtained for high and
medium-high solar potential regions, the proposed configuration is found to be more cost-effective
than the existing thermal power stations. Several side benefits like the improved electrical network
reliability and the minimization of the environmental and macroeconomic impacts resulting from the
replacement of the imported oil should also be considered.

Keywords: Autonomous Electrical Network; Electricity Generation Cost; Photovoltaic Generator;
Energy Storage; Hybrid System

1. Introduction

The Greek territory includes a large number of islands of various sizes, spread throughout the Aegean
and lonian Archipelagos, figure (1). Although most large and medium-size islands present an
acceptable status of life, this is not the case for the small and very small ones. In this context, due to
the severe infrastructure problems and the imported oil-based electricity generation, the corresponding
production cost is extremely high, figure (2). Additionally, the considerable increase of population
during the summer season, owed to the visiting tourists, often leads to extensive electrical black outs
due to the insufficient power supply™l. On the other hand, the specific areas are favoured by a
considerable RES potential™, both wind and solar, that should not be neglected.

To confront the electrification problems and ameliorate the life quality of the specific areasP!I! the
adoption of alternative electricity generation schemes, such as RES based energy storage
configurations®IEICI0  should be investigated. In this context, the aim of the present study is the
financial evaluation of combining photovoltaic (PV) plants with energy storage systems (ESS) for the
electrification of small, remote island electrical grids. Several small and tiny Greek islands with a
population of less than 2000 and 500 habitants!*” respectively, comprise the target group of the
specific research. Their hourly electricity consumption being less than IMWh and their peak load
demand being inferior to 3AMW (see also figure (2)) justify the decision to test the PV-ESS solution.
Besides, one cannot neglect the support expected from the local habitants in favour of the RES based
solution proposed™2t3],

Further, although the first installation cost of a combined PV-ESS configuration is relatively higher
than the corresponding of an equivalent thermal power station, the high solar potential of the area and
the extremely high production cost of the local APS already mentioned, allow for the comparison of
the two electricity generation schemes. In this context, by applying an appropriate sizing methodology,

Kaldellis J.K., Zafirakis D., Kaldelli El., Kavadias K., 2008, "Cost Benefit Analysis of a Photovoltaic-Energy
Storage Electrification Solution for Remote Islands"”, Renewable Energy Journal, on-line available (11/11/2008)
in www.ScienceDirect.com.
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various representative PV-ESS configurations are dimensioned in order to minimize the operation of
the local thermal power station (APS). Finally, since the optimum sizing of an ESSI4ISIE! engyres
higher system reliability and potential financial gains®”, by using different energy storage
technologies!*®*%! the designation of minimum life-cycle cost solutions???Y may be configured.
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2. Description of the Problem- Proposed Solution

The problem to be solved concerns the definition of the most-cost effective PV-ESS configuration,
able to meet the electricity requirements of the existing small, remote islands. For this purpose one
needs:

a. The electrical load demand time variation. Note that for almost all small islands under investigation
there is a serious seasonal electricity consumption variation, figure (3). In fact, during the summer
season, electricity consumption is more than twice the corresponding spring one. In addition, there is
also an important daily load demand variation, usually presenting two distinct maxima, one around noon
"Np1" and the other (which is normally the biggest one) during late evening "Np.", figure (4). Due to the
specific character of the PV production one should separate the daily electricity consumption in two
separate periods, i.e. one during sunlight "Eu" and the other during the rest of the day "E"?\. According
to the analysis of the available data™??, "Ey" represents approximately 30% of the total annual
consumption "E", taking values between 15% and 45% on a daily basis. Note also that:

Etot Etl Et2 (1)
and
N, max{Ny;N,} 2)

where "N," is the peak load demand of the electrical network under investigation.
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Figure 3: Seasonal electricity consumption variation for various small remote islands vs.
typical seasonal solar potential variation!?%!

b. The solar irradiance levels of the area. At this point it is worthwhile mentioning that the entire
Greek island territory is characterized by high or medium-high solar irradiance. In fact, the annual
solar energy at horizontal plane®?® varies between 1500 kWh/m? and 1700kWh/m?, figure (1). In this
context, the exploitation of the available solar potential may significantly contribute to the fulfillment
of the local societies energy demand, at minimum environmental and macroeconomic cost??1%1, As a
result, the inhibition of the local societies’ economic growth may be encountered@®!,
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Figure 4: Daily electricity consumption variation for various small remote islands™

c. The appropriate energy storage techniques available. An energy storage system (ESS) is utilized
in order to store energy during high electricity production periods and return it to the consumption at
low solar irradiance periods or at nights. This system is characterized by the energy storage capacity
"Ess" and the nominal input "Ni," and output power "Ns" of the entire energy storage subsystem. One
should also take into account the desired hours of energy autonomy "d," of the installation, the
maximum permitted depth of discharge "DOD_.", the energy transformation efficiency of the ESS
"nss", the power efficiency "ny", as well as its two initial cost components, "c." and "c,". In fact, "c."
(€/kWh) is related to the storage capacity and type of the system, while the second "c," (E/kW) is
referring to the nominal power and type of the storage system. Note that the contribution of the ESS to
the operation of the proposed integrated solution is expressed via the energy contribution parameter
"e" defined as:

Estor 1 ﬁ

3
E ot E ot ®)

where "Eso" is the total energy contribution of the ESS to the annual electricity demand and "Egi" is
the energy demand covered directly by the existing power stations, i.e. mainly photovoltaic generators
and complementary thermal power stations.

In order to obtain an idea of the numerical values of the above mentioned parameters (i.e. DODy, nss,
Nps Ce, Cp) the data of Table | can be used, based on the available information in the international
literature!? 11281129131 1 the same Table I, the service period "ns" and the corresponding annual M&O
factor "mgs" for every ESS are also included. A wide range of values have been found for most energy
storage systems under investigation, while the most common application range of the respective
technologies must be also taken into account®. Taking into consideration the size and the
infrastructure of the examined islands as well as the target to minimize the fossil fuel contribution,
certain energy storage systems may be selected. The most appropriate energy storage configurations to
be tested include the Lead-acid and the Na-S batteries as well as the Pumped-Hydro and the Flow
Batteries (Regenesys). For the very small islands one may also include the Flywheel option, while for
the bi{gger islands, Fuel Cells may also present an interesting alternative, especially in the near
future®,
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Table I: Major Characteristics of the Energy Storage Systems Examined!?7[281[29130]

Service Power Energy Specific Specific

ztyosrti?ne Period [();O[)) Efficiency  Efficiency = Energy Cost  Power Cost nl\]/:f;%
Nss (years) 1np (%0) 1ss (%0) Ce (€/kWh) Cp (E/KW)

P.H.S. 30+50 95 85 65+75 10+20 500+1500 0.25+0.5
Flywheels 15+20 75+80 90+95 80+86 250+350 150+400 1+15
Regenesys 10+15 100 75+85 60+70 125+150 250+300 0.7+1.3
F.C. 10+20 90 40+70 35+45 2+15 300+1000 0.5+1
Lead Acid 5+8 60+70 85 75+80 210+270 140+200 0.5+1
Na-S 10+15 60+80 86+90 75+85 210+250 125+150 0.5+1

Finally, in order to evaluate all potential solutions the collection of certain data is required. Data
concerning the time-evolution of electricity production parameters for each small island as well as
information describing the local topography, the ambient temperature and the wind speed, the
demographic profile and the economic activities, must all be obtained.

LOCAL APS

PV STATION

CONSUMPTION

Figure 5: Proposed electricity generation configuration for small autonomous islands

In order to face the pressing electricity requirements of all these small remote islands on the basis of
the available solar potential, an integrated solution comprising of a photovoltaic generator -able to
meet the electricity demand of the island- as well as an appropriate energy storage facility that
guarantees the local community energy autonomy for a desired time period, is evaluated. What is
more, the existing (usually outmoded) thermal power stations may be also used either as a back up
solution or to cover unexpected high load demand. More precisely the proposed configuration (figure
(5)) includes:

i. One or more photovoltaic generators based on the exploitation of the available solar potential. The
rated power of the proposed installation is "Npy".

ii. A number of energy storage devices (e.g. Lead-acid or Na-S batteries, a group of water reservoirs,
etc.) combined with their corresponding energy production equipment (e.g. inverters, small hydro-
turbines, etc.). The energy storage capacity of the installation is equal to "Es" and the input and
output rated power values are "Ni," and "Ns", respectively. The selected ESS should be able to
cover the local network electricity requirements for "do" typical hours without the contribution of
any other electricity generation device.

iii. The existing thermal power units of the already operating APS, with rated power equal to "No",
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may contribute in meeting the local system electricity consumption under specific circumstances
by "OE". The main target of the proposed solution is to minimize the contribution of the local APS
to the local system electricity consumption (6E - 0).

In the following, one should initially define the major dimensions of the proposed integrated
electricity production system and accordingly estimate the corresponding life-cycle electricity
generation cost. The expected electricity production cost should be compared with the up to now
existing solution, based almost exclusively on a number of internal combustion engines.

3. Presentation of the Developed Methodology

3.1 Sizing of the PV-ESS Configuration and Prediction of Main Parameters

The main parameters of the proposed solution, some already discussed, include the PV generator rated
(peak) power "Npv", the ESS energy storage capacity "Es" related to the hours of energy autonomy of
the installation "d,", the corresponding nominal input "Ni," and output power "Ns", the energy yield of
the PV installation "Epv", the contribution of the energy storage facility to the total energy
consumption "g", the participation of the existing APS on the coverage of the electricity demand "dE",
and the electricity generation cost -in present values- "c,". In order to result to the sizing of the PV-
ESS configuration and also determine the main parameters of the problem, a two-stage methodology is
developed. In the first part following, the sizing of the configuration as well as the determination of
energy related parameters is presented.

a. Photovoltaic component of the PV-ESS configuration

Taking into consideration that the PV based power station should cover the major part of "Egii"" and
also provide the necessary energy to the ESS (total energy efficiency "ns"), the corresponding annual
energy production "Epy" is estimated as:

E E
Eov (s E) —* (0 )E, E —2 (4)

SS SS

Defining the capacity factors of the local electrical network "CF," and the PV-based power station
"CFpy" using equations (5) and (6), one may calculate the necessary nominal power of the proposed
PV-based power station. Note that "CFpy" results as a combination of the available solar potential and
the operational characteristics of the photovoltaic panels in use. Typical values of "CFpy" for the area
under investigation vary between 13% and 21%"!,

E
CF tot
P 8760 N, ©)
and
E
CF A A—
V' 8760 N, ©)

Subsequently, the required nominal power of the proposed PV-based power station "Npy" is estimated
by equation (7).
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where "SF=0" is an appropriate safety factor (usually SF<25%) in order to guarantee that the PV-
based power station can meet the local consumption daytime power demand, (see also equation (2)).
In order to ensure the reliability of the system, one should take into account that at the same time
either the ESS power units (inverters, hydro-turbines etc.) or the existing (back up) thermal power
units could be used. Accordingly, using the energy balance during the daytime one gets:

E t1 E PVdir Estl El (8)
where "Es1™ is the contribution of the ESS during daytime while "dE1" and "Epvai' are the APS and

the PV station participation during the same period respectively. Besides, the energy yield of the PV
installation absorbed directly by the local network "Epvai” is given by equation (9):

Eevar X3 Eu ©)

where "x3" results as a combination of the solar irradiance and ambient temperature with the
corresponding load demand of the local network during daytime. Defining the parameter "&" as:

Estl
= 10
E, (10)

one may describe the contribution of the storage system "Es." to the total daytime energy consumption
"Eu". Accordingly, by substituting the definitions of equations (9) and (10) equation (8) yields:

— @ ) (11)

where "s" is the electricity consumption during the daytime period expressed as a fraction of the total
energy consumption of the island, i.e.

Eu
E ot

S (12)

Note, that in most cases, especially when Npv=Np, the "0E1/Evw" term is very small, thus the inequation
(11) may be treated as equation, while

X, (1 ) 095 (13)
since in practical cases (when Npv=Np) & - 5%.

b. Energy storage system component of the PV-ESS configuration

Subsequently, the ESS is characterized by the energy storage capacity "Es" and the nominal input

"Nin" and output power "Ns" of the entire energy storage subsystem. More precisely, the energy
storage capacity of the ESS may be estimated by the following relation:
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where one should take into account the desired typical hours of energy autonomy "do", the maximum
depth of discharge "DOD." and the energy transformation efficiency of the ESS "ns". Note that "En"
is the average hourly load of the electrical network under investigation defined as:

E'[OI (15)

" 8760

For the estimation of the ESS contribution "¢" to the fulfillment of the local electricity consumption
one may use equations (3) and (9) as well as the energy balance of the local network for the entire time
period examined given by equation (16):

Etot EPVdir Estor E (16)

Introducing in equation (16) both equations (3) and (9) one gets:

I s x) E—E @ s %) a7

tot

What is interesting to note (equation (17)) is that for a given electricity demand profile and a specific
solar potential case, the "¢" distribution varies inversely with the local APS contribution "0E/E".
Besides, the contribution of the ESS may be alternatively expressed by equation (18):

jmaxmin EPV( ti) EPVdir( tj). do 1 1
. DOD, DOD(t,)

(18)

t

1Y E 8760

where "jmax" iS the number of time-steps of "At" duration in which the entire period (e.g. one year)
under investigation is divided.

In regard to the nominal output power "Ns" of the storage unit, it is the power efficiency "n," that
must be considered as well, i.e.:

N E, 1
N, _° —h = (19)
p CR o

where "(" is the peak power percentage of the local network that the energy storage branch should be
able to cover, (see also equation (5)).

Accordingly, the nominal power input "N;," of the ESS depends on the available power excess of the
existing PV generator, the corresponding probability distribution and the desired charge time of the
installation. For practical cases and taking into account the limited availability of solar energy
determining the charge and discharge periods of the ESS, one may finally write that:

Nin Nss NPV (20)
where "A" depends on the ratio of charge and discharge periods as well as on the efficiency of the

energy transformation procedures involved. Generally speaking, for PV applications "A" takes values
in the range of 1.5 to 3.0.
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c. Autonomous power station
Finally, if considering equation (17), the contribution of the existing APS may also result:

E Ex @ sXx3 ) (21)

3.2 Life Cycle Electricity Generation Cost Analysis of the PV-ESS Configuration

After configuring the size of the PV-ESS plant and determining the system main parameters, in the
second leg of the methodology developed, the corresponding life cycle electricity generation cost is
estimated.

At first, the total investment cost (after -n years of operation) of the proposed solution*®1?!l js a
combination of the initial installation cost and the corresponding maintenance and operation cost, both
guantities expressed in present values. In this context the initial investment cost "IC," takes into
account the initial cost of both the PV power station and the ESS as well as the balance of the plant,
expressed as a function "f" of the initial cost of the PV power station, i.e.:

IC, IC,, f ICs IC, (22)

According to the available information!?13IB4 the purchase cost of the PV-based station can be
expressed by the following relation:

IChy Pr Npy (23)

where "Pr" is the specific price (€/kW) of the PV power stations, described by the following semi-
empirical formulal® for installations up to 2MW with regards to the Greek socio-economic
environment only.

Pr 6186.1 N2* (kW N,, 2000kW) (24)

Following, the initial cost "ICs" of an ESS can be expressedZ7NZ820E00 a5 3 function of two
coefficients. The first "c." (€/kWh) related to the storage capacity and type of the system, and the
second "c," (E/kW) referring to the nominal power and type of the storage system in view of equation
(20). Hence one may use the following relation:

C
IC s C Ny E, —= do P
n, DOD_ CFp Np

c. E

SS e (25)

with the values of main parameters included in Table I.

In addition to the initial investment cost one should also consider the maintenance and operation cost
(M&O) of the entire installation, including the PV-based power station and the ESS. The M&O cost
can be split into the fixed maintenance cost "FC" and the variable one "VC". Expressing the annual
fixed M&O cost as a fraction "mpy" and "ms" (see [20], [21] and Table I) of the initial capital invested
and assuming a mean annual increase of the cost equal to "gev" and "gs" respectively, the present
value of "FC" is given as:

in J in J

FC FC FC
PV i (1 I) ss ss i (1 I)

s Mpy 1Cpy

where "i" is the capital cost of the local market.
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Subsequently, the variable maintenance and operation cost mainly depends on the replacement of "k,"
and "ks" major parts of the PV-based power station and the ESS respectively, which have a shorter
lifetime "ny" or "n;" compared to the complete installation "n™. Using the symbol "ry" or "r;" for the
replacement cost coefficient of each one of the "k," and "ks" major parts of the entire installation, the

"VC" term can be expressed as:

k ko Iy I.ny i ks 'y Ny oy
VC IC,, T, (I 9Jd pu) Cs  t ( 9,)(_ P;) @
k1 1o (1 i1 I o ()
with """ and "I;" being the integer part of the following equation (28), i.e.
, 2 oag o, M1 (28)
Ny n;

while "g«" or "g;" and "pi" or "p;" describe the mean annual change of the price and the corresponding
level of technological improvements for the "k-th" major component of the PV-based power station or
the "j-th" major component of the energy storage installation, respectively.

Recapitulating, the total cost "C" ascribed to the proposed PV-ESS based installation after "n" years of
operation (in present values) may be estimated using equation (29).

Y,
C IC, (1 EC FC VC o APS
@) = 29)

where "Y," is the residual value of the installation after n-years of operation in current values and
"EC" describes the cost of the input energy "0E" absorbed from the existing thermal power station. For
practical applications this term can be estimated using the following relation, i.e.:

i1 ow)

EC Ec, -
i1 ()

(30)

where "c" is the specific input energy cost value (cw=c") and "w" is the mean annual escalation rate of
the input energy price. Finally, "APS" is the cost of keeping the existing thermal power station as a
back up station.

Substituting equations (22), (26), (27) and (30) into equation (29) one gets:

in J a1 :

C ICh L f) IC, I ) My ICuy (agT)V) Mg IC,, ((19,5;)
| s . (31)
jn (1 W) ! Y
ve o

T @) @i ah

Finally, one may express the present value of the electricity generation cost (€/kWh) of the proposed
PV-ESS based installation by dividing the total cost of the installation during the n-year service period
with the total energy generation during the same period, taking into consideration the produced
electricity price mean annual escalation rate "e". Therefore, the corresponding electricity generation
cost is given as:
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C C
In 1 e } Ew Q (32)
tot Loa

where "Q" is defined as:

in @1 e’

N jp (D)

(33)

In order for the proposed PV and ESS-based configuration to be financially attractive in comparison
with the -up to now- adopted solution, which is based on the utilization of the existing thermal power
station, one should compare the value of equation (32) with the current electricity production cost "¢,
see also figure (2). In case that co<c” the PV-based solution is more cost efficient than the utilization of
the existing APS, while the opposite is valid if co>c”.

4, Main Considerations on the Methodology Application

The developed methodology described in the algorithm of figure (6) is accordingly applied to one
representative small island case with annual energy consumption "E:w:" equal to 2000MWh and peak
load demand "N," equal to 600kW. The seasonal and daily load energy demand distributions are given
in figures (3) and (4), while the corresponding solar potential is also provided (figure (3)). Regarding
the ESS employed, the relatively new Na-S batteries solution is adopted as a representative, promising
energy storage technology (see also Table | for the numerical values adopted). However, for a
complete analysis to be provided other ESS are also investigated (Table I).

During the presentation of the calculation results (see also section 5), emphasis is at first given in order
to demonstrate the energy contribution of the various electricity production subsystems to the total
annual consumption. Accordingly, the expected life-cycle electricity generation cost is estimated as a
function of both the PV generator rated power and the ESS energy autonomy hours. The results
presented are compared with the existing electrification solution based on the operation of the local
APS. In this context, the target of the analysis described is to define the optimum configuration of the
integrated PV-ESS electricity generation solution that minimizes the energy production cost and
maximizes the penetration of the available solar energy in the local energy balance.

Following, a parametrical analysis considering the solar irradiance levels and the major parameters of
the local economy is carried out. Concerning the solar irradiance influence, two cases are considered.
The first examining the electricity generation cost variation in relation to the PV rated power and the
second in relation to the energy autonomy (from d,=2h to d,=24h). In the first case, a direct
comparison of resulting costs between high and medium-high solar irradiance levels is investigated. In
the second case, low and high capacity factors "CFpy" for the PV-units employed are encountered.
Taking also into account the important role of the local economy factors, representative parameters

including the State subsidy "y", the local market capital cost "i" and the annual escalation rate of the
electricity generation cost "e" are investigated in accordance to the following.

During the last twenty-year period, the E.U. and country members remarkably subsidize investments
in the electricity production sector, under the precondition of clean energy production, e.g. installation
of PV generators. According to the existing legislation®! there is a considerable subsidization by the
Greek State for PV-based applications on the basis of the current development law (e.g. 3299/04) or
the corresponding National Operational Competitiveness Program. Actually the subsidy percentage
"y" equals to 45%-55% of the total investment cost. However, the selected values refer to either highly
subsidized investments (y=50%) or more moderate ones (y=30%), while a non-subsidization scenario
is also included (y=0%).
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Figure 6: "ENERGY STORAGE" numerical algorithm

On the other hand, the local market capital cost "i" mainly depends on the local market economic
wealth and more precisely on the existing investment opportunities, the timing of repayment, the risk
of investment etc. In addition, the value of the capital cost varies with the inflation rate of the
economy, in order to obtain positive inflation-free capital return. The selected variation range is
presently selected to be from 8% to 13%.
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Finally, the term electricity price escalation rate "e" is hereby used to describe the annual rate of
change of the electrical energy (and power) market prices, as according to the existing legislative
frame (Laws 2244/94 and 2773/99), the electricity generated by the PV stations is finally sold to the
local network at a price directly related to the corresponding retail price. The respective variation
range takes values from 2% to 8%.

In this context, the representative values selected for each of the parameters are examined in relation
to the variation of energy autonomy provided by the storage system (from d,=2h to d,=24h). Note that
the cases investigated and corresponding to different autonomy periods only regard minimum cost
solutions.

5. Discussion of Application Results

5.1 Energy Contribution Results

Regarding the low energy autonomy scenarios (i.e. de=2h or d,=6h), one may observe in figure (7) the
considerable contribution of the photovoltaic electricity generation to the local consumption, which
increases almost linearly with the PV generator’s rated power, bounded only by the ESS storage
capacity. In case that additional PV power is installed, a considerable photovoltaic energy surplus is
encountered, even exceeding 60% of the PV generator annual yield. On the other hand, the
contribution of the existing APS is significantly decreasing as the PV generator rated power increases,
thus the minimum APS participation percentage is also defined by the storage capacity of the ESS.
Finally, the contribution of the ESS is mainly controlled by the desired hours of energy autonomy, so
the lowest of values realized is due to the low "d," values examined.
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Figure 7: Distribution of the main parameters of a PV-ESS configuration in case
of low energy autonomy

Subsequently, for high energy autonomy configurations (i.e. do=12h or d,=24h) similar linear
contribution of the PV generator is demonstrated (figure (8)). As it may result, a PV generator of rated
power higher than 1700kW may practically cover the entire electricity consumption of the system if it
collaborates with a Na-S battery system of d,=24h. Due to the increased storage capacity of the
proposed ESS, the corresponding PV energy surplus is quite low, while for maximum energy
autonomy configurations, it may be zeroed. At the same time the contribution of the existing APS is
minimized, however the electricity production cost of similar solutions must be taken into account.
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Figure 8: Distribution of the main parameters of a PV-ESS configuration in case
of high energy autonomy

5.2 Electricity Generation Cost Results

Accordingly, in figure (9) one may find the electricity generation cost of the proposed installations as
a function of the rated power of the PV-generator "Npy" and the storage capacity "Es" of the ESS.
More specifically, for all "d," values analyzed there is a minimum electricity production cost
configuration. Note also that almost all of the PVV-ESS configurations tested are more cost-effective
than the existing APS solution. Finally, the minimum electricity production cost solution is realized
for high energy autonomy, i.e. do=24h, at 0.18€/kWh (in present values), almost 0.13€/kWh less than
that of the APS solution. On top of this, if this solution is adopted, the contribution of the local APS is
practically zeroed, eliminating also the environmental and macroeconomic impacts related to the oil
consumptiont?412s],

0,35

0,3

b
0,25 \

02+ PV-Based Solution do=24h

—— PV-Based Solution do=12h — \/

—— PV-Based Solution do=6h
—¥—PV-Based Solution do=2h
—APS Cost

0,15 \ \ .

400 600 800 1000 1200 1400 1600 1800 2000
PV Rated Power (kW)

Electricity Generation Cost (€/kWh)

Figure 9: The electricity generation cost of representative PV-ESS configurations
in present values, for various PV generator peak power values and energy
autonomy combinations (high solar potential case and Na-S batteries as ESS)

Applying the proposed analysis for all the available energy storage technologies of Table I, it is
important to mention that for a typical energy autonomy scenario (d,=12h) all the PV-ESS
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combinations are definitely more cost-effective than the operation of the existing APS, figure (10).
The minimum electricity generation cost technologies are the pumped-hydro (PHS), the Na-S batteries
and the Flow batteries for the bigger islands, while for very small islands one may also examine the
installation of a system of Flywheels. On the other hand, the Lead-acid batteries’ solution, although
commonly applied, present the higher long-term cost value, while the Fuel Cells technology may be
more attractive for bigger installations. However, one should also keep in mind that the maturity of the
Lead-acid batteries®® both ensures the safe operation of the proposed system and implies minimum

variation of cost parameters (see also Table I).
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Figure 10: The impact of the energy storage technology applied on the electricity
generation cost of a PV-ESS configuration (small remote island case and d,=12h)
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Figure 11: Electricity generation cost analysis for several optimal PV-ESS configurations and variable

energy autonomy scenarios
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In order to obtain a better idea concerning the major components of the electricity generation cost, one
may observe in figures (11a), (11b) and (11c) the cost analysis of optimum configurations for every
ESS examined and for three energy autonomy scenarios investigated (i.e. from d,=6h to d,=24h).
According to the information available, for low "d," values the electricity production cost is
determined by the input energy cost (taken equal to the production cost of the local APS at
0.31€/kWh) and secondly by the PV generator initial cost. Besides, as the energy autonomy increases,
the input energy cost gradually decreases, being zero for d,=24h. At the same time there is a
remarkable PV-station initial cost increase, while one should not disregard the ESS initial and variable
M&O cost augmentation. Finally, although for low energy autonomy a clear advantage cannot be
obtained, for the medium and the high energy autonomy cases, PHS and Na-S constitute the most
attractive options since the Flywheel solution is not applicable for such high energy storage cases.

5.3 Influence of the Solar Irradiance Levels

Regarding the influence of the solar irradiance levels (figures (9) and (12)), a first conclusion supports
the increase of electricity generation cost when referring to the medium-high solar potential case. If
the same output power of photovoltaics is to be considered, the lower annual utilization owed to the
more moderate solar potential implies the need for greater energy inputs. Moreover, a drift of lines to
the right in figure (12) means that for a given electricity generation cost and a selected energy
autonomy, greater PV-power must be installed. For example, while the most cost effective solution for
the do=6h case is found in the range of 600kW to 1000kW for the high solar potential, for analogous
cost-effectiveness to be achieved by the moderate solar irradiance case, 800kW to 1200kW must be
considered. Note however that the electricity generation cost expected is relatively higher.
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Figure 12: The electricity generation cost of representative PV-ESS configurations, for
various PV generator peak power values and energy autonomy combinations (medium-high
solar potential case and Na-S batteries as ESS)

Furthermore, the results obtained in respect of the minimum electricity generation PV-Na-S solutions
for both a high local solar potential and a respective lower, are demonstrated in figure (13). As already
seen, a more moderate local solar potential, described by analogous capacity factors "CFpy" for the
employed photovoltaics, implies higher electricity generation costs.

The lower annual utilization of the PV-generator requires greater PV-power for the same energy yield,
therefore suggesting both greater initial and maintenance costs. In fact, for the d,=2h case, the overall
increase (6%) of the generation cost is only owed to the PV-unit. An analogous increase observed for
the d,=6h case also involves the rest of cost components, apart from the ESS remaining constant for
each of the high-low potential pairs examined. Similar behaviour is demonstrated by the d,=12h and
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do=24h cases as well. Nevertheless, for d,=24h, no input energy should be considered, however a
significant ESS initial cost must be taken into account.

Overall, a cost difference of 5% to 15% between the high and the medium-high solar potential
depends on the energy autonomy selected. Besides, it becomes evident that even for medium-high
local solar potential the resulting minimum cost configurations remain cost-effective, clearly
outmatching the local APS operation.
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Figure 13: The impact of solar potential on the electricity generation cost of a
representative PV-ESS configuration applied to a remote small island

5.4 Influence of the Local Economy Parameters

In figure (14), one may obtain the influence of the representative local economy parameters -
previously seen- on the life-cycle electricity generation cost of the optimum PV-Na-S solutions. For
the complete analysis, both low and high energy autonomy cases are investigated.
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= APS Cost

Market Capital Cost State Subsidy Escalation Rate
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Electricity Generation Cost (€/kWh)

LA S LSS A
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Local Economy Parameters' Variation

Figure 14: The influence of the local economy parameters’ variation on the life-cycle
eneray production cost of the PV-ESS configuration, in relation to eneray autonomy
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Regarding the local market capital cost, an increase of 5% for the "i" parameter suggests analogous
increase for the PV-ESS electricity generation cost, ranging from 13% for the d,=2h case to 53% for
the do=24h case. The reduction of cost following the increase of energy autonomy for the i=8% case,
is also valid for i=13%, up to d,=12h of autonomy. Afterwards, between d,=12h and d,=24h, a slight
cost increase is encountered. Finally, although for i=8% the cost effectiveness of optimum
configurations is evident, for i=13% the resulting cost tends to equate with the APS values.

Concerning the State subsidy parameter, in the case of y=50%, a constant decrease with energy
autonomy is encountered. On the other hand, an opposite behaviour is observed for the non-subsidy
scenario where the generation cost increases, even exceeding the corresponding APS value for d,=24h.
Concerning the moderate scenario of 30%, the decrease noted up to d,=12h is not the case for the
do=24h case presenting a slight increase. What is interesting to observe is that for the combinations of
do=24h with y=30% and of d,=2h with y=50%, similar resulting generation costs are encountered, thus
supporting the do=24h solution even for milder subsidy values. Overall, the increase noted in the
electricity generation cost presents a comparatively milder variation for low autonomy, while the
opposite is valid for high autonomy (even 70% increase between y=0% and y=50% for the d,=24h
case). With regards to the non-subsidy scenario, the PV-ESS generation cost is either approaching or
even exceeding the local APS operation cost (for d,=24h), thus emphasizing on the significance of
State subsidies.

Finally, the influence of the electricity price mean annual escalation rate "e" is also investigated. For
low values of "d,", by increasing "e" from 2% to 8%, a slight cost reduction is caused. On the other
hand, significant reduction is expected for higher autonomy periods. In fact, for the d,=24h case, a
reduction of more than 200% is noted between e=2% and e=8%. Concerning the e=8% case, a
significant decrease of electricity generation cost observed from d,=2h to d,=24h approximates 46%
with the respective value for e=5% estimated at 25%. Regarding the case of e=2%, a slight decrease
noted up to d,=12h is reversed for d,=24h of energy autonomy provided by the ESS.

6. Conclusions

In the current paper, an integrated methodology is developed in order to determine optimum PV-ESS
configurations for the electrification of small remote islands. The criteria for the adoption of the
proposed solution encounter maximum energy contribution of the PV-ESS configuration and
electricity generation cost lower than the respective of the local APS. In this context, the developed
methodology is applied in small remote island typical cases. Both mature and more novel energy
storage technologies are tested, while the influence of significant factors such as the solar irradiance
levels and the local economy main parameters is evaluated.

From the results obtained, the electricity generation cost of the proposed solution is in most cases
significantly lower than the marginal production cost of the existing autonomous power stations, even
reaching 0.18€/kWh, i.e. 42% less than the respective value for the APS operation. Significant change
of results is caused by the variation of both the solar irradiance values and the local economy factors.
Note however that only in few cases of maximum energy autonomy "d," and zero State subsidy "y"
did the electricity generation cost of the PVV-ESS exceed the respective of the local APS.

Under the given circumstances, the proposed photovoltaic-energy storage configuration is thought to
comprise a cost-effective energy scheme, able to solve the urgent electrification problem of the
numerous small, remote islands. Apart from the financial gains expected, the increased reliability
regarding the security of supply along with the minimization of atmospheric pollution and
macroeconomic cost due to the imported oil, should also be considered.
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EVALUATION OF THE WIND-CAES ENERGY SOLUTION FOR THE AEGEAN
ISLANDS. THE CASE OF A PRIVATE WIND PARK IN CRETE

D. Zafirakis, K.A. Kavadias, J.K. Kaldellis
Laboratory of Soft Energy Applications & Environmental Protection
Mechanical Eng. Dept., Technological Education Institute of Piraeus

Abstract

The electrification of autonomous electrical networks in the Aegean Archipelago Islands is principally
undertaken by local, oil-dependent power stations. On the other hand, the exploitation of wind energy
in the specific area is subject to strict constraints that lead to the rejection of substantial amounts of
wind energy. In order to deal with the situation encountered, the concept of energy storage systems
collaborating with renewable energy sources suggests an appreciable solution that may compensate
wind energy rejections. In this context, the adoption of a Wind-Compressed Air Energy Storage
(Wind-CAES) configuration on the island of Crete, where the installation of a natural gas terminal is
under schedule, is presently investigated. To achieve maximum potential profitability, the provision of
guaranteed amounts of energy to the local electricity grid during peak demand hours is examined.
Next, to ensure that the system will be able to fulfil its peak demand energy requirements, the CAES
unit will be able to shift its mode to the typical gas turbine cycle as well. A simulation algorithm
considering the potential operational modes of the proposed configuration comprises the mathematical
tool for the CAES system optimum sizing. Based on the criterion of maximum wind energy
exploitation, optimum configurations selected are afterwards financially evaluated. From the results
obtained the viability of the proposed solution is validated, this supporting the implementation of
similar configurations in the rest of Aegean Islands as well.

Keywords: Wind Energy; Energy Storage; Wind-CAES; Aegean Islands; Crete

1. Introduction

Apart from being dependent on conventional fossil-fueled power plants and large amounts of energy
imports (e.g. diesel and heavy oil imports), autonomous island networks often present significant
electrical grid constraints that hinder the extensive exploitation of wind energy™. Due to the
operational features of the employed diesel/heavy oil units and the stochastic wind energy production,
wind parks operating in similar areas are faced with large amounts of energy curtailments?i®l, A
typical example encounters the complex of islands located in the Aegean Archipelago area, on the
eastern side of the Greek mainland. Although most of the specific islands are favored with an excellent
wind potential™® the disharmony noted between wind energy production and the respective
electricity demand, the stochastic availability of wind energy production previously mentioned and the
upper limit on the wind energy penetration -set by the local grid operator-, have led to the depreciation
of wind energy in the areal®?!. As a result, only 10% of the area’s electrical energy demand is covered
by local wind parks, this illustrating both the decay of wind parks already operating and the
opportunity of exploiting a rather appreciable wind potential remaining unexploited.

Meanwhile, a constant annual increase of the long-term electricity generation and peak load demand
figures is determined by mean average values in the order of 10%!. Given also the high electricity
production cost and the environmental impacts, both owed to the oil-based electricity generation, the
concept of energy storage systems collaborating with renewable energy sources suggests an
appreciable solution that may compensate wind energy curtailments and ameliorate the existing
situation. Acknowledging the different characteristics determining the operation of each storage
system as well as the need to develop optimum energy configurations that ensure maximum wind
energy exploitation, an investigation concerned with the application of a wind-energy storage
configuration in the island of Crete is the subject of the specific study.

Zafirakis D., Kavadias K.A., Kaldellis J.K., 2008, "Evaluation of the Wind-CAES Energy Solution for the
Aegean Islands. The case of a Private Wind Park in Crete", European Wind Energy Conference, Brussels
Belgium.
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2.  The electrification system of Crete

As far as the electrification system of Crete is concerned, a constant increase of both the electricity
generation and the corresponding peak load demand noted is described by mean annual increase rates
in the levels of 6% to 7%, this revealing the requirements for the reinforcement of the island’s
electricity capacity. In fact, according to the latest official data concerning the installed power of
Crete®® one may encounter a total of 715MW concerning thermal power plants along with
124 5MW of wind power. Besides, with regards to the most recent announcements concerning the
future energy planning of Cretel!, the introduction of natural gas in the local energy balance shall
satisfy both electricity and other forms of energy requirements. More specifically, an LNG terminal
will be installed in the area of Korakia, in the north side of the island (capacity of 160,000 to 180,000
m®). A call for the installation of 500MW (two combined cycle units, 250MW each) operating on
natural gas further promotes the initial rescript of the Greek Regulatory Authority for Energy™
regarding the installation of a 250MW combined cycle power plant in Crete by 2012, recently licensed
by the Greek Ministry of Development.

In the meantime, although a significant power share is covered by the existing wind parks, a satiation
met in the corresponding installations may be directly related to the wind power limitations present in
Crete, similar to the ones of autonomous island networkstl. More specifically, the local network’s
confined ability to absorb fair amounts of wind energy along with the existing scepticism concerning
the profitability of wind power investments!*?! have encaged the future of wind energy on the island. In
fact, according to the latest official datal’”, the 2006 wind energy generation only reached 335GWh,
equal to 38% of the onshore wind energy potential of the island, estimated at 900GWh/year*®!,

3. Proposed Energy Solution Configuration

Considering the high amounts of wind energy rejections noted in Crete, even reaching 13% of the
wind parks’ annual energy yield™, and the future supply of natural gas, the application of the Wind-
Compressed Air Energy Storage (Wind-CAES) solution is currently investigated. In this context, in
order to achieve maximum potential profitability for the proposed configuration, the provision of
“agreed” amounts of energy to the local electricity grid during peak demand hours is examined.
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Figure 1: The Wind-CAES proposed configuration
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More specifically, the proposed configuration (figure (1)) is based on a dual mode CAES system, i.e. a
clutch is used to shift the unit to the compressor-turbine cycle. In this way, when the amounts of
compressed air stored in the cavern cannot satisfy the commitment of the guaranteed amounts of
energy, the system mode shifts from the CAES cycle to the respective classical cycle operation.
Actually, the proposed solution main components include the following (figure (1)):

One or more existing wind parks, total rated power "Nwp", suggesting an annual wind energy
8760

N

t1

curtailments’ potential equal to E t, with "N, " being the hourly (At=1h) wind

wrej wrej wrej

energy rejection.

A compressor used in order to pressurize air into a storage cavern by exploiting the wind energy
surplus via the use of a motor, the former rated power being "Ne".

A gas turbine, "Nto" being its rated power, operating either coupled with the compressor
(compressor-turbine cycle) or by utilizing the amount of compressed air inside the cavern (CAES
cycle). Coupled with an electrical generator ("Ngen","Ngen'), the amounts of guaranteed electrical
energy may be delivered.

An air storage cavern/tank of a given energy and volume capacity, "Es" and "Vs" respectively,
able to at least satisfy the guaranteed energy requirements for the hours of energy generation "do"
per day, i.e. "Nto-do'Ngen"

The balance of the system components (BOS) including an intercooler used to cool down the air
pressurized before entering the cavern, a recuperator used to preheat the air released by the cavern
before entering the combustion chamber, a combustion chamber used to heat up the mixture of
compressed air and natural gas and allow the gas turbine to operate, a natural gas storage tank in
order to meet the fuel requirements of the installation, etc.

4.  Sizing methodology of the CAES component

Regarding the specific case study, the problem to be solved investigates the provision of agreed
amounts of energy by the Wind-CAES configuration, on a daily basis, during peak load periods, e.g.
from 12:00 to 15:00. For this purpose, the energy surplus deriving from selected wind parks, rated
power 25MW, is presently used (figure (2)). As one may see, a significant rejection of wind energy
may be encountered, even reaching 150MWh on a daily basis. Further, although a lack of wind energy
rejections during the summer period is evident, the configuration currently investigated shall ensure
agreed amounts of energy during the whole year by shifting to the classical cycle operation (i.e.
compressor-gas turbine cycle).
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Additionally, for the solution of the problem, the following should also be considered:
If analyzing the wind energy rejections’ potential (figure (3)), one should not recommend the use of
a compressor power higher than 10-12MW.
The amount of electricity to be delivered on a daily basis to the local grid, "Eq=Nex-do", is currently
selected to vary between 3MWh and 30MWh, i.e. LIMWx3h up to 10MWx3h.
The rated power of the gas turbine "Nr,", called on the one hand to provide the amounts of energy
guaranteed per hour "Nex" during the operation of the CAES cycle, and on the other to satisfy both
the agreed energy requirements and the compressor’s operation during the classical cycle mode,
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Next, in order to proceed to the sizing of the configuration, the following considerations should be
taken into account. The two governing parameters of the system used during the sizing procedure are
the rated power of the compressor "N¢" and the hourly guaranteed amount of energy "Ne", or
equivalently the daily amounts of guaranteed energy "Eg=Nex'do". To confront similar problems, a
computational algorithm (CAES-I), is devised (figure (4)). The developed numerical code is used to
carry out the necessary parametrical analysis on an hourly energy production-storage basis. More
precisely, for each pair of "N¢" and "Nex", the algorithm is executed for the specific time period
selected (currently a year’s time) with emphasis laid on obtaining the maximum wind energy surplus
exploitation (i.e. when Ng=N¢*). If this is not achievable, the compressor size is increased and the
calculation is performed again, up to the case that the maximum wind energy surplus exploitation
condition is fulfilled. Next, another amount of hourly energy guaranteed "Ne" is selected and the
calculations are repeated.

5. Energy Related Application Results

The results presented in the figures following (figures (5)(6)(7)) are concerned with the evaluation of
two distinct cases. The first regards a moderate range of energy given to the local grid by the CAES
system, i.e. from 3MWh/day to 15MWh/day, and the second a high wind energy penetration case, i.e.
from 3MWh/day to 30MWh/day. In both cases the minimum storage volume regarding the highest
guaranteed energy scenario, i.e. Vsmin(15MWh/day) and Vssmin(30MWh/day) respectively, is used in
order to examine the influence of the storage capacity size on the maximum wind energy exploitation
under variable values of guaranteed energy.

WIND ENERGY CONTRIBUTION TO THE FINAL
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Figure 5: Wind energy rejections’ contribution to the final energy generation

In figure (5) one may obtain the compressed air contribution to the final energy generation (or
equivalently the exploitation of the wind park energy rejections in order to produce the amounts of
guaranteed energy) in relation with the rated power of the compressor utilized. As one may configure,
by increasing the power of the compressor utilized, maximum wind energy exploitation is achieved,
while the magnitude of exploitation is analogous to the amount of energy provided by the system and
the energy storage capacity available.

Following, in figure (6) one may obtain the annual fuel savings deriving from the operation of the
CAES unit, as the latter may result from the comparison with the full-time operation on the basis of a
classical gas turbine cycle. As it may be noted, higher levels of fuel savings (even 40%) are
encountered both when the compressor power increases and when the storage capacity becomes
significantly higher than the corresponding minimum "Vsmin=Vssmin(Eg)" (€.9. in the cases of
3MWh/day and 6MWh/day one could use minimum storage capacities of 3MWh and 6MWh instead).
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ANNUAL FUEL SAVINGS DUE TO THE CAES
OPERATION (Vss = Vssmin (15MWh/day))
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Figure 6: The benefit of fuel savings due to the CAES system operation

PARTICIPATION OF THE CAES CYCLE IN THE ANNUAL
ENERGY GENERATION (Vss = Vssmin (30MWh/day))
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Figure 7: Contribution of the CAES system to the annual energy yield

Regarding the higher penetration levels of wind energy, in figure (7), the participation of the CAES
cycle in the annual energy generation is presented. More specifically, given a constant storage volume
and allowing the increase of energy provided to the local grid, the CAES cycle contribution to the
configuration’s energy balance is minimized. On the other hand, for the 3MWh/day case, the
maximum CAES contribution reaching 75% is directly related with the employment of a storage
capacity ten times greater than the corresponding minimum.

6.  Financial Evaluation of the Optimum Configurations

Optimum CAES configurations resulting from the criterion of maximum wind energy exploitation for
the two cases examined, are next financially evaluated. Considering the model of economic
evaluation™ ™! currently applied (see also Appendix), in figures (8a) and (8b) one may encounter the
respective electricity production cost versus the contribution of the wind energy exploitation to the
final energy production. Besides, in order to face the uncertainty concerned with the capital cost of
the system’s components, a high and a low cost scenario are currently provided, while zero State
subsidies (y=0%) is to consider for all cases examined.
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MODERATE WIND ENERGY PENETRATION
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Figure 8: Economic evaluation of the CAES system for moderate (a) and
high (b) wind energy penetration and storage capacity utilized

What must be underlined is that the CAES investment becomes financially attractive if the energy
production cost is less than the energy purchase price offered by the local operator during the peak
demand hours (given at ~250€/MWh for the case of Crete). The higher the sale price of the guaranteed
energy to the local grid, the greater the profitability, while, any case given, the guaranteed energy
pricing must satisfy the minimum requirements of the configuration’s energy production cost.

As one may configure from figures (8a) and (8b), the increase of the gas turbine power implies
higher utilization of the storage capacity and suggests lower energy production cost rates, even
less than 200 Euros/MWh. Besides, although a high capital cost must be considered, the high scale
wind energy penetration implies both greater profitability opportunities and maximum wind
energy exploitation (figure (8b)).

Finally, in figure (9) one may obtain the breakdown of the future cost ascribed to the storage system
installation and operation after "'n" years. As it becomes evident, exploiting an already existing cavern
significantly reduces the required investment while providing greater amounts of guaranteed energy
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implies comparably increased fuel cost requirements.

BREAKDOWN OF MAIN COST COMPONENTS FOR
OPTIMUM CONFIGURATIONS & MINIMUM STORAGE
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Figure 9: Comparison of the cost distribution for optimum CAES configurations

7. Conclusions

An integrated evaluation methodology developed is able to provide both the optimum sizing of a
CAES system under the condition of maximum wind energy exploitation and investigate the proposed
system’s cost-effectiveness.

From the results obtained, the cost effectiveness of the proposed solution may be validated, while the
profitability margins may in several cases imply rather attractive investment opportunities. Benefiting
from the forthcoming natural gas introduction and encouraging further wind energy exploitation on the
island of Crete, the proposed Wind-CAES configuration is thought to perfectly match the future
electricity patterns and requirements of the island.

Finally, considering the potential expansion of the LNG network in autonomous island networks, the
support of wind energy storage and the establishment of the Wind-CAES concept in particular aim to
support the perspective concerned with increased levels of energy autonomy, cost effective energy
solutions and minimization of the electricity generation based pollution.
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APPENDIX
Energy Production Cost Evaluation Model

Having determined the sizing of the CAES system, the corresponding initial cost may be given by
equation (A-1)

ICCAES Ce Vss Cy NTo Cc Ncr CBOS (A'l)

where the coefficients "c.", "ci" and "c." correspond to the specific cost (€/m® and €/kW) for the
construction and installation of a storage tank (if an appropriate storage cavern does not exist) and the
procurement of the gas turbine and the compressor sets respectively (Table A-1). Additionally, one
should also consider the initial cost for the procurement of the BOS equipment "Cgos".

Next, the future value (after -n years of operation) of the total investment cost of an energy storage
installation™*! js a combination of the initial installation cost and the corresponding maintenance
and operation cost, both quantities expressed in current values

ICn ICCAES (l )(l i)n (A'2)
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where "y" is the subsidization percentage by the Greek State and "i" is the capital cost of the local
market.

In addition to the initial investment cost one should also take into consideration the input energy cost
"Cng", i.e. the cost of fuel supplied to the storage system in order to be able to provide the amount of
energy expected. The corresponding fuel input energy cost for a time period of "n" years can be
expressed as:

in1e)
Cne  Enc (annuany Ct = @i (A-3)
i1 ()

where "E\g annuary 1S the total annual natural gas consumption expressed in terms of energy content,
including both the annual fuel consumption during the CAES cycle operation "E\g cagsgannuany @nd the
respective during the classical cycle operation " Eyg creannuany

ENG (annual) ENG CT (annual) ENG CAES(annual) (A'4)

Moreover, the"®t " coefficient is the specific fuel cost (€/MWhng), while "ef" expresses the mean
annual escalation rate of the fuel price.

Similarly, the input cost of the wind energy bought from the collaborating wind park should also be
taken into account. By considering the portion of annual wind energy rejections "Ewrej-(annuary” Utilized
as well as the corresponding purchase price "c,,;" and annual escalation rate “ewr;", the wind power

input energy cost " C,,, " for a time period of "n" years can be expressed as:

CWP Ewrej (annual) erej (]_—V\i”)ej (1 I)n (A-5)
j1

Accordingly, the M&O cost can be split into the fixed maintenance cost "FCcaes" and the variable one
"VCcaes". Expressing the annual fixed M&O cost as a fraction "m" of the initial capital invested and
assuming an annual increase of the cost equal to "gcaes", the future value of "FCcags" is given as:

in b
FCcaes 1Ccags M % (C) (A-6)
i1

Concerning the variable maintenance and operation cost "VCcags", it mainly depends on the
replacement of "k," major parts of the installation which have a shorter lifetime "ny" than the complete
installation "ncaes".

Recapitulating, the future cost ascribed to the storage system installation and operation after "n" years
may be estimated by using equation (A-7).
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(A-7)

For the estimation of the energy production cost of the CAES installation (in present values), one
should divide the total cost of the installation "C.,cs" with the corresponding total annual energy

production "Eg-@nnuay”, i.€.

CCAES i
in@e’

( ) ;
g (annual i (1 I)

Ccaes

(A-8)

E @i

where the electricity price annual escalation rate "e" should also be included. Note that an energy
storage investment is financially attractive if the energy production cost value of equation (A-8) is less
than the energy production cost of the existing thermal power stations during the periods of peak
demand. One should also take into account the additional benefits related to the energy storage system
operation, due to the increased reliability of the entire electrical network and the improved quality of
the electricity offered.

Finally, some representative values of the various cost parameters mentioned so far may be presented
in the following Table A-I.

Table A-l: Representative values for the main cost parameters of the CAES configuration

Parameter Value
Service period "n" (years) 30
Specific storage cost "ce" (Euros/m°) 1,500-3,000
Specific gas turbine cost "ci" (Euros/kW) 400-800
Specific compressor cost "c." (Euros/kW) 400-800
Subsidization percentage "y" (%) 0-40
Capital cost "i" (%) 8
Fixed M&O coefficient "m" (%) 2
Annual increase of the M&O cost "gss" (%) 5
Specific fuel cost "c¢" (Euros/MWh) 25-30
Specific rejected wind energy cost "Curej"* (Euros/MWh) 0-15
Fuel price escalation rate "ef" (%) 5
Rejected wind energy price escalation rate "ewrj" (%) 3

Electricity price escalation rate "e" (%) 5
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Abstract

The progress met in the world market of photovoltaics underlines the maturity of investments realized,
guarantees the reliability of the technology utilized and designates the variety of applications in
covering the energy demands of both stand -alone and grid connected consumers. Concerning stand-
alone systems, the incorporation of photovoltaic systems in water pumping applications is thought to
be one of the most popular and ideal uses of solar energy exploitation, especially under the common
allegation of coincidence between insolation and water demand. In the present study, an attempt to
investigate the opportunities of a PV powered water pumping system able to meet additional -apart
from the water pump- electricity loads, results in the development of an optimum sizing methodology
which is accordingly validated by experimental measurements. From the results obtained, it becomes
clear that a properly designed PV-pumping configuration of 610W, is capable of covering both the
electricity (max 2kWh/day) and the water (max 400L/h) management demands of a large variety of
remote consumers.

Keywords: PV-Pumping; Optimum Sizing; Experimental Measurements; Remote Consumer

1. Introduction

The progress met in the world market of photovoltaics during the last fifteen years -described by an
exponential rate of installed power increase!, underlines the maturity of investments realized,
guarantees the reliability of the technology utilized and designates the variety of applications possible.
At the same time, promotion policies and supportive measures undertaken in several countries,
especially inside the European Union borders®, have in many occasions proved to be rather
effectivel®l],

Moreover, it is long admissible that photovoltaic technology comprises an advisable solution, able to
support applications that cover the energy demands of both stand-alone and grid connected consumers.
In this context, the incorporation of photovoltaic systems in water pumping applications is thought to
be one of the most popular uses of solar energy exploitation®"Ie] " |f also taking into account the
direct relation between sunlight and water demand, i.e. the water demand increase being usually
analogous to the insolation increase, the implementation of photovoltaics serving the water pumping
concept proves to be an ideal energy solution®%, The above mentioned solution may be used in a
wide range of applications, i.e. while in North America, Australia and Europe the use of PV-pumping
is almost exclusively oriented towards the satisfaction of large agricultures’ and rural dwellings’ water
needs, the need for potable water and small-scale irrigation purposes comprises the main objective for
PV-pumping in developing countriestHt2I31i14]

In an attempt to investigate the opportunities of a PV powered water pumping system where the
employed PV-panels are also used to meet additional -apart from the water pumping- electricity loads,
the Soft Energy Application and Environmental Protection (SEA & Envi-Pro) Lab has managed to
design and implement an integrated PV-based autonomous energy production system, figure (1), able
to fulfill the above mentioned requirements. The arising need for the PV-based installation proper
sizing as well as the accurate determination of the system’s energy and water autonomy underline the

Kaldellis J.K., Spyropoulos G.C., Kavadias K.A., Koronaki I.P., 2009, "Experimental Validation of Autonomous
PV-Based Water Pumping System Optimum Sizing", Renewable Energy Journal, Vol.34(4), pp.1106-1113.
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urgency for a reliable sizing-methodology establishment. In the present study, the sizing methodology
developed is accordingly validated by detailed experimental measurements deriving from the long-
term operation of the system under investigation. According to the results obtained, the adaptation of
the developed methodology may lead to the design of a properly-sized PV-pumping system, capable
of both meeting the water demands of a remote consumer and satisfying a certain portion of the
additional electrical loads.

Anemometer

Pyranometer
Y
‘ A
oo '  J
Data
Logge: < S
[

Solar Panel

Consumptions

Flowmeter
PC ———»| Charge l
k> Controller
—— DC Current 24V Reservoir
~—— Data Signal
—— Water Circuit

Figure 1: Schematic presentation of the proposed PV-based water pumping installation

2.  Description of the Problem

The installation under investigation is used to cover a number of electricity consumption needs as well
as the clean water requirement on the roof of the SEA & Envi-Pro Lab building. In fact, a similar
installation can meet the electrical load of 2kWh/day (the daily consumption of a rural family in most
developing countries) and the corresponding water pumping needs of 400L/day. More precisely, in
figure (2) one may find the electricity consumption profile for a typical winter and summer day. As it
becomes obvious from the data provided, the PV generator is used in order to cover:

The electricity consumption of the water pumping system, operating usually between 8pm and
6am to transfer the water for the operation of the solar collectors and the other experimental
facilities of the Lab. The rated power of the water pump is N1=40W.

The safety lighting of the Lab, mainly operating between midnight and early morning, consisting
of two (2) spots of 50W each, i.e. N2=100W. These spots are also used as low priority loads in
cases that a dump load is required for the energy excess appearing.

The internal lights of the Lab operating between 9 pm and 9 am with a peak load Ns=100W. Note
that due to the building design and structure one needs five 20W electronic lights of high
efficiency and low consumption.

The electricity demand of the measurement apparatus, which is however very low, i.e. Ns=1-3W.

At this point one should also note that the entire installation is predominantly used for educational and
research purposes, hence its operation may be sometimes slightly different from the one illustrated in
figure (2).
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Figure 2: Typical winter/summer electricity consumption profile of the SEA & Envi-Pro Lab

3.

Proposed Solution

The proposed installation, according to figure (1), includes:

A photovoltaic generator of "z" panels (with "No" being the maximum power of every panel)
properly connected (z; in parallel and z; in series) to feed the charge controller with the voltage
required.

A lead acid battery storage system able to support "d," days of energy autonomy, this being
equivalent with a total capacity of "Qmax'", operation voltage "Uy" and maximum discharge
capacity "Qmin" (or equivalently maximum depth of discharge "DOD.").

A DC/DC charge controller of "N¢" rated power, charge rate "Rc" and charging voltage "Ucc".

A small water pump of "N™ kW nominal power, while the corresponding head is "H™ and the
volumetric flow rate is "Q™.

A water reservoir of "V," m® volume capacity along with the corresponding pipes for the water
transportation.

Table I: Technical Characteristics of "LA361 K51S" photovoltaic panel

Main Characteristics Units Values

Peak power (Np) W 51.0
Voltage at maximum power (Ump) \% 16.9
Current at maximum power (Imp) A 3.02
Open circuit voltage (Uoc) \Y/ 21.2
Short circuit current (ls) A 3.25
Length mm 988
Width mm 448
Thickness mm 36

Weight kg 59

More precisely, the photovoltaic unit consists of two independent photovoltaic arrays of poly-Si with a
total of 12 "LA361-K51S" photovoltaic panels involved (see also Table I). The photovoltaic panels are
south oriented while their tilt-angle may be adjusted™ in a range between 0 and 90 with the help of
an appropriately designed and self-constructed mechanism, thus enabling the experimental study of
the PV performance under different operational conditions™. In order to measure the available solar
irradiance™ 8 two "Li-Cor" pyranometers are utilized. Based on the design of the experimental
installation, the first pyranometer is placed horizontally while the second is fitted coplanar on the PV-
panels in order for the instrument to have the same tilt-angle and orientation. Solar irradiance
measurements are also available from the nearby solar radiation experimental station™. Finally, the
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temperature values of the PV panels’ surface and the ambient are also measured via properly adjusted
thermometers.

Regarding the storage of the electrical energy produced, the system includes four closed-type batteries
(12V, 200Ah) characterized by slow discharge rates and high depth of discharge (DOD.=50%). The
batteries are connected in pairs of two, first in series and next in parallel, therefore providing an output
voltage of 24V, available to the consumption. As far as the charge controller is concerned, a twofold
purpose supports the controller’s internal operation as a charge controller in series and the
corresponding external as a "Shunt"?% controller device. Electric switches placed on the secondary
direct voltage electric panel of 24Volt DC are connected with the preselected electrical loads.

Finally, the water pumping system employed is comprised by a water storage tank of 500 L and a
"Shurflo 9300" underwater pump of 24 Volts DC, placed inside the tank located in the interior of the
SEA & Envi-Pro Lab and used to pump water to the building roof thus feeding the solar collectors as
well as covering Lab hot water requirements. The water pump is activated by an appropriate current
relay placed on the secondary electrical panel as well. In order to ensure the water pump’s protection,
a floater placed inside the water tank and used to check the tank’s water level is ready to switch the
pump off when necessary, i.e. when a considerable water level decrease is noted. According to the
manufacturer’s data, in figure (3) one may find plots showing the operational characteristic (Ha-Qa) of
the water pump as well as the corresponding efficiency (na-Qa) distribution. In the same figure the
corresponding characteristics of the water transportation system for minimum and maximum flow rate
"Qa" values are also presented.

Underwater Pump Operational Characteristics
Water-Supply System Characteristics
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Figure 3: Experimental and theoretical water pump operational
characteristics vs. water-supply system characteristics

During the long-lasting operation of the proposed PV-based electricity generation and water pumping
system, the following situations may appear:

a) The power output of the photovoltaic generator *Npy" is higher than the power demand "Np" of
the installation (including the water pump). Then the energy surplus (AN=Npy-Np) is stored via
the battery and the charge controller. If the battery is full (Q=Qmax), the residual energy is
forwarded to low priority loads.

b) In the case that the power demand is greater than the photovoltaic generator power output
(Npv<Np) and the battery bank has enough energy (Q>Qmin), the energy deficit (AN=Np-Npy) is
covered by the batteries via the battery and the charge controller of the installation.

C) Finally, if the power demand is greater than the photovoltaic generator power output (Npy<Np)
and the battery bank is near its maximum depth of discharge point (Q=Qmin or DOD=DOD,) an
emergency load management plant is activated, otherwise load rejection takes place.
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4. Sizing the PV-based Installation

4.1  First Order Analysis

Taking into account the operational characteristics of the PV-panels, one may use a number (integer)
of "z," panels connected in series in order to provide the necessary voltage "Upy". Note that the value
required should take into consideration any voltage drop throughout the installation network, as well
as a voltage margin (3U 1.5+3V) needed for the battery charging. For this purposel*® one gets:

— 154 z; 2 (1)

with "Ump" being the maximum power voltage value of the panels used at 50°C.

In addition, for the estimation of the total number of PV-panels needed one should consider the energy
requirements by the installation for "d," successive days, i.e.:

jdo 1
ED.
i366d°j0IJ i 364 gD gD
—_ I I
Z  max g or for do=2 Z MmaxX———n (2)
i1 o PV il Ei Ei 1
jo

where "EfV" is the electricity generation of a PV panel during the time period "i" (e.g. during the day
"i") and "E®" is the energy demand of the consumption during the same time-period. More precisely,
"EiP" (for a given time period "At", e.g. At=1day=86,4005s) is estimated by the following relation (see
also figure (2)):

t ot t t t ot t t
E® Ny(t) dt  N,(t) dt  Ny(t) dt N, (t) dt A3)

t o0 t o t o0 t o

with:

Ni: The power absorbed by the water pump subsystem
N2: The power demand of the safety lights

N3: The power demand of the internal lighting

N4: The power demand of the measurement apparatus

For example, the water pump power demand is depending upon??? the volumetric flow rate
requirement of the installation "Qa", the pressure head "Ha" and the corresponding efficiency "na", see
also figure (3), thus:

Nl g QA HA

A

(4)

Using the available long-term solar radiation measurements from the existing solar radiation
measurement station®, see also figure (4), and the typical daily energy consumption profile of figure
(2), equation (2) leads to z>12.6.

Finally, the lead-acid battery capacity requirement "Qmax" can be estimated®! using equation (5):
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i 366 d, i o i (5)

where "ns" is the battery total (round-trip) efficiency (e.g. ns=75%) and "DOD_" is taken equal to 40%
for increased service period of the batteries, although the manufacturer states a value of 50%.
Substituting the numerical values in equation (5), for d,=2days of energy autonomy with zero PV-
electricity generation, one gets that Qmax=375Ah.
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Figure 4: Long-term solar potential values for the SEA & Envi-Pro Lab
area

4.2 Second Order Analysis

For increased reliability of the calculation results, when estimating the optimum dimensions of the
above described PV-based installation, the authors have also developed an appropriate numerical
algorithm "PHOTOV-IV" properly adapted to analyze a typical PV-water pumping installation.
Actually, the proposed algorithm is able to investigate in details the energy behaviour of stand-alone
photovoltaic systems (including water pumping) for a selected time period. The main steps of this
algorithm are (see also figure (5)):

For every case analysed, select a "z" and "Qmax"" pair from a pre-selected value range.

For every time point of a given time period (with a specific time step) estimate the energy
produced "Npy" by the photovoltaic generator, taking into account the current solar radiation, the
ambient temperature and the selected photovoltaic panel power curve.

Compare the energy production with the remote consumer energy demand "Np", taking also into
consideration the corresponding water pumping needs. If any energy surplus occurs (Npv>Np),
then energy is stored to the battery bank and a new time point is examined (i.e. proceed to step
ii). Otherwise, proceed to step (iv).

The energy deficit (No-Npy) is covered by the energy storage system, if the battery is not near the
lower limit (Q>Qmin). Proceed accordingly to step (ii). In case the battery is practically empty
(Q Qmin), the load is rejected for one hour period. If the load rejection number "h" exceeds a pre-
chosen limit value "hma" (€.9. hmax=0, for the no-load rejection case) the battery size is increased
(by a given quantity) and the complete analysis is repeated, starting from step (i).

Following the integration of the energy balance analysis, a (z-Q”) curve is predicted under a given
maximum load rejection "hmax" value. To get an unambiguous picture, keep in mind that for every pair
of (z-Q") the stand-alone photovoltaic system is energy autonomous for the period investigated,
excluding a small period of "hmax" hours per annum. Finally, the optimum pair may be selected from
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the resulting (z-Q”) curve, on the basis of a financial (e.g. minimum first installation cost) criterion of

the entire installation[*®],
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Figure 5: PHOTOV-IV Algorithm
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In this context, the above mentioned algorithm is executed for a wide range of "z" and "Qma" pairs
(see figure (5)) and for the entire time-period selected (e.g. one year) in order to guarantee desired
reliability level operation. More precisely, for every time point investigated, the system energy
demand is compared to the photovoltaic generator energy production, including electronic equipment
and power line losses. The photovoltaic generator output is defined by the solar radiation at the
selected tilt angle "B", the ambient temperature and the manufacturer power curve (I-U). Taking also
into account the financial budget of the project the application of "PHOTOV-IV" suggests:

z=11.2 panels and Qva=413Ah (for Upa=24Volt) at PV generator tilt angle p=55°.

The above calculated values are comparable with the ones estimated from equations (1) to (5). Thus
taking into account the restrictions concerning the PV-generator models and the available lead-acid
batteries in the local market, one finally selects z=12 PV-panels of 51W, each and four lead acid
batteries of 12Volt and 200Ah maximum capacity.

5. Proposed Configuration Experimental Evaluation

After sizing the system and creating the PV-based water pumping installation (figure (1)), one should
investigate the proper operation of the entire system on a daily basis using detailed experimental
measurements. For this purpose one may use the energy balance of the system as well as the charge
status of the battery bank[®!!. More precisely, in a theoretical approach™®!, the energy production of
the PV-generator results are obtained based on the PV-panels operational map (I-U), the instantaneous
solar irradiance "G+" at the panel surface and the corresponding temperature value "6", i.e.:

Npy 2 Ugy I (6)

where the operational voltage of each panel is given as:

2 (7)

The corresponding current value could be estimated using the manufacturer’s (I-U) operational curves
taking into account the instantaneous solar irradiance and the panel surface temperature. Note that
additional voltage drop is expected due to the installation line losses and the operation of the electronic
(control) devices of the stand-alone system. In this context, one may write:

ly (U

o' Gr1 ) (8)

The present analysis, however, utilizes measured values including the voltage and current output of
each panel and the entire PV-generator as well, see for example figure (6).

The corresponding load demand "Np" of the installation is the sum of the existing consumptions,
figure (2), i.e.:

No N, N, N; N, ©)

Comparing the results of equations (6) and (9), one may calculate the power surplus (AN>0) or the
power deficit (AN<O) using equation (10), i.e.:

N Np,, Np (10)
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More specifically, during high solar irradiance days there is an energy surplus "AE", see figure (7),
thus energy is stored to the battery bank leading to the increase of the corresponding "Q" value. On the
contrary, during low solar irradiance periods the energy deficit "AE" encountered, figure (8), is
battery bank, under the condition that Q>Qmin or DOD<DOD,. Using the
detailed experimental values selected from a rather extensive data set of measurements (e.g. figure (9))
and shown on figures (7) and (8), it is obvious that during the high solar irradiance periods the PV-
he consumption needs, while, even in low solar potential periods, the entire
installation has the capability to cover the corresponding load demand using the energy surplus stored

covered by the system

generator easily meets t

during the previous days.

PV Generator Power Output vs Availiable Solar Irradiance
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Figure 6: Experimental values concerning the solar irradiance and
power output of the proposed PV-generator

Energy Balance of the Installation
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Figure 7: Energy balance of the installation during a high solar
irradiance winter day
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Energy Balance of the Installation
during Low Solar Irradiance Periods
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Figure 8: Energy balance of the installation during a low solar

irradiance winter day
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Figure 9: PV-generator energy production for a representative winter week
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Figure 10: Energy balance of the PV-based installation for a
representative winter week

In order to obtain a more comprehensive picture concerning the energy behaviour of the proposed
installation one may use the daily-integrated measurements concerning the energy production (figure
(9)) and consumption of the system for a representative winter week of the previous year, figure (10).
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According to the results obtained, energy deficit is encountered during three successive days of the
week, while the other four days (including the weekend) present an energy surplus. It is worthwhile to
mention that despite the continuous three-days low solar irradiance values, the system proves its
capability to cover the corresponding electrical loads, without violating the pre-selected DOD =40%
limit. In fact, at the end of the week, the corresponding battery depth of discharge is almost 18%
(DOD=18%<<D0OD_=50%), i.e. Q=0.82Qnmax.

Finally, in order to check the long-term operation of the PV-based water pumping experimental
installation, one may analyze its energy balance for the two most unfavorable (from the solar potential
point of view) winter months of the year, i.e. during December and January. In this context, figure (11)
shows the entire monthly energy balance of the installation. According to the experimental
measurements, the vast majority of the photovoltaic generation is consumed either by the internal
lights (28% and 31%) or by the water pump (21% and 19%) of the Laboratory. The corresponding
energy losses of the system are fairly high (13% and 12%), while the energy surplus values are
minimum (5% and 3%), justifying the correct sizing of the experimental installation. Finally, a
remarkable (30% and 32%) amount of energy is absorbed by the safety lighting, especially during the
winter period. In any case, the system under evaluation did not present any serious energy deficit and
the operation of the existing devices showed no remarkable mishaps.

DECEMBER ENERGY BALANCE JANUARY ENERGY BALANCE

Energy Surplus Energy Surplus
3%

5% System Loss
Data Recorder 13% Data Recorder
3%

System Loss
12%

Water Pump

Internal Lighting Internal Lighting
28% Water Pump 31% 19%

21%

Safety Lighting Safety Lighting
9 9

Figure 11: Analysis of photovoltaic generator energy production disposal for December and January

Recapitulating, a detailed energy balance analysis of the proposed system, on the basis of experimental
measurements, has been carried out in order to validate the proper sizing of the PV-based installation.
In this context, using the operational characteristics of the PV panels and the corresponding water
pump (provided by the manufacturers), the following actions have been implemented:

a) Detailed energy balance on daily basis, presenting almost all the possible operational situations,
figures (6), (7) and (8). The data used are measured every minute, although ten-minute average values
are depicted.

b) Energy balance for a typical (low solar irradiance) winter week demonstrating also the status of the
system batteries, proving the energy autonomy of the installation, despite the problematic availability
of solar potential during this specific time period, figures (9) and (10).

¢) Energy balance of the system for the two most unfavourable months of the year, i.e. December and
January, proving the marginal coverage of the energy demand of the installation and hence the
appropriate sizing of the PV-generator, figures (11).

6. Conclusions

In the present study, a real world PV-water pumping application has been demonstrated, developed
almost exclusively by an educational institute, including the design, the implementation and the
experimental validation of the entire system. The specific installation investigated is able to cover the
water demand needs for more that five people as well as a remarkable part (30%) of the electricity
consumption needs of our Laboratory. Additionally, a reliable methodology for the dimensioning of an
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integrated stand-alone energy production system, including water pumping, is presented. This
technique is applicable in any case that a similar solution is required.

More specifically, for the sizing of the installation, the two-level analysis used is supported by an
analytical approach based on both the fundamental equations and the use of a numerical algorithm
"PHOTOV-IV" as well. Combination of the results thus obtained, determine the size of the
components comprising the PV-pumping configuration. The theoretical calculations have been
validated using detailed (taken every minute) long-term measurements, especially for the winter
period, where low solar irradiance values are encountered. Based on experimental data concerning the
energy balance of the system and the batteries’ state of charge, evaluation of the system’s performance
in terms of load demand level reached, revealed the configuration’s effectiveness in both short and
long-term operational periods.

In conclusion, it has been proved analytically and experimentally that a proper designed PV-based
electricity generator in collaboration with an appropriate energy storage device not only has the
capability to cover the electricity needs of remote consumers but also contribute to water pumping in
order to meet additional water management needs.
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ENERGY BALANCE ANALYSIS OF A HYBRID PHOTOVOLTAIC BASED
SOLUTION FOR REMOTE TELECOMMUNICATION STATIONS
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Abstract

During the last years, autonomous photovoltaic systems have turned into one of the most
promising ways to handle the electrification requirements of numerous isolated consumers
worldwide. In addition, the mobile telecommunication (T/C) sector has experienced an extremely
rapid growth. Taking into consideration that the necessary antennas must be placed -for obvious
reasons- at elevated locations, existing in rural areas and mountainous regions, these installations
are in several cases far away from the electrical grid. Up to now and in most cases, autonomous
supply systems are usually based on diesel-electric generators. However, considering the
continuously increasing oil price as well as the significant environmental impacts of oil-based
power stations, one may propose an alternative energy solution based on the utilization of
contemporary PV panels. In this context, the present study is concentrated initially on
investigating the energy needs of the remote Greek telecommunication stations. Accordingly,
taking into account the available solar irradiance as well as the corresponding ambient
temperature, one may calculate the optimum PV generator rated power and the battery capacity
required in order to minimize the imported oil consumption or the life cycle operational cost of the
entire installation. The analysis undertaken, for every selected combination of PV generator peak
power and battery energy storage capacity, calculates the corresponding oil consumption as well
as the corresponding energy generation of the PV generator. Recapitulating, according to the
results obtained the proposed solution presents not only financial but also considerable
environmental benefits and may be an attractive solution for the energy support of remote
telecommunication stations, providing also increased reliability.

Keywords: Battery Capacity; Oil Consumption; Minimization Procedure; Solar Irradiance

1. Introduction

Time Evolution of Mobile T/C Sector Subscribers

Million of Subscribers

2000 2003
Year

2005
Figure 1: Time evolution of T/C activity in Greece

During the last years, autonomous photovoltaic systems have turned into one of the most promising

Ninou 1., Kaldellis J.K., 2008, "Energy Balance Analysis of a Hybrid Photovoltaic Based Solution for Remote
Telecommunication Stations", X" World Renewable Energy Congress, July 2008, Glasgow-Scotland, UK.
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ways to handle the electrification
requirements  of  numerous  isolated
consumers worldwide. Actually, photovoltaic
systems are characterized as noiseless,
reliable, durable and expandable depending
on one’s needs. Moreover, they require
minimal maintenance!?,

At the same time, the mobile
telecommunication (T/C) sector in Greece
has experienced an extremely rapid growth
(figure (1)) approaching nowadays 5000 T/C
stations, 10% of them being not grid
connected®. Taking into consideration that
the necessary antennas must be placed -for
obvious reasons- at elevated locations,
existing in rural areas and mountainous
regions (see for example figures (2) and (3)),
it is quite rational that these installations are
in several cases far away from the electrical
grid. In this context, the energy solution
adopted up to now was based on using a
diesel-electrical generator in order to cover
the corresponding load demand.

Figure 2: Installed PV-based T/C station in Greece ~ 1he result of this solution is the high
operational cost of the remote T/C station,

mainly due to the necessary fuel consumed
(more than 20tn of diesel-oil annually) by the existing internal combustion engines and the increased
maintenance and operation cost. On top of these, the T/C stations operating using diesel engines
present additional disadvantages like noise and exhaust gases emission (CO, SO,, NOy), along with a
constant need for fuel transferring.

In this context and considering the high solar potential of Greece as well as the need for environmental
friendly energy solutions that would help both Greece to achieve the Kyoto Protocol’s targets and
telecommunication companies to demonstrate a "green” profile, a considerable effort is made to apply the
photovoltaic solution in remote T/C stations. Similar installations are operating in several areas around the
world, while recently PV-based T/C stations have also been installed in Greece, figures (2) and (3).

For the encouragement of this strategy, since 2000, mobile telecommunication companies were
subsidized in order to install hybrid photovoltaic systems at rural based stations throughout Greece, in
the frame of the last two Community Support Programs (1999-2007).

The main target of the present study is to analyze the long-term operation of typical T/C stations all
around Greece on an energy balance basis. In fact, special emphasis is laid on the detailed energy
balance analysis of the selected configurations, since the proposed methodology has the ability to
investigate the energy behaviour of any stand-alone photovoltaic system on an hourly basis (at least).
Accordingly, the contribution of the solar energy in fulfilling the corresponding energy demand is
examined for several representative PV-based cases. Finally, the main directions for obtaining the
optimum hybrid station dimensions are provided, taking also into consideration the energy behaviour
of the installations under investigation.

2. Problem Definition

The problem to be solved concerns the energy balance analysis of hybrid PV-based power stations
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Figure 3: Installed PV-based T/C station in Greece

suggest minimum environmental impacts.

able to cover the energy requirements of
remote T/C stations without load rejections
during an entire year period. The proposed
solution may be quite attractive in cases
where the electrical grid is not available in
the area under investigation or the
corresponding connection cost is too hight“.
Up to now and in most cases, autonomous
energy supply systems are usually based on
diesel-electric generators.

However, considering the continuously
increasing oil price as well as the
significant environmental impacts of oil-
based power stations, one may propose an
alternative energy solution based on the
utilization of contemporary PV panels[sIel.
More precisely, if taking into account the
high solar potential of most Greek
territories, the photovoltaics’ low
maintenance requirements and the
gradually decreasing price of PV modules,
one may propose an appropriate hybrid
PV-based solution that may provide clean
electricity to the numerous remote T/C
stations at a rational life cycle cost and also

For the analysis of a typical T/C station one needs the energy consumption time distribution of
the installation. More precisely, a representative T/C station includes:
The T/C equipment which operates continuously, while the corresponding load demand varies

between 1kW and 5kW.

The air conditioning machines which are usually the basic energy consumers, mainly during the
summer (3kW-5kW), in order to maintain the T/C station temperature between the limits (14°C
and 24°C) dictated by the equipment manufacturer for their proper operation.

The safety lights (e.g. 2x100W), operating at the top of the antenna tower during the night for

safety reasons.

Additional lighting used during the inspection and the service of the T/C station.
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LOAD DEMAND OF THE REMOTE T/C STATION
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Fiaure 4: Typical load demand of a T/C station

In figure (4) one may see the load demand of a typical T/C station during the winter and the summerl”.
The T/C station under investigation presents peak load demand of 8kW, while the corresponding
annual electricity consumption approaches 46MWHh. Note that one needs approximately 20tn of diesel-
oil (specific heat content, Hu=40MJ/kg) in order to cover the above mentioned electrical load demand
using a 15kW diesel-electric generator (total electricity generation efficiency n¢=21%).

3. Proposed Solution
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Figure 5: Proposed hybrid PV-based solution

According to the existing experience, a similar solution is based®™ ! on a number of PV panels,

properly connected to provide the necessary power at a given voltage value, an appropriate energy

storage device (usually lead-acid batteries) and a diesel-electric generator selected to operate as a back

up engine. More precisely, the proposed (figure (5)) hybrid photovoltaic-based power system is based

on:

i. A photovoltaic system of "z" panels ("N maximum power of every panel) 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 "ho" hours of autonomy, or equivalently with total capacity
of "Qmax", operation voltage "U," and maximum discharge capacity "Qmin" (Or equivalently
maximum depth of discharge "DOD.")

iii. A DC/DC charge controller of "N¢" rated power, charge rate "Rey" and charging voltage "Ucc"

iv. A DC/AC inverter of maximum power "N," able to meet the consumption peak load demand

v. A small internal combustion engine of "Ng" (KW), able to meet the consumption peak load demand
"Np" (i.e. Na=Np)

where "N," is the maximum load demand of the consumption, including a safety margin (e.g. 30%).
During the long-term system operation, the following energy production scenarios exist:

Energy (DC current) is produced by the PV generator and sent directly to the consumption via the
inverter of the system

Energy is produced (AC current) by the small diesel-electric generator and is forwarded to the
consumption

The energy output of the PV panels (not absorbed by the consumption-energy surplus) is stored at
the batteries via the charge controller

The battery is used to cover the energy deficit via the charge controller and the DC/AC inverter
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For estimating the appropriate configuration of the proposed PV-diesel hybrid system, three governing
parameters should be defined: the peak power "N," of the PV generator used (or equivalently the
number “z" of the panels required, No=2.N"), the battery maximum necessary capacity "Qmax" and the
annual diesel-oil consumption "Ms".

As already mentioned, the present study is concentrated initially on investigating the energy needs of
the remote Greek telecommunication stations, while emphasis is given on recording the corresponding
energy consumption profile, see also figure (4). Accordingly, taking into account the available solar
irradiance as well as the corresponding ambient temperature, one may calculate the optimum PV
generator peak power and the battery capacity required in order to minimize the imported oil
consumption or the life cycle operational cost of the entire installation. For this purpose the well
established®® numerical code "PHOTOV-III" is extended to include the contribution of a small
diesel-electric generator. This new numerical code "PV-DIESEL II" is used in order to simulate the
energy balance of the proposed hybrid PV-battery-diesel generator based stand-alone installation.

The analysis undertaken, for every selected combination of PV generator peak power and battery
energy storage capacity, calculates the corresponding oil consumption as well as the corresponding
energy generation of the PV generator. This new numerical code "PV-DIESEL I1" can be equally well
used to carry out an appropriate parametrical analysis on an hourly energy production-demand basis.
In this context, if the annual permitted oil consumption "Ms" is given, the number of PV panels
required "z" and the corresponding battery capacity "Qmax" may be estimated. More specifically, given
the "Ms" value for each "z" and "Qmax" pair, the "PV-DIESEL 11" algorithm is executed for the entire
time-period selected (e.g. one month, six-months, one year or even for three years), while emphasis is
laid on obtaining zero-load rejection operation. After calculating the appropriate (Mr, Z, Qmax)
combinations that guarantee the stand-alone system energy autonomy, one may proceed to analyze the
proposed PV-diesel hybrid installation energy balance in detail.

The main steps of the "PV-DIESEL II" algorithm are:

i. Forevery "M;" value analysed, select a number of "z" panels.

ii. Accordingly select a "Qmax" value.

iii. For every time point of a given time period (with a specific time step) estimate the energy produced
"Npyv" by the photovoltaic generator, taking into account the existing solar radiation, the ambient
temperature and the selected photovoltaic panel power curve.

iv. Compare the energy production with the isolated consumer energy demand "Np". If any energy
surplus occurs (Npv>Np), the energy is stored to the battery bank and a new time point is examined
(i.e. proceed to step vi). Otherwise, proceed to step (V).

v. The energy deficit (Np-Npy) is covered by the energy storage system, only if the battery is not near
the lower limit (Q>Qmin). Accordingly proceed to step (vi). In cases that the battery is practically
empty (Q Qmin), the load is covered by the diesel-electric generator and the algorithm continues to
step (vi). If the available diesel-oil quantity has been already consumed the battery size is
increased (by a given quantity) and the complete analysis is repeated, starting from step (ii).

vi. If the time period analyzed is terminated proceed to step (i), increasing the number of PV panels
(z). Otherwise proceed to step (iii).

Following the integration of the energy balance analysis, a (z-Q") curve is predicted under a given
diesel-oil quantity "M¢". To get an unambiguous picture, keep in mind that for every pair of (z-Q”) the
stand-alone hybrid photovoltaic-based system is energy autonomous for the period investigated, using
however a predefined diesel-oil quantity "M¢". Finally, the optimum pair may be selected from every
(z-Q") curve, on the basis of a specific optimization criterion.

4. Energy Balance Calculation Results

The proposed solution is accordingly applied to the typical T/C station of figure (4) which is located in
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the Rhodes island. The area solar potential is quite high, especially during the summer period, where

the solar energy available at the horizontal plane is higher than 220kWh/mo.m?, see also figure (6). On

the contrary, during winter the values observed are less than 70kWh/mo.m?.
Solar Energy for the T/C Station Area (Horizontal Plane)
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Figure 6: Available solar potential
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60000 Mf=5000kgly & =60 --=-- Mf=5000kgly & B=15
—— Mf=8333kgly & =60 --=-- Mf=8333kgly & B=15
—— Mf=12000kg/y & B=60 --<-- Mf=12000kg/y & =15 ‘A
50000 1—= — :
o :
: 5 i \
40000 ; 5 -
= ° : a
< ‘ @ :
730000 | : é
£ o R
04 : : 4
20000 1 ¢ o E
: . 4
o o :
N . a
10000 ; : ! . !
O ,A%'—ﬁ ; ;
100 200 300 400 500 600 700
(2)

Figure 7: Proposed PV-based solutions

For the current analysis one may use polycrystalline panels of 51Wp, with open circuit voltage equal
to 21.5Volt and short circuit current 3.3A respectively, at 1000W/m? solar irradiance. For the energy
storage process one may use heavy duty lead-acid batteries of 24Volt and DOD, =75%, while the

nominal power of the diesel-electric generator is 15kW and the corresponding minimum specific
consumption value approaches 0.300kg/kWh.

Using the calculation results of figure (7) one may find the (Qmax-z) curves which under given annual
fuel quantity (i.e. M=ct) guarantee the energy autonomy of the remote T/C station. For comparison
purposes, for each M=ct value one may find two curves, one for low panels’ tilt angle (3=15°) and
one for high panels’ tilt angle (=60°). Taking a closer look at the energy autonomy curves of figure
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(7) one may distinguish three separate sub regions. More specifically, in the first part of each (Qmax-2)
curve one may see a significant battery capacity reduction as the number of PV panels (z) increases
(e.g. point A). Accordingly, in the second part of each (Qmax-z) curve the battery capacity reduction
with the "z" increase is decelerated, thus a reasonable "Qmax" decline is encountered as the PV panels
number increases (e.g. point C). Finally, in the last part of the (Qmax-z) curve the required battery size

remains almost constant, independent from the considerable “z" augmentation, e.g. point D.

ENERGY ANALYSIS OF THE T/C STATION (Point A) Another important conclusion results by the
MF=5000kgly, 2=590, Qmax=59700AN gradual increase of the available fuel oil quantity.
OOy osMwh Actually, as "My" increases the number of PV-

panels required is considerably decreasing, while

. a remarkable battery capacity reduction is also
gfg;-msz observed. Besides, for high fuel quantities
available the slope of the (Qmax-z) curve becomes

more abrupt, underlining the limited role of the

PV panels on the system energy demand

fulfilment. Finally, it is also interesting to mention

the impact of the PV-panels tilt angle "B" on the

ENERGY ANALYSIS OF THE T/C STATION (Point &) solutions obtained. On the basis of our calculation
Mf=5000kgly, =608, Qmax=8200Ah results one may note that the number of the PV-
panels required to cover the energy demand of the

T/C station under investigation is remarkably

reduced (for constant battery capacity and annual

B Ener-Surpus fuel quantity) when "B" takes relatively low
B Load values ("B=15°", i.e. near the horizontal plane) in
comparison with the "B=60°" solution. This

conclusion is in contradiction with the analysis of

a PV-battery stand-alone system[®, implemented

without the existence of a diesel-electric
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period, while in the current analysis the existence

46,00 MWh of the diesel-electric generator (operating as a

backup power device during the low solar
irradiance periods) leads to solutions producing

Figure 8: Energy balance analysis the maximum energy output, therefore presenting
the best operation during summer.

Proceeding now to the energy balance analysis of the proposed solution one may compare in figure (8)
the corresponding energy balance results for three representative points (A,C and D) of the proposed
solution, see also figure (7). In this context, the solution "A" uses the minimum PV-panels number
(z=590) but quite huge lead-acid batteries. As a result there is almost no energy surplus, i.e. the PV-
generator and the diesel-electric generator hardly cover the T/C station load demand, while the
corresponding system loss is approximately 3MWh. Next, by slightly increasing the number of PV
panels (point C, z=608) a considerable battery capacity reduction is encountered. More precisely, for
this case the annual photovoltaic production is increased by 1MWh, which is however finally
transformed to system loss. As in the previous case, the energy surplus of the system is almost zero.
Finally, for the last point "D" examined here, the "z" value is significantly increased, while the battery
capacity is fairly reduced. Due to the greater number of PV panels used, the energy production of the
system not only covers the T/C station energy requirements and the corresponding system loss but also
produces a significant energy surplus that approaches 4.4MWh/year.
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Considering the energy balance analysis undertaken, the optimum system dimensions should be
expected near the point C area (for a given annual fuel quantity). This estimation is quite rational,
since the battery capacity of point C is considerable less than the one of point A and because for point
C there is almost zero energy surplus, which is not the case for point D (due to the grater number of
PV panels required). As it is obvious, for the optimum sizing of a similar PV-based solution one needs
a complete life cycle cost-benefit analysis, taking also into consideration the annual fuel cost, which
however is the subject of a forthcoming study.

5. Conclusions

An integrated method, able to define the appropriate dimensions of a hybrid photovoltaic-diesel-
battery power station, which is used to guarantee the energy autonomy of a typical T/C station on
annual basis, is presented. The results obtained are based on experimental long-term measurements
and operational characteristics provided by the proposed system components manufacturers.
Accordingly, an extensive energy balance analysis is carried out for several hybrid PV-based
configurations and variable annual fuel quantities available. According to the results obtained, the
majority of the electricity demand may be covered by the photovoltaic generator energy yield, while
the system components energy loss represents 7%-10% in the system energy balance. Finally, the
impact of the PV panels tilt angle on the system dimensions is also investigated.

Recapitulating, according to the results obtained the proposed configuration is expected to present not
only considerable environmental but also financial benefits and may be an attractive solution for the
energy support of remote telecommunication stations, providing also increased reliability and low
maintenance needs.
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During the same period of time (1960-2005), the local lignite’s electricity generation contribution
identifies its leading role in the national electricity system development, strongly supporting the
significant progress noted in every aspect of every day living as well. More specifically, for the overall
period examined, a mean contribution share of 55% is to be considered, while, when accounting for
the years since 1980, the corresponding value is estimated at 66%. Note finally that the current lignite-
based and RES-based electricity generation represents almost 65% of the total national consumption.
On the other hand, the contribution of imported natural gas and oil is almost 30%, while the net
electricity imports from the neighbor countries vary between 3% and 5%.

Thessaloniki
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Figure 1: Major thermal power stations operating in Greek mainland
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Greek Electricity Generation Time Evolution (1960-2005)
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Figure 2a: Greek electricity generation time evolution
Electricity Consumption by Sector (Greece, 2007)
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Figure 2b: Greek electricity consumption analysis by sector based on [7]

Emphasizing on the important role of lignite in the course of time, the current study aims to underline
the urgency of adopting certain strategies so as to ensure the local reserves’ depletion-time extension.
Consequently, the need for maintaining the national energy reserves that should meanwhile be
supported by a corresponding rational exploitation is thought to be of primary concern for the
country’s best interest. For this reason, in the present study, a recording of the proved and potential
national lignite reserves along with the presentation of a depletion time-model considering different
application scenarios, are both available. A presentation of the Greek lignite characteristics involving
an analysis concerning the environmental impacts caused by the lignite usage and a discussion
whether lignite suggests a financially beneficial energy source for the national economy is also
provided (i.e. examination of the macroeconomic cost, the real energy price, the cost of enhancing the
lignite technology and the cost of substituting lignite).

2. Greek Lignite Characteristics

Presently, the proven national reserves’ estimations support the existence of almost 5 billion tones of
lignite scattered in the entire Greek region®. However, according to the nowadays techno-economical
status, the potential quantity of lignite to be exploited is equal to 3.2 billion tones™™, 63% of which
exclusive rights have been accorded to the Greek P.P.C. The main deposits (figure (3)) are located in
the areas of Ptolemaida, Amynteo and Florina (West Macedonia) with a total of 1.9 billion tones,
while the corresponding deposits of Drama and Elassona have a content of 900 and 170 million tones
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respectively. Additionally, in the Megalopoli area in Peloponnesus, the amount of the existing lignite
reaches 240 million tones. In 2005, Greece, being the second biggest producer of lignite in the EU and
sixth worldwide, extracted almost 70 million tones of lignite leading to the country’s ranking at the
tenth place concerning the lignite electricity contribution share™. Meanwhile, the up to now national
cumulative lignite production represents approximately 1/3 of the total proven reserves.

900 million tones: 28%

West Macedonia
1898 million tones: 59.3%

. /-9
Megalopolis o .
v 257.5 million tones: 8.1 % Pﬂ B ) 9 "Q)v
o
EAN .@Qu 7 &

[ Existing Reserves: 3.2 billion tones I
1 Consumed Reserves: 1.3 billion tones
Figure 3: Lignite national reserves®
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Figure 4: Time variation of the local lignite’s average calorific value

As far as the local lignite’s quality characteristics are concerned, the calorific value is kept quite low,
ranging from 900 — 1,100 kcal/kg in the areas of Megalopoli, Amynteo, and Drama, to 1,800 - 2,300
kcal/kg in Florina and Elassona with the Ptolemaida lignite presenting calorific values between 1,250
and 1,350 kcal/kg. Meanwhile, the average calorific value time evolution (figure (4)) demonstrates the
local reserves’ gradual degradation™. An example encounters the West Macedonia case in which
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regional reserves tend to present a degradation of 100kcal/kg (from an average of 1,200-1,300 to a
corresponding 1,100-1,200 kcal/kg). The potential operation of new mines on the other hand (Drama,
Elassona) may promise for the slight improvement of the local lignite’s energy content(?.

Another factor describing the quality of existing reserves is the moisture content. A wide range of
moisture content values, depending on the area of extraction, varies from 9% to 66% and gives a
sample average of 38%. Besides, the corresponding ash range may be defined by a mean percentage of
22% for 14 areas considered™*®!. On the other hand, the low sulphur content, comprising one of the
local lignite’s environmental advantages™™®, varies from 1% to 6.4% with Megalopoli giving the
greatest analogy in volatile sulphur (greater than 86%) and the Ptolemaida-Amynteo basin presenting
the corresponding lowest.

To have a direct comparison of the Greek lignite’s main quality characteristics against the
corresponding values describing the reserves found in different areas worldwide the following
qualitative figure (5), based on information given in Kavouridis et al.l*”], may be presented. As it may
be easily configured, the two major providers of the local lignite reserves, i.e. Ptolemaida and
Megalopoli, demonstrate high moisture contents, low calorific values and moderate ash contents.
Concerning the Aliveri (Euboea) lignite, the latter seems to be the most attractive version of the local
coal to keep in mind, however the corresponding reserves have already been exploited.
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Figure 5: Main characteristics of lignite samples across the world, based on [17]

3. Pros and Cons of Local Lignite Utilization

The advantages accompanying the Greek lignite’s electricity generation are mainly ascribed to the
latter indigenous character, decreasing several of the externalities’ impact and having up to now
resulted in ensuring a quite attractive and steady price per kwh of electricity provided to the final
consumption (52% less than the average EU-15 retail price)™. Moreover, the technological
background established in the meantime also suggests a significant parameter for the lignite’s
prominence. With regards to the above, by exploiting the local lignite reserves, the macroeconomic
cost (exchange loss, political dependency, etc.) being attributed on imported fuels is currently zeroed.
According to studies conducted™ and realizing a comparison among different countries and sources
of electricity generation, the social-environmental cost is thought to be the local lignite's Achille's heel
(especially when compared with its present market competitor, i.e. natural gas). The minimum risk of
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supplying electricity along with the regional development encountered in the areas of exploitation -
both briefly analyzed in the next paragraphs- have partly compensated for the impacts affecting the
local environment. Concerning the latter, an integrated life cycle (LC) approach should suggest the
recording of impacts into every stage of the production chain (extraction-refining, transportation, plant
operation, wastes disposal, construction and decommissioning of the plant).

3.1 Major Environmental Impacts

The impacts acknowledged for the lignite’s utilization imply air emissions production, water resource
use, hot water discharges, solid waste generation and land resource use. Actually, when lignite is
burned, remarkable quantities of carbon dioxide, sulphur dioxide, nitrogen oxides, and TSP are
released!*®1?%22] - Additionally, the chemical and mineralogical composition of the fly ash reveal
properties of environmental and health concern®2 that suggest the adoption of appropriate treatment
actions®® also promising for better combustibility characteristics?”. Transport activities (conveyor
bets, trucks, power plant constructive materials) as well as the loading and unloading procedure of the
lignite fuel cycle also constitute a source of airborne emissions!?®!. Concerning water resource use,
considerable water quantities necessary for the purification of lignite after its extraction, as well as for
steam and cooling generation, serve for the power plants’ needs. In addition, if the water used is
discharged back into the environment, the lignite’s mining may cause the contamination of water
quantities with heavy metals. Next, the hot water wastes produced from power plants and afterwards
deposited, disturb the local environment’s stability. The production of solid wastes involves ash
generation and bulk inert materials contained in the lignite while the land use encounters the
contamination of soil, the area disturbance due to surface and underground mining, and finally the
lowering of groundwater tables'?®!,

To be more explicit, as far as the air emissions are considered, 1 tonne of CO,? is the expected
amount for the production of 1 MWh, coming from the lignite’s combustion while at the same time,
for the same electricity output, the corresponding amount produced from natural gas is approximately
490 kg of CO; per MWhe. Less incriminatory data are attributed to the SO, and NOx emissions, still
however showing the comparatively more "hostile” character of lignite against the local environment.

Lignite Electricity Sector CO2 Emissions Vs National CO2
Generation (1990-2003)
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Figure 6: The contribution of lignite in the national carbon dioxide emission

In this context, it is important to mention that electricity generation is found responsible for almost
55% of the national CO. production, with approximately 60% of the former referring to lignite (see
also figure (6)). Therefore, unless radical changes take place as far as the Greek electricity fuel mix is
concerned, one may easily conclude that no CO; increase deceleration is to be noted, this entailing
some serious worry concerning the compliance with the national Kyoto commitments. In fact, the
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+25% emissions’ target set for the period 2008-2012, always with regards to the 1990 levels, is
currently expected to finally reach the levels of 40% during the remaining time.

In addition, the major contribution of lignite-fired power stations to the electricity generation in
Greece together with the high sulphur content of the locally extracted fuel, especially in South Greece,
also indicate that the electricity sector is the main responsible for the SO, emissions™®. Note that the
range of the SO, emission factor is quite broad with the highest of values determining the operation of
South Greece power stations (Megalopolis) lacking integrated anti-pollution measures, even achieving
values equal to 50kg/MWh. Unless the appropriate desulphurization equipment is installed in certain
lignite power stations® the amount of annual SO, emissions, remaining relatively stable over the last
years at 350ktons (approximately 280ktons due to lignite, see also figure (7)) and representing 80% of
the corresponding national releases, is not expected to be reduced.

ANNUAL PRODUCTION OF SO,
DUE TO GREEK ELECTRICITY GENERATION
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Figure 7: The contribution of lignite in the national sulphur dioxide emission

Furthermore, despite the introduction of natural gas in the local electricity market, the NOx emissions
are gradually increasing with timel?). More specifically, the annual NOx production by the Greek
electricity generation system exceeded 70 ktn during the period from 2000 to 2002, marginally
violating the emissions ceilings of both 88/609 and 2001/80 EU Directives. Given that over 90% of
the national electricity production is based on carbon containing fuels, a continuous effort on
diminishing the release of nitrogen oxides should be made, so that local electricity generation sector
may accomplish the Large Combustion Plants Directive (2001/80/EC).

Finally, despite the fact that most of the Greek power plants are equipped with high retention
efficiency electrostatic precipitators, fly ash particles are still emitted in the atmosphere due to the high
rates of lignite consumption and the operation of low-efficiency precipitators. Thus, fly ash emission
remains one of the most important environmental impacts of local lignite utilization. According to the
most recent available information approximately 13Mtons of fly ash are produced annually in
Greecel® B \while the contribution of the Ptolemaida lignite field approaches 8Mtons/year. At this
point it is important to mention that fly-ash particles are considered by many expertsi?>21%2 a5
extremely contaminating, being also associated with respiratory and cardiovascular diseases!®. In fact,
according to the results of Sichletidis et al.**!, a high prevalence of rhinitis and infectious bronchitis of
children residing in Western Macedonia were attributed to the heavy environmental pollution.
Additionally, fly ash may also contain considerable levels of radioactivity, this suggesting high health
hazards, especially for the power plants personnel®®!. As far as the utilization or disposal of fly ash is
concerned, fly ash utilization worldwide is only slightly above 30%®, while the remainder is
disposed in landfills and fly ash basins or in extreme cases dumped at sea. Regarding the fly ash
produced from Greek power stations, the relatively high uptake abilities and the low mobility of toxic
elements®! allow the use of fly ash in several applications such as adsorption materials, sewage
treatment, land filling and cement and concrete production.
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3.2 Major Macroeconomic Impacts

Beyond the quantification of the main environmental impacts, the investigation of financial damage
and benefits deriving from the local lignite’s usage is also necessary in order to get a clear picture
concerning the presence of lignite in the national electricity generation scenery.

At first, emphasis should be laid on the European Union Emission Trading Scheme implying, apart
from the environmental impacts caused by the use of lignite, serious financial surcharge. Actually, this
damage is strongly depended on the rather unstable allowances price of CO, emissions even crashing
down to 0.13€/t during June 2007, having peaked at 30€/t a year before. Nevertheless, estimations and
forecasts®® concerning the future CO; allowance price converge at a range of 20€/t -30€/t up to the
year 2012 (signalling the end of the second trading period 2008-2012), thus sounding the alarm for the
corresponding emissions’ reduction.

In this context, many argue®® that the price to pay for avoiding 1 tonne of CO, emitted by a
conventional lignite station, among other solutions to undertake, strongly supports for the latter
enhancement or even substitution by alternative thermal stations (such as combined cycle units
operating on natural gas), with mechanisms for capturing CO; suggesting a cost of 25-40€/t of CO,
avoided. On the other hand, the implementation of new renewable energy installations is described by
rather higher corresponding costs. However in order for the Kyoto dictations to be satisfied the partial
reduction of CO, emissions achieved by the use of more efficient measures concerning the existing
power stations, although seeming to be more cost-effective, is not thought to be adequate. For this
reason, more radical measures to be undertaken require the adoption of renewable energy
technologies. In fact, according to Tsoutsos et al.”%, in order to achieve to a full extent the target up to
2010, an additional investment cost of some 1.6 billion € on RES projects is required. On the other
hand, Tigas et al.l*"! claim that to shoulder the responsibility of fulfilling the Kyoto commitments for
the same time period, 2-2.5 billion € of investments are required in the field of RES, cogeneration and
energy saving.

Another aspect of the discussion whether lignite should be considered as beneficial for the local
electricity generation sector calls on the investigation of macroeconomic cost. The macroeconomic
cost results if quantifying and accumulating parameters like the trade equilibrium burden, the
country’s dependence on other energy centres, the indigenous and global gradual depletion of the
energy deposits, as well as the unemployment decrease and the gross domestic product increase. As
already mentioned, since lignite comprises an indigenous energy resource, the arising macroeconomic
advantages are more than evident and can only be displaced by the "infinite" renewable energy sources
exploitation. For instance, if half the electricity generation ascribed to lignite (~17 TWh) was to be
substituted by imported oil, some 5.5 to 6 Mtons necessary per annum would imply a national debt of
around 2.2 billion € per year, currently being avoided. Similar are also the amounts of imported
natural gas that may be alternatively avoided due to the systematic exploitation of local lignite
reserves for electricity generation. In this context, in figures (8a) and (8b) one may encounter the
avoided amount of both imported oil and natural gas over the last 25 years, and easily draw the
corresponding financial benefit deriving from the utilization of local lignite. Besides, one should not
disregard that apart from the cost deriving from net imports, the infrastructure necessary for the shift
(new power plants, modification of already existing, pipelines, etc.) should be considered as well.

Another important macroeconomic topic is the cost of fly ash disposal, or in other cases the potential
value of the fly ash used as raw material. Actually, the cost of fly ash disposal is directly related to the
method adopted, while the transportation requirements should be considered as one of the major cost
components®?. In this context, since the disposal of fly ash as a by-product is becoming an increasing
economic and environmental burden, the utilization of the former as a resource of value added
products is of paramount importance. More specifically, the utilization of fly-ash as a raw material
in specific industrial sectors (like cement industry) illustrates how useful fly ash can be. Note that
using published data from the cement industry the value of fly ash may be increased from effectively
zero to $80 per tonnet**! (strongly depending on the current price of cement).
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Avoided Oil Imports (1980-2005) due to Lignite Utilization
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Figure 8a: Avoided oil imports due to the utilization of local lignite
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Figure 8b: Avoided natural gas imports due to the utilization of local lignite

Beyond these, the local societies’ gaining from the operation of lignite power stations is another
dimension, often obscured by issues dealing with environmental degradation. As Lalasidis*® points
out for example, the prefecture of Drama where high levels of unemployment may be encountered
(~15%), could benefit from the exploitation of the local lignite deposits and the installation of a new
300 MW lignite fired power station, promising for the employment of approximately 1800 local
habitants with the corresponding investments estimated to exceed 2 billion €. Potential attraction of
industries exploiting the products and by-products of lignite utilization (ash exploitation, thermal
energy recovery, etc.) may also be encountered in the broad area, this also leading to the local society
development booming. Additionally, techniques concerned with the use of lignite for environmental
purposes®®™ and energy production methods that support the use of cleaner fuel mixtures®
demonstrate the wide range of potential applications.

Accordingly, by also counting in the financial cost aspect involving the components of extraction
stage, process to end-use, transportation, total procedure support and taxation, a comparison on a real
energy price basis among the different energy sources shall designate lignite as the most cost-effective
form of electricity production. This may justify the fact that although the shift towards natural gas and
renewable energies in the electricity sector did led to the reduction of approximately 9000 kt of CO- in
the period 1990-2002*1, the presence of lignite still remains strong. Nevertheless, if considering some
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of the major benefits and drawbacks previously discussed, one should see that the prescription of an
energy planning that is flexible and still committed to both virtual and procedural national obligations
demands for a more sceptical way in handling lignite’s exploitation.

4, Lignite Consumption Time Evolution

National Electricity Generation and Lignite-based
Electricty Generation Increase rates Time Evolution

30
—=—Lignite Annual Increase Rate
4 I rl 9

25 h
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Figure 9: Annual increase-decrease rates of national electricity generation
and lignite contribution

As already discussed in the introduction section, the national electricity demand is well described by
an increasing rate of 4%, representing the period 1980-2005 and presenting a relative stability during
the last years. The corresponding average mean annum increase of lignite during the same period is
around 5.7%, however shifting to milder values (~3%) in the most recent years. In figure (9) one can
notice the highly variable behaviour of both increase rates investigated in the course of time, i.e.
annual lignite electricity generation and annual national electricity generation rates. As concluded
from this figure, more intense fluctuations are to be considered for lignite in the early years of
electrification, while a more mild variation trend is noted in the most recent period examined, during
which the lignite rate seems more adjusted to the one describing the national electricity demand. It
may also be configured that during the most recent years (since the nineties) a more flexible fuel mix
to be considered has lead to the lignite’s generation gradual stabilization, currently following a
behaviour more close to the one of the national demand trend.

A more detailed investigation suggests the examination of the local lignite’s contribution in terms of
electricity production efficiency. More specifically, an efficiency coefficient "n\" describing the entire
electricity production chain based on lignite may consider the two edges, i.e. the lignite quantity
extracted "M," and the corresponding net electricity provided "E)" to consumers. In order to calculate
the above coefficient (tones/TWh) one should take into account the lignite production (extraction)
rates and the corresponding values concerning the net electricity generation by lignite. The calculation
period selected refers to the years from 1994 to 2005. Note that in 1994 the contribution of the lignite
presented one of its peaks and since then a slight contribution decrease has been noted, mainly due to
the natural gas entering the market during the same period (since 1996). A second reason for selecting
the specific period is that it can be thought as quite recent, therefore considering both the quality
degradation of the lignite reserves left and the technology progress encountered.

To illustrate the above, the following figure (10) has been created. As expected, there is a strong
relevance between the time evolution of the reserves’ calorific value and the corresponding electricity
generation covering the proportion of demand ascribed to lignite. For greater calorific values given, a
lower efficiency coefficient value is to expect and vice versa. A mean efficiency coefficient (lignite
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specific consumption) obtained assumes that for the generation of 1 TWhe, an amount of 2.08 million
tones of lignite is needed. Additionally, since no obvious influence seems to be noticed, what can be
said in concern to the utilization of lignite for electricity generation is that during the recent years a
significant technological development in the corresponding production sector should not be
considered. On the contrary, a prospect of improving the efficiency of old lignite stations, currently
described by an average 32%-33%, to a potential 40% exhibited by new technologies’ incorporation,
will, apart from a greater utilization rate of lignite, lead to the stabilization of the emissions’
production rate?,

Total Electricity Generation Efficiency
of Domestic Lignite Reserves

2,3

22+

2,1+ ] —

Million Tones of
Lignite per TWhg,
|
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18 t t t t t t {
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Figure 10: Lignite’s electricity transformation specific consumption time

evolution
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Figure 11: Greek electricity generation fuel mix

In respect of the above, the natural gas entering the market since 1996 has lead to a cut-back of the
lignite’s and oil’s contribution shares in the national electricity fuel mix (figure (11)). Presently, the
power share of natural gas units, including the combined cycle stations existing, reaches a total of
nearly 2,140 MW. In accordance to the future national energy planning!®, the capacity of natural gas
units to be employed (mainly combined cycle stations) may exceed 5,000 MW, therefore an estimated
contribution of approximately 25% demand coverage deriving from the more expensive and imported
natural gas quantities is the upper limit to keep in mind. A third side involved in the national
electricity fuel mix, i.e. the RES generation sector development may also play a leading role in the
electricity field. Since the new law enactment (law 3468/06)%, the beneficial character of potential
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investments may be thought as established. The variable output of such power stations on the other
hand comprises the restrictive factor of these specific technologies.

In conclusion, a sustainable national energy strategy in the view of the local market’s liberalization,
must confront the need of both retaining an indigenous character that is devoid of the warps entailed in
greater dependency states and extend the national reserves’ depletion-expectancy. In the following
paragraphs, an effort to investigate the depletion scenarios of lignite aspires to designate certain
proposals regarding the planning and administration of natural energy resources in Greece.

5. Lignite Reserves Depletion Model

To determine the depletion time of the local lignite reserves an appropriate model has been developed
from first principles. The parameters taken into consideration are the proven lignite reserves’ energy
content "Ew" expressed in terms of potential electricity generated, the national electricity demand "E,"
for a given base year and the coefficient "B" describing the participation of all the other energy sources
(excluding lignite, i.e. lignite contribution equals (1-f)) on the domestic electricity production.
Additionally, one should also introduce the coefficients "e;" and "&", describing the annual (during the
year "i'") electricity generation increase (or decrease) and the annual lignite substitution rate from all
other electrification sources (natural gas, wind energy, solar energy, etc.) respectively.

In this context, the national electricity generation share covered (during the reference year i=0) by
lignite, i.e. "Ei)", iS given as:

E.), E E 1 E (1)

Accordingly, by introducing the above mentioned annual electricity generation increase and lignite
substitution rate coefficients (e, &), the corresponding share of lignite-based electricity generation
concerning the year following, "Eiq) ", may be estimated:

Ew E, 1 & le 1 ,E @)

0

Similarly, the contribution of lignite in the national electricity demand for any given year (i=n), "Ein)",
can be expressed as:

I(n)E_le. _1e.1. (3)

Finally, in order to determine the cumulative consumption of lignite "E;," (including the reference year
"0") in a n-years period, a summation of the examined years’ annual consumption has to be realized,
i.e.

jn

E|n El(j) El(o) E|(1) El(n) (4)
jo
or equivalently:
jn in jn in in
E,. E, 1 1 ¢ 1 1 e 1 (5)
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By determining the expected depletion time of available lignite reserves, one can compare the result
obtained from equation (5) with the corresponding proved (techno-economically feasible) national
reserves’ equivalent electricity generation content. In any case, a marginal exploitation coefficient
(safety factor) "SF" implying the importance of certain strategic reserves to be preserved has to be
introduced. Note that the safety factor "SF" expresses the need for sustaining strategic lignite stores
that serve a twofold purpose within the limits of security of supply. More specifically, the strategic
reserves are required in order to both meet an off-schedule demand (standby units are prerequisites)
and deal with potential energy imports’ supply interruptions resulting either from a supply failure or a
purposeful reduction with political ends. Any case given, the existence of strategic lignite reserves
provides the country with a certain level of independency, a respectable energy planning redefinition
period and the potential to negotiate on a more disengaged basis. Finally, "SF" may equally well
compensate for the possibility of an exaggerated lignite reserves’ exploitation cost appearing due to
the gradual quality degradation impact prohibiting (on techno-economic basis) the total reserves
utilization. Consequently, the depletion time requested may be estimated using equation (6), i.e.

E, E

» En 1 SF (6)
In order to also account for the fact that additional exploitable lignite reserves may be found in the
Greek territory during the "n"-year period, one should introduce the coefficient "A;" describing during

the year "j":

a. The annum rate of finding new deposits
b. The domestic lignite exploitation efficiency improvement
c. The electricity generation efficiency improvement for the lignite-fired power stations

(including quality change -according to the law of gradual degradation for the natural
resources’ reserves-, technology improvements, loss decrease, etc.)

As a realistic case study one may introduce a yearly reduction rate "dA" ascribed to "A;" (e.g. dA=0.1%)
and supporting the law of gradual degradation for the natural resources’ reserves (first approximation).
Accordingly one may write:

J. . j 1 ifj 0 or ;0 (7)

Consequently, since accepting that the national lignite reserves cannot remain constant in a n-years
period to investigate, the latter may be determined according to the following equation:

o 1 8)

with "Ey" representing the proven reserves’ quantity at the year of reference "o".

The proposed model in its complete form can solve the general problem of lignite reserves depletion
time once the time series of the parameters involved have been defined. However, in order to obtain a
closed analytical solution and since one cannot easily forecast the time-series of the parameters "e;"
and "&" involved, a first approximation of the mean long-term annual values for these coefficients, i.e.

€ and 3 respectively, may be utilized, hence the final equation for the lignite’s time of depletion is
: [51] Ac-
given™ as:

_ E, 1 , 1 SF ©)
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It is important to mention that the solution of the above non-linear equation is derived by using an
iterative algorithm and the appropriate numerical techniques on the basis of a trial and error approach.

6.  Application Results and Sensitivity Analysis

To investigate the involved parameters’ impact on the domestic lignite depletion time determination,
representative values describing the national electricity scenery will be adopted. Consequently, a base
scenario used as a yardstick will be introduced in the application model previously analyzed. More
precisely, the values undertaken and describing the national electricity sector’s status quo are cited in
Table I. Accordingly, a sensitivity analysis investigating the impact of the above mentioned major
variables will then be realized. In this context, the variables presently studied are the following:

The mean annual escalation rate of national electricity generation "e"
The mean annual rate of lignite’s substitution by other energy sources "&"
The mean annual rate of lignite’s reserves electricity content increase "A"
The total base year lignite’s proven reserves "Er"

Table I. Base Scenario—Involved Parameters’ Representative Values

Parameters Eoo Eo SF e 3 A oA B
(TWh) _ (TWh) (%) (%) (%) (%) (%) (%)

Central 1,923 57.8 20 3 1 3 0.1 34

Value

Min Value 1 0 0

Max Value 7 2 5

Before proceeding to the analysis to be accomplished, a remark in concern to the energy content
ascribed to the local lignite’s proven reserves is thought to be necessary. More specifically, the proven
reserves’ value currently introduced supports the estimations for 5 billion tones of lignite existing.
Therefore, by adopting the average lignite specific consumption coefficient already determined, i.e.
2.08 million tones/TWh,, as well as the marginal exploitation coefficient (SF=0.2), the electrical
energy content of the existing lignite deposits "Ew" may be defined, i.e. E,w= 2000TWhe, Table I.

6.1 Annual Escalation Rate of National Electricity Generation *'e**

Impact of Electricity Generation Increase Rate "e"
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Figure 12: Effect of electricity generation escalation rate "e" on the lignite
depletion time
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In figure (12), one may observe the impact of a varying annual escalation electricity generation rate on
the domestic lignite existing reserves depletion time. As expected, by increasing the value of "e", the
depletion time of lignite decreases. For example, if a value of e=3% is assumed, then the estimated
depletion time equals to 44.9 years. Moreover, by decreasing the rate of electricity demand, the
depletion time extends significantly, i.e. if "e" becomes 1%, then the expected time for the lignite to
last is 74.5 years. In conclusion, if a non-exhaustion perspective is to purchase, the annual rate of
national electricity generation alone should be described by negative values only. Towards the
direction of reducing "e", the implementation of energy saving policies and measures is essential.
However directives such as 2000/55/EC, 2002/91/EC and 2006/32/EC are still only ostensibly applied
in Greece.

6.2 Annual Rate of Lignite’s Substitution "&"

Impact of Lignite's Substitution Rate "&"
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Figure 13: Effect of lignite’s annual substitution rate "&" on the lignite
depletion time

If discussing on the annual substitution rate of lignite in the electricity generation mix, a more mild
variation range should be undertaken. Although the 2010 target did "dictate" the installation of
approximately 7GW of cumulative RES power (mainly supported by wind energy and small hydro
units, turnkey cost 700€/kW and 1200€/kW respectively), the required 9.5% annual increase of the
RES share (base year 2005) in the national electricity generation with analogous "&" rates is not
expected to be accomplished. On the other hand, considering the up to now situation, a substantial
substitution may be mainly expected by the further promotion of natural gas in the years to come, not
however diminishing a potential boom in the RES market as well. Any case given, the substitution rate
is not expected to break a relatively narrow range of variation around the selected 1% per year.
Besides, one should pay some attention on the cost issues as well. For example, for a 2% substitution
of lignite electricity generation by wind farms the annual installation of 350MW of wind power
suggests a cost of almost 250M€, showing the intensity of investments required. Currently, negative
values of "&" demonstrating a decrease trend presume a countable national demand increase to mind
and a contribution share of all other alternatives (natural gas, renewables) remaining relatively stable.
As previously discussed, the contribution of RES-based electricity generation in the Greek electricity
fuel mix comprises a typical example for this to realize®Xl. The results obtained are well demonstrated
in figure (13). In accordance to the range selected, one can clearly notice the rapid increase of
depletion time for "&" values greater than 1.5%. In fact, if a substitution rate greater than 1.75% per
annum is achieved, an important part of the local lignite reserves may be sustained in the course of
time. In figure (14), values of "¢" related to the electricity demand rate "e", under the hypothesis of
zero new reserves’ localization (A=0%), suggest the lignite’s depletion time upper limits. More
specifically, by combining the resulting non-depletion critical points (combinations "¢-e") the curve of
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sustainability for the local lignite reserves may arise. Consequently, the values on the right of this
curve, clearly demonstrating considerable substitution of the lignite-based electricity generation from
other energy sources, support the scenario of the national energy reserves’ conservation.

Substitution Rate Effect on the Depletion
Time of Lignite National Reserves (A=0%)
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Depletion Time
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Figure 14: Effect of combined lignite substitution annual rate "&" and
electricity demand annual escalation rate "e" on the domestic lignite
depletion time

6.3 Annual Rate of Lignite’s Reserves Electricity Content Increase A"
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Figure 15: Effect of lignite reserves annual electricity content increase "A"
on the domestic lignite depletion time

In case that the "A" coefficient representing the rate of domestic lignite’s reserves electricity
content increase (e.g. new reserves' localization, increase of lignite-based power station
efficiency) on an annual basis becomes zero, i.e. the proven reserves of lignite energy content
remains constant and equal to the one adopted during the reference year, the depletion time of
lignite equals to 32.6 years. On the other hand, a 5% increase rate may significantly extend the
lignite’s life for more than 70 years (see figure (15)). Either way, although the impact of new
reserves’ localization does have an important influence on the lignite’s depletion time, it is
important to emphasize on the fact that the corresponding factor presents less options of
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"controlling”. On the other hand, the parameter of substitution for example may derive as a result
of a sophisticated energy planning and be afterwards adopted.

6.4 Total Base Year Proven Reserves "E""

Finally, it is interesting to investigate on the resulting time of depletion if a hypothetical variation of
the total proven reserves is considered. Although such a scenario is only theoretical, given the case
study used one may prove that the depletion time variation may be granted as practically independent
(after a certain point of available reserves) from the lignite reserves being available. This theoretical
approach introduces multiplication factors on the logarithmic scale of ten (x10, x100, x1,000 and
x10,000 times). As expected, by increasing the existing proven reserves, the prolongation of the
depletion time is de facto (figure (16)). However, after exceeding the 2-10° TWh of electrical energy
content, the depletion time variation smoothes and tends to a more stable state. Even if the existing
domestic lignite reserves were one thousand(!) times the up to now located ones, the corresponding
depletion time would increase by only 200 years, figure (16). Although not describing a realistic
scenario (especially in the highest of the multiplication scales selected), the impact of multiple proven
reserves on the depletion time illustrates the greater importance ascribed to the impact of the rest
parameters considered. More specifically, from the present analysis, the need for energy saving
measures and for the lignite’s gradual substitution acceleration, i.e. "e" reduction and "&" increase
respectively, is becoming evident.

Total Proven Lignite Reserves' Variation Impact
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Figure 16: Effect of the base year proven reserves energy content "Ew"
value on the domestic lignite depletion time

6.5 Sensitivity Analysis

In figure (17), the impact of all major parameters affecting the investigated problem is illustrated.
Given a base scenario ("e"=3%, "B"=34%, "A"=3% and "&"=1%) a sensitivity analysis deriving from
the relative variation (Table I) of parameters selected (in relation with the base scenario) shall point
out the magnitude of impact each of the parameters implies, always in concern to the depletion time of
lignite, i.e. in what level does each of the parameters affect the depletion time under the condition of
the same percentage variation. More specifically, the parameters of the annual electricity generation
increase rate "e", the substitution rate of lignite-based electricity generation "&" and the lignite’s
reserves energy content increase rate "A" are co-evaluated. As noted from this figure, the national
electricity generation increase rate per annum along with the lignite reserves’ energy content increase
rate, comprise the two most influential parameters, described by an exactly converse behaviour.
Concerning "e", if an increase is to be concerned, the acceleration of the lignite’s reserves depletion is
expected. On the other hand, an analogous increase for the "A" value entails the exactly opposite result,
i.e. the lignite’s reserves life-expectancy prolongation. What must be underlined though is the narrow
margin of control -mainly attributed to the parameter of "A"- which depends on new reserves’
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localization or on technological improvements of the entire lignite exploitation process. On the
contrary, the parameter of "e" may be influenced in a more decisive way under measures and policies
supporting energy saving. Regarding the parameter of "&", presenting in most cases the mildest impact
on the depletion time variation, it may comprise the result of a sophisticated national energy planning
based on RES and natural gas faster penetration in the local market. More specifically, by adopting
gradually increasing substitution rates, thought to suggest the most feasible of the potential mitigation
scenarios, a considerable extension of the local lignite’s’ reserves may be encountered. Note that the
non-depletion lignite reserves scenario may be realized in case that the "&" value increases by more
than 75% in relation with the central value of Table I (see also figure (14)).

Lignite Depletion Time Sensitivity Analysis
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Figure 17: Lignite depletion time sensitivity analysis

7. Conclusions

Since having established the dominant role of lignite in the country’s electrification as well as in the
entire time evolution of the national electricity demand’s satisfaction, in the present study, a retrospect
of the up to now participation of lignite in the indigenous electricity generation along with a numerical
analysis setting the future prospects ascribed to the latter, have both been set forth.

By investigating the characteristics of the local lignite, the positive impacts featuring the latter point
out the significance of the lowest -among the EU-15- electricity price provided to final consumption
(52% less than the European average kept at 14.3€/100kWh for domestic use in 2005), the
circumvention of exchange losses (over 80 million oil barrels suggesting a 4.5 billion € exchange loss
per annum), the development of local societies and the country’s as a whole, and the acquisition of the
technological knowledge regarding the corresponding production chain. On the other hand, the local
lignite’s utilization is accused of serious environmental damage caused by air emissions (over 35
Mtons of CO; and approximately 280 ktons of SO, annually), water and land resources use, water
discharges and solid waste generation. The gradual degradation of reserves, the low efficiency rates
presented by the power stations in operation and the appearing prospect of depletion in less than 30
years comprise additional drawbacks to mind.

The sensitivity analysis realized and studying the influence of certain major parameters’ variation on
the life-expectancy of the lignite’s total reserves shows that the master catalysts affecting the time of
depletion are the rate of annual electricity demand increase "e" and the lignite’s reserves electricity
content increase rate "A". In concern to the parameter of lignite’s substitution "&" and the hypothesis of
the total proven reserves’ variation, the former presented a more temperate impact to account while the
latter, although not co-evaluated with the rest parameters, tended after a certain point to demonstrate a
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stabilizing behaviour. However, when "&" exceeds a specific numerical value -mainly depending on
the corresponding "e" value- the sustainability of the local lignite reserves may be safeguarded. It is
important to note that the future values of the "§" and "e" parameters may be decided by a
sophisticated national energy planning supporting the application of appropriate energy management
measures and policies, therefore serving the scope of the local reserves’ sustainability.

In conclusion, if the terminus is to prolong the exploitation of lignite in the national electricity fuel
mix and in parallel ensure the retaining of the national strategic reserves, the critical issue of
configuring an energy policy prompting the decrease of the current electricity consumption rate and
carefully examining the gradual substitution of lignite should be of paramount importance. Besides, in
order to safeguard continuous life quality amelioration, one should take into consideration the issues
of energy supply security, environmental protection, regional development and maximum permitted
exploitation of indigenous resources. Finally, it is essential to state that any form of energy should
neither be a priori rejected nor idealized.
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Abstract

Continuous efforts towards the solution of the energy supply security problem and the environmental
impacts caused by the transportation sector have led to the development, of the so called alternative
fuels. Liquid biofuels, produced either from energy crops or from food processing residues can be
used as transportation fuels in a large range of vehicles and blends and offer a real potential for
development towards sustainable mobility with the involvement of the agricultural, energy and
automotive sectors. The aim of this work is the development of a mathematical model for the
optimisation of the biofuels supply chain, the value chain of which typically includes the feedstock
production, the biofuel production, the blending (if applicable), the distribution and the consumption.
The optimization results, which employ a wide range of critical parameters affecting the performance
of the whole biofuels value chain system are identified and expressed quantitatively. Implementation
of the model supports decision taking in various planning and operational issues such as infrastructure
investments, the quantities of raw materials to be cultivated, the quantities of biofuels to be produced
in the domestic market or to be imported. All these alternative scenarios can be evaluated with the
support of the model, for the optimal planning and operation of the biofuels supply chain.

Keywords: Fuel Market; Energy Crops; Feedstock; Environmental Impacts

1. Introduction

A promising prospect in the critical issue of a country’s fuel security / oil dependency, especially for
the energy intensive transport sector, is the introduction of alternative fuels and especially of biofuels.
Today, these fuels produced either from energy crops or from food processing residues, consist
approximately 2% of the European fuel market, a rate that by 2020 is expected to reach the anticipated
target of 10%!Y.

Today, two primary biofuels are in wide spread, both of which can run in existing vehicles. Ethanol is
currently blended with gasoline and biodiesel with petroleum-based diesel for use in conventional
diesel-fuelled vehicles. With the main driving force being the obligation of the EU-Member States to
adopt the directive 2003/30/EC and the forthcoming new RES directivel™, the introduction of biofuels
in a country’s energy balance, creates a wide and interesting area in terms of financial development.

At the moment, although a large number of feedstock and production technologies are available, the
penetration of biofuels has not been the anticipated, due to their relative high production costs and the
social opposition that they have been facing. Thus, in that research field, many studies have been
conducted, trying to model and minimize all costs and parameters related with biofuels production, but
not extended work has been done in the biofuels supply chain modelling. The aim of this work is the
development of a mathematical model for the optimization of the biofuels’ supply chain, the value
chain of which typically includes the feedstock production, the biofuel production, the blending (if
applicable), the distribution and the consumption.

Biofuels’ production (chain) involves many sub-domains such as agriculture (energy crops, raw
materials production), biofuels production procedure itself (transformation of already- existing plants

Papapostolou Chr., Kondili E., Kaldellis J.K., 2008, "Modelling, Optimization and Life Cycle Analysis of
Biofuels Supply Chain", X" World Renewable Energy Congress, July 2008, Glasgow-Scotland, UK.
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or/and implementation of new ones) and of course it involves the integrated supply and trade network.
Therefore biofuels’ domain sets up an added value in the country’s economical profile either from the
raw materials’ production or from the fuels production themselves. So, a country, proportionally to its
production possibilities, can take advantage of the large extent of biofuels’ domain in profit of its
agricultural and industrial sector development. Biofuels supply chain usually incorporates the
following activities-stages (figure (1)):

Raw materials production (which is related to the land availability and suitability, soil’s efficiency

associated to different types of plants)

Biofuels production (which refers to the transformation of raw materials through various processes

into biofuels)

Blending (in the case that biofuels are provided to the end consumers in mixed state)

Biofuels’ transportation and finally

Consumption

Biofuels

Production Biofuels
Feedstock Distribution
eedstoc
Imports Biofuels
Resources p Imports
S E— : Biofuels
l Consumption
i > > —
lRaw/Materials l ﬂiofuels
Feedstock Biofuels
Exports Exports

Figure 1: The biofuels’ supply chain system

The development of the local market of biofuels, in the geographical area of a country has not any
constraint on the origin of the raw materials or end products. As it is illustrated in figure (1), in any
stage of the supply chain, there is the flexibility of importing the required quantities in case of not
been locally produced.

Accordingly, it is possible in any stage of the supply chain sub-products to be exported due to over
adequacy or economical profitability. The decision point, i.e. in which stage of the supply chain an
investor is going to step in, is a strategic decision for the development of biofuels’ market and it is
determined by multiple technical and financial parameters. In any case it does not pose the question
whether a country has the possibility in terms of financial and technical potentiality to become a
biofuels producer or not, or it has to import the required quantities. The parameters that are
compromised in this decision point implement firstly a techno-economical evaluation of the
integrated biofuels production activity and a rational and structured appraisal method of
different/alternative scenarios of decision making.

2. Life Cycle Analysis

A lot of discussion has recently been conducted concerning the overall benefits or disadvantages of
biofuels’ use, mainly compared to conventional-fossil fuels. To that effect, one of the tools that have
been employed is Life Cycle Analysis (LCA), i.e. an integrated evaluation of the advantages and
disadvantages of biofuels for their entire lifecycle.

However, it should be mentioned that the way LCA is defined and used, may result in different
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conclusions for exactly the same issue. Therefore, the objective of the current short notice is not to add
one more approach to the biofuels’ LCA bibliography, but rather to synthesize the main and most
characteristic aspects concerning the debate that takes place as well as to point out the future prospects
of this wondering.

Assigning a preliminary definition, according to the ISO 14040, in the general case LCA is a
“systematic set of procedures for compiling and examining the inputs and outputs of materials and
energy and the associated environmental impacts directly attributable to the functioning of a product
or service system throughout its life cycle”.

There are many indices describing the LCA aspects (net energy value, energy ratio), new theories
(ecological energy balance) and novel considerations (carbon debt of land conversion). It is not the
scope of the present work to review all these definitions; therefore in the table below only the basic
ones along with their attributes are provided (Table I):

Table I: Dimensionless LCA indices with their attributes

Attribute Index Explanation

Energy

i i 2]
Ratio (ER) Energy outputs/Fossil energy inputs'~.

Energy

Greenhouse gas emissions (including CO;, CH4, and
others) avoided using biofuels, related to the amount and
carbon intensity of the fossil fuel inputs needed to
produce the biofuel, as well as to what fossil fuel is
substituted by use of the biofuel®,

Proportion of GHG’s

Environment e .
emissions savings

Performance of end
Efficiency fuel (ratio and/ or
proportion)

The net fraction of motor fuel (gasoline/diesel) that could
be replaced with biofuell.

CO, EMS CO, EMS CO, EMS CO, EMS
SR

Raw Biofuels Biofuels Biofuels
Materials ¥ Production > Distribution — Consumption
LU FE FPW C02 FE ADS L FE L FE

LEGEND

-+ — - —=—p LU: Land Use (alternative uses)
—» FE: Fossil Energy
— L: Labor
------------ » FPW: Fertilizers, Pesticides, Water
C—— = CcO,
—»  EMS: Emissions-other environmental impacts
S »  ADS: Additional raw materials (enzymes, yeast, water)

Figure 2: The biofuels’ supply chain system from a LCA perspective

The basic LCA components of the biofuels’ supply chain are the followings (figure (2)):
1. Raw materials cultivation: use of fertilizers (N, P, K), pesticides, soil emissions from that activity,
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tractors energy consumption, emissions feedstock and also valorization of by-products

2. Biofuel processing: fossil energy and chemical consumption into the conversion processes (i.e.
extraction, drying, refining, esterification, fermentation)

3. Biofuels distribution: fossil fuel consumption

4. End use: exhaust emissions from biofuels usage either blended, or in pure state, substituting fossil
fuels

One should not miss in the above orientation to compromise the labor consumed (energy), as well as
the land alteration issue- post land usage and the water utilization parameter (critical in areas with
limited resources).

Thus, after the above contemplation one could point out the critical parameters affecting biofuels’ life
cycle assessment and the environmental impacts of each activity step (Tables I1,111).

Table I1: Parameters consideration into biofuels life cycle assessment

Parameters

Raw materials - feedstock type

Past land usage (forest, grassland or set- aside/ degraded land)

Climatic conditions (affects biomass availability & distribution)

Geographical location (associated with climate, temperature ranges, emission diffusion phenomena)

Technological process path followed and production patterns

The scale and mix of the technology (large or small)

Land availability (post land usage)

The usage / processing or not of by-products

The relative use of the end fuel either in mixed or in pure mode

The quality of the end fuel (relative to the vehicles efficiency determining the rate of exhaust
emissions from consumption

Table I11: Environmental effects/ impacts from each stage of the supply chain
Stage Environmental impact
Short — Medium term:
- Soil Erosion
- Nutrient Runoff
- Pesticide Runoff
- Land Use (Conversion)

Raw - GHG Emissions

materials - Biodiversity

[feedstock

cultivation Long term (mainly assigned to land’s characteristics):
-Acidification

-Depletion of abiotic resources
-Eutrophication

-Land degradation

-Ecological toxicity (soil, water)
- Air Pollution

s:,gguue cliion - Water PoI_Iu'gion

- GHG Emissions
Biofuels - Air Pollution
distribution - GHG Emissions
Biofuels - Displaced Air Pollution

consumption - Displaced GHG Emissions

It is believed that all this sudden and unforeseen debate on biofuels environmental performance and
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energy usage, assigning to them all the burden of food prices’ skyrocketing, can be fairly explained by
taking into consideration a nexus of factors with the most important being, the fallen world inventories
(of rice), the geographical specific population increase, the amelioration of standard of living, the
change of land use (industrial development) and/ or the profit seeking behavior of various actors.

Synopsizing one could say that Life Cycle Analyses might present biofuels as CO; beneficial, if not
accounting for the carbon sequestration sacrificed by diverting land from its existing usages, or
malignant if not utilizing and valorizing the derived by-products, or regarding bad farm practices. In
the absence of a global land use model, (in order to estimate the greenhouse gas effect of the land use
changes) multiple COz-equivalency factors can be per case assigned each one delivering a different
result (figure (3)). Therefore, some criticism must lay down on the relative interpretation of these life
cycles, before adopting them.

Energy ratio for bioethanol for selected feedstock

6,0

50+
40 + T
30 N

20 +
20 -k

0,0

Sugarbeet Lignocellulosic Cereals Corn

Figure 3: Energy ratios for selected bioethanol feedstock!®

3. Biofuels supply chain modeling issues

The main contribution of developing a mathematical model for biofuels’ supply chain optimization
is that it helps primarily in the formulation of decisions that need to be undertaken and secondly
selecting over different alternatives concerning the structure and operation of biofuels’ supply
chain such as:
= The extent of the cultivated land for specific raw materials
The produced quantities of each specific raw material selected that could be used, resulting the
corresponding area to be cultivated
The decision of creating production infrastructure with the corresponding investments for biofuels
production
Raw material quantities that could or should be imported
Biofuels quantities that should be produced from each selected raw material
Quantities and types of biofuels that should be imported

The proposed mathematical model is generic and attempts to simulate and optimise the performance of
the biofuels value chain under certain operational constraints. The model could be implemented
locally, for a certain area or a certain configuration of the supply chain (raw materials-biofuels
production-final consumption) or of a more extended range which presupposes the transportation of
raw materials or/and biofuels and the corresponding costs.

In the general case, the characteristics of the model are illustrated bellow:

Definition of the system
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Given:
= The geographical area under consideration
The time horizon for the problem solution
Optimization criterion
= Maximization of the total value (profit or gain) deriving from biofuels supply chain= total
profit (from biofuels, energy and the other co products)- Total Cost (from the raw materials
as well as biofuels production, transportation) or
* Maximization of the local added value or
= Minimization of the total biofuels production cost or
= Minimization of imported raw materials or
= Minimization of imported biofuels or
= Minimization of environmental impacts deriving from the production of biofuels

Constraints

« Raw materials production capacity (usage, availability, land suitability). Raw materials
production is totally depends on the land’s yield.

= Conversion of raw material into biofuels. The delivered quantity of biofuels for each raw
material is determined by the corresponding yield.

= Capacity of the biofuel production units. The delivered quantity of biofuels is determined by
the capacity of the each production plant.

= Satisfying the market demands. The required biofuels quantity will be satisfied either from
the inland production or from imports.

= The biofuels produced quantity that are not required for local consumption will be exported.

* The required and not domestically available raw material quantity for the production of
biofuels will be imported.
= Mass balances considering yields in the production units.

= If the domestically produced biofuels quantity does not satisfy local demand, the missing
guantity will be imported.

Problem parameters

= Soil’s efficiency for each selected raw material

= Available land (in terms of extent and capacity) for each selected raw material

= Development/ production cost for each selected raw material

= Biofuel cost in the production plant

* Efficiency of biofuels production for each selected raw material

* Raw materials transportation cost

= Biofuels transportation cost

= Environmental (measurable) impacts for each of the selected methods
Problem variables

« Raw material quantity locally cultivated

= Raw material quantity which is turned into every type of biofuels

= Imported raw material quantity

= Biofuel quantity produced in each production plant

= Imported quantity of each type of biofuel

= Raw materials transported quantity (which brings up the corresponding transportation cost)

= Biofuels or raw materials transported quantity

In the objective function, in the term of total cost, the produced and sold quantities of biofuels are
multiplied by the corresponding selling price. Therefore, in this way it is provided a possibility of
analysing and appraising differential biofuels pricing politics as well as incentive actions.

4.  Mathematical model development
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The model to be developed should reflect the major considerations and operational constraints of the
system, while, at the same time should not be extremely complex, in order to be easily solvable and
provide valuable results to the users. As it includes a series of different time scale problems, the model
could be used by different stakeholders and therefore be adjusted accordingly. In the present work a
general framework for the model is proposed that will be refined at a later stage.

Index Description
i raw materials

j Biofuels

t Time

H time horizon

Parameters

Name Description

A Maximum land available for raw material i (in m?)

g, Yield of land in raw material i (in tones of seed / m?)

b. Yield of raw material i for the production of biofuel j (in tones of raw material / tone of
! biofuel)

CAP,— Capacity for production of biofuel j

DRM, Demand for raw material i for the biofuels to be produced

DB, Demand for biofuels to satisfy needs and legislation

Cj Production cost for biofuel j locally produced (€/tn)

C}mp Cost of imported biofuel (€/tn)

CR. Cost of production of raw material (€/tn)

CRiimp Cost of imported raw material (€/tn)

PR® Price of exported raw material (€/tn)

pj Selling price of biofuel j locally produced and consumed (€/tn)

pjexp Selling price of biofuel j locally produced but exported (€/tn)
Variables

Name  Description

A Area being cultivated for raw material i (in m?)

X,

i Quantity of raw material i being locally cultivated in area A (in tn)

exp
Xi Quantity of raw material i that is exported (in tones, included in Xi )
xiimp Quantity of raw material i being imported for domestic production of biofuels (in tn)

YJ- Quantity of biofuel j being domestically produced (in tn)

exp
Yi

Quantity of biofuel j being exported (in tn)-(included in Y, )
inmp Quantity of biofuel j being imported to in order to satisfy demand (tn)

Other variables maybe considered at a later stage, such as:

Variables
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Description
W Binary variables indicating decision on production technology (it affects costs,
K:(1,0)  conversions, capacities etc)
For a certain time horizon H:

Raw materials requirement and production A e

A

' for each i
max

This set of constraints is written for each raw material i taken into consideration. The raw materials
that will be considered in each problem will be chosen at the beginning and will depend on the biofuel
to be produced (design variables).

Biofuels production Y, by X, X X

(for each ] . L . .
considered) the sum is taken over all raw materials i that produce biofuel j
Biofuels’ demand vy vy& yim DB.

satisfaction ! ! . !

This set of constraints is written for all biofuels j that will be considered in the problem. It is
emphasized that biofuels that will be considered in the problem are design variables and depend on the
problem to be solved.

Capacity limitations Y,- CAPJ- for each j

In case we consider the produced quantity of each plant rather than total, then the capacity constraint
should be taken separately for each plant.

Optimization criterion:

Max (value) or Total System Performance = max (Z(inflows) — Z(outflows))-
- other costs (transportation , environmental etc)
TR P S S
J Cijmp inmp C; Y,
CR, X, CR™ X™
i PR X®

max

The resulting optimization model is an Linear Programming or, in case binary decision variables are
included, a Mixed Linear Programming Problem optimization algorithms (GAMS, LINDO, etc.). The
most difficult and crucial step is how to find valid values for all the aforementioned parameters. An
indication of the values that are currently considered in the ongoing research being carried out are
provided in Table IV:

Table 1V: Illustration of indicative values for model-validation!®

Raw material & ei ) . .
Indicative values (tn/m?) bij (tn raw material / tn biofuel)
Rapeseed 3.5x10* 2.78
Sunflower 1.8x10™ 2.50

Wheat 6.3x10™ 3.58
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Sugar beet 69.0x10* 12.53

5. Conclusions

Trying to answer to the biofuels’ debate one could claim that there are two basic axes that should be
compromised in theirs environmental — economical- energy performance assessment. (a) Best
available practices for farming and production of (at least) fist generation biofuels and (b) Appropriate
modeling and parameters contemplation in the entire biofuels’ supply chain.

The implementation of the integrated biofuels supply chain model that has been developed in the
present work can help substantially the optimization of the supply chain’s operation in various issues,
such as the selection of the cultivation areas, the design of biofuels production units, the biofuels
quantities to be domestically produced and exported or imported, the pricing of the produced, exported
and imported quantities, and, in general to evaluate different production and consumption supply chain
configurations. In its progress the present research work will include the detailed quantification of the
problem parameters for specific problems and the running of the model, in order to identify
deficiencies and bottlenecks, as well as to reveal the main characteristics of these new complex supply
chains.

Furthermore, the model can be extended to include various other possibilities such as production
technologies selection, cultivation and production units sitting and structure of the distribution
network for specific cases.
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Abstract

According to the most recent European Commission proposal, the renewable energy share in the
European energy sector should reach 20% by the year 2020. Such a goal could be supported by the
concept of coupling renewable energy installations with energy storage or clean fuel production
systems (e.g. hydrogen) that will be able to exploit the maximum renewable energy produced. Such
systems overcome the technological barriers of the weak electrical networks and promise high quality
of electricity distribution. Additionally, the income loss of renewable energy investments (mainly
wind parks), owed to the curtailments of significant renewable energy production by the specific
electrical grids, may be remarkably ameliorated. An integrated algorithm, based on real renewable
energy curtailments data and being able to estimate the optimum size of a hydrogen production
installation cooperating with existing wind parks, is currently presented. The calculation results
indicate that the optimum size of a hydrogen production plant can match the wind energy
curtailments’ profile, thus significantly increasing the renewable energy absorption by the local
electrical grid and remarkably ameliorating the economic viability of the renewable energy
investments.

Keywords: Hybrid Systems; Hydrogen; Integrated Renewable Energy Systems

1. Introduction

According to the 2001/77 Directivel, Greece should cover -by the year 2010- 20.1% of its gross
electricity consumption by Renewable Energy Sources (RES). Meanwhile, a new proposal recently
published by the Commission!? revises the targets concerned with the RES contribution in the EU
total energy consumption, suggesting a share of 20% by the year 2020.

According to the most recent data (2005), the renewable energy sources’ contribution to the electricity
demand of Greece by a total of 10.7% is broken down to 2.1% of wind energy, 8.4% of hydro energy,
0.2% of biomass and less than 1% of solar energy. Given the fact that the most promising and
aggressively growing renewable energy source is wind energy (figure 1)®1™ more attention should be
given in order to ensure both the maximum penetration and the economic viability of wind energy
projects. Taking into consideration the installed capacity of wind turbines (890MW) and the
corresponding wind energy released to the electricity network (1,699GWh), the overall capacity factor
of wind energy in Greece, ranges between 22% and 23%.

On the other hand energy storage has become a mature technology, with great activity in the
corresponding research area. In order for the targets set by the EU to be fulfilled, the required
promotion of wind energy may be supported by the concept of coupling renewable energy installations
with energy storage or clean fuel production systems (e.g. hydrogen), able to exploit the maximum
renewable energy produced™. Such systems overcome the technological barriers of the weak electrical
networks and promise high quality of electricity distribution.

Additionally, since hydrogen has been produced for years in order to serve various industrial purposes,
a great experience in the field of hydrogen production may be noted. The idea of storing excessive
wind energy which cannot be absorbed by the local grid by producing hydrogen comprises a concept

Kavadias K.A., Zafirakis D.P., Rozakeas K., Kaldellis J.K., 2008, "Optimum Sizing of a Hydrogen Production
Installation Based on Renewable Energy Surplus”, X" World Renewable Energy Congress, July 2008, Glasgow-
Scotland, UK.
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that has been under investigation for a long time, however not yet implemented to such an extent. The
main advantage of the hydrogen is its mobility (it can be consumed elsewhere from the place that it is
produced), and the fact that it can be stored for long periods of time.

Time Evolution of Installed Wind Power
Capacity in Greece
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Figure 1: Time evolution of wind parks installation in Greece

Based on a developed algorithm, the aim of the proposed work is to estimate the optimum size of a
hydrogen production plant, used in order to absorb the renewable energy surplus deriving from the
existing wind parks of an autonomous electrical network. For this purpose, a three-year period hourly
data of wind energy curtailments, recorded from selected wind parks installed on the Island of Crete,
are currently used, while it is important to note that the proposed analysis may be equally well applied
to the entire island wind parks’ curtailments.

Using long-term energy curtailments data, the developed algorithm could be used in any existing
renewable energy installation that faces grid energy curtailments. Besides, in order to achieve
optimum sizing of the hydrogen production plant, all the operational factors of the commercial
electrolysis devices should be considered.

2. Problem Definition

In many Greek regions and more precisely in the Greek islands, although the local renewable potential
is often significantly high, the local autonomous electrical networks are unable to absorb the
renewable energy produced®. Other barriers against renewable energy penetration are caused mainly
by the significant gap between energy production and demand. This is particularly observed in the
case of wind energy and is due to the stochastic variability of the wind speed. As a result, significant
amounts of renewable energy are rejected by the local gridst®!,

In this context, apart from the unreliability concerned with the wind energy absorption, the deriving income
loss of renewable energy investments (mainly wind parks), owed to the curtailments of significant
renewable energy production by the specific electrical grids, should be remarkably ameliorated.

Besides, one shouldn't neglect the cost of electricity production®, mainly at the autonomous electrical
grids (e.g. Aegean Sea Islands), where in most cases the electricity production cost is even four times
the selling price. The Aegean Sea Islands have excellent wind potential®® but the weakness of the
electrical grid keeps the renewable energy penetration limits rather low. In such cases there are
significant quantities of energy which are not absorbed by the grid.

By storing the excess wind energy and use it in peak load demands, i.e. when there isn't any wind
available, the renewable energy penetration limits may be by-passed and the disturbance of the local
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grid's stability may be avoided. The use of the stored energy at peak demand can also ameliorate the
operation of the autonomous power stations and lower their operational cost.

3. Proposed Solution

In order to minimize the problem arising by the mismatch between demand and intermittent wind
energy production, the current work investigates the performance of a combined wind park installation
and a hydrogen production unit. According to the proposed solution, during low consumption periods,
excess wind energy can be used to produce hydrogen via electrolysis.

More precisely, the proposed configuration (figure 2) consists of an existing wind park, a water
purification unit in order to improve the quality of the water, a water storage tank to ensure that the
process has adequate water in storage in case the water system is interrupted, the electrolyte solution
(in alkaline systems) and the hydrogen generation unit. The latter consists of the electrolysis stack, the
gas purification module, the dryer and the heat removal system. In the proposed analysis, hydrogen
compression unit is not included as it is assumed that hydrogen is fed directly into a pipeline.

APS
Energy
Consumptlon

Wind Park
—_—
Water Feed Water

Purifier Storage Tank

N Hydrogen
HO Consumption

Hydrogen
Generation
Electrolyte
Solution

Figure 2: Integrated Wind-Hydrogen production installation

During the operation of the proposed Wind-Hydrogen energy production installation, the following
situations may appear:

a. The wind park's power surplus is higher or equal to the power capacity of the hydrogen production
unit. The hydrogen production unit absorbs only the power capacity that it needs, and the energy
surplus is transferred to low priority loads.

b. The wind park's power surplus is between the lower and maximum limit of the power capacity of
the hydrogen production unit. The hydrogen production unit absorbs the wind energy surplus.

c¢. The wind park’s power surplus is lower than the minimum power required for the operation of the
hydrogen production unit. The wind energy surplus is transferred to low priority loads.

4.  Sizing Methodology

The proposed analysis is based on real operational data from existing wind parks which are located on
the Island of Crete. According to authors' previous work®, the specific wind parks have faced
significant curtailments from the local grid (figure (3)).

The current work is targeting on defining the size of the hydrogen production unit which could be
installed on the island in order to absorb the wind energy excess. The optimum sizing solution is
estimated on the basis of maximum wind energy penetration and maximum economic efficiency.
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Figure 3: Excess wind power time variation

The quantity of hydrogen produced by the electrolysis depends on the available excess wind energy
and the performance of the electrolyzer. Thus, the quantity "H" of hydrogen produced is calculated by
equation (1):

H Sw 1)

where "Ey" is the available wind energy in kWh and "e" is the amount of energy needed for the
production of hydrogen (kWh/kg).

Note that as already mentioned, the operation limits of the hydrogen production installation
determining the final energy "Ex" exploited by the hydrogen unit have been taken into account.

For the estimation of the economic feasibility of the hydrogen installation, all the necessary economic
factors have been taken into consideration, (e.g. initial investment cost of the electrolysis, the annual
mean capital cost of the local market, the annual fixed maintenance and operating cost, the variable
maintenance and operating cost etc)

More precisely, the net present value "NPV" of the installation can be calculated by equation (2):

NPV R, R, Y, 1 IC, FC VC WC EC (2)

n

where "Ry" is the revenues from the hydrogen sales, "Ro" is the income from the sale of the produced
oxygen, "Y," is the residual value of the plant after "n" years of operation, "y" is the subsidy of the
initial cost "IC,", "FC" and "VC" are the corresponding fixed and variable maintenance and
operational costs, "WC" is the cost of the water volume required and "EC" is the cost of energy input

in case of purchasing the wind energy.

The internal rate of return (IRR) is the corresponding capital cost for which net present value equals to
zero.

5. Application Results

Three year wind energy curtailments were used by the developed algorithm in order to simulate the

operation of different sizes of hydrogen production plants. According to the available excess wind
energy, the electrolysis power varies between 1MW and 14MW (figure (4))
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Figure 4: 3-year excess wind power probability density
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Figure 5: Wind energy absorbance for different electrolysis units
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Figure 6: Wind energy absorbance deceleration

According to the results, there is a 10% possibility to obtain excess wind energy by the wind park,
which would be available for hydrogen production. The wind energy absorption by the hydrogen
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production unit could reach 90% for a 10MW electrolysis unit (figure (5)). Additionally, one may also
conclude that the absorbance of the wind energy surplus is gradually decelerated, see figure (6).

Considering the best size of the hydrogen production unit, based on the latter economic efficiency,
figure (7) presents the net present value variation for a 10 years’ period of plant operation. The best
NPV value is obtained for the 4AMW installation, i.e. when the net present value of the plant reaches
710,000Euro. Although it is a significant amount, it represents only 25% of the plant's initial cost. In
order to obtain positive values of net present value, the size of the electrolysis unit should be lower
than 9MW. In the case of the 4AMW plant, the absorbed wind energy is 57%.

Figure (8) presents the internal rate of return variation for the different electrolysis' sizes under
investigation. According to the results, the IRR value for the 4MW unit is approximately 13% while
the corresponding value for the L0MW unit is 5%. In order to achieve IRR values higher than 10%, the
hydrogen production unit should be up to 5SMW, i.e. the point that the obtainable wind energy surplus
absorption reaches the value of 70%.
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Figure 7: 10-year net present values for different installations
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Figure 8: 10-year internal rate of return values

6. Conclusions

According to the results obtained, the optimum size of a hydrogen production installation strongly
depends on the proportion as well as on the time-scattering of the renewable energy being rejected.
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Taking into account the minimum energy needs of the hydrogen plant along with the installation and
operational costs, there is a contradiction between the optimum size of the plant for maximum
renewable energy absorption and the optimum size of the plant for best economic performance. One of
the main parameters affecting the optimum solution is the hydrogen market price. In this context, in
order to give motivations to investors for investing on installations with maximum renewable energy
absorption, the cost difference between the two optimum size solutions may be subsidized for a
selected time period.

An integrated algorithm, based on real renewable energy curtailments data and being able to estimate
the optimum size of a hydrogen production installation cooperating with existing wind parks, is
currently presented. The calculation results indicate that the optimum size of a hydrogen production
plant can match the wind energy curtailments’ profile, thus significantly increasing the renewable
energy absorption by the local electrical grid and remarkably ameliorating the economic viability of
the renewable energy investments.

In view of the goals of the renewable energy penetration in the European energy network and the
uncertain future of the oil prices worldwide, such hybrid power stations, based on renewable energy
plants and environmental friendly hydrogen production installations, will progressively take on.
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Abstract

There is a continuously interest concerning the Biofuel implementation in Europe, mainly because of
environmental protection and energy supply reasons. In this context the European Union (EU) strongly
encourages the use of Biofuels through a number of Directives. The Directive 2003/30/EC of the EU
sets up the targets of biofuels on the EU transport fuel market setting the reference value to 5.75% of
all gasoline and diesel used in transport by the end of 2010. Amongst different biofuels pathways
available, biodiesel from agriculture derived feedstock appears to be the feasible, ready to market
option in Greece. The objective of the present work is to make a detailed analysis of a biodiesel
production plant design characteristics in Greece, considering that the raw materials will also be
locally produced. Furthermore, the feasibility of such a plant is evaluated and useful conclusions are
drawn in respect to the unit production cost and various other technical and economical parameters.

Keywords: Biodiesel; Greece; Production Units; Biodiesel Plant Design and Feasibility Analysis

1. Introduction

During the past three decades the need to establish national energy-self reliance and to develop
alternatives to limited fossil fuels resources have resulted in the development of alternative fuel
technologies based on the use of agriculture feedstock for the production of liquid biofuels. Biodiesel
continues to be the biofuel that EU prefers representing 81.5% of total biofuel production in EU for
the year 2005. The time evolution of biodiesel production in EU is shown in Figure 1.

In 2010 the EU-25 energy consumption for transport purposes is estimated to be around 390 Mtoel?.
Reaching the 2003/30/EC Directive target requires to bring around 22.4 Mtoe (5.75%) on biofuels.
With the current production of 3,184,000 tones of biodiesel, EU can not satisfy these needs. Therefore,
the two directions to be followed are: the increase of the domestic production within EU boundaries
and/or the biofuels imports from other countries!®!.

2. Biodiesel characteristics

Biodiesel is an alternative fuel for diesel engines that is produced by the chemical reaction of a
vegetable oil or animal fat with an alcohol such as methanol. The reaction requires the presence of a
catalyst, usually a strong base, such as sodium or potassium hydroxide, and produces new chemical
compounds called methyl-esters. It is these esters that have come to be known as biodiesel. The whole
process is known as transesterification®. Transesterification is considered today to be the most
efficient process to produce biodiesel®™, for several reasons including:

Low temperature (65° C) and pressure (20 psi) of the process,

High conversion (98 %) with minimal side reactions and reaction time,

Direct conversion to methyl ester with no intermediate steps,

No need of special construction materials

Skarlis Str., Kondili E., Kaldellis J.K., 2008, "Design and Feasibility Analysis of a new Biodiesel Plant in
Greece", SynEnergy Forum (S.E.F.) International Scientific Conference, May 2008, Spetses, Greece.
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3. Design analysis

3.1 Production process description

Biodiesel is the product obtained when a vegetable oil or animal fat is chemically reacted with an
alcohol to produce fatty acid alkyl esters. A catalyst such as sodium or potassium hydroxide is
required. Glycerol is produced as a co-product!®. The approximate proportions of the reaction are:
1000 Kg of oil + 110 Kg of methanol — 1000 Kg of biodiesel + 110 Kg of glycerol Catalyst usually
requires a quantity equal to 1.5% of the oil quantity. Based on several researches for each tonne of
biodiesel produced an average electrical energy input of approximately 60kWh is required. Biodiesel
production plant operation usually uses natural gas to generate process steam for the evaporation and
distillation processes. Normally, for each tonne of biodiesel produced an average natural gas supply of
approximately 440kWh is required. Water requirements of a biodiesel production plant include
process water, steam water and cooling water, approximately 1,28 tonnes of water for each tonne of
biodiesel produced. Finally modern biodiesel production plants should produce (by recycling and
reuse) no more of 2 tonnes of waste water for each tonne of biodiesel produced. The typical input-
output balance of biodiesel production through transesterification process is shown in Figure 2.
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Figure 2: Input-output balance of biodiesel production through transesterification process
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3.2 Capacity of the plant

The first decision point for the design of a production unit is its capacity. For the purpose of the plant,
i.e. whether it will cover only domestic needs or exports or both, as well as according to feasibility
considerations. For that reason it is necessary to take a look at the current status of biodiesel
production in Greece. In 2004, Greece submitted a very extensive and complete 1st national report
under Directive 2003/30. This 1st report estimated that 148,000 tonnes of biodiesel would be needed
to fulfil the 5.75% target by the end of 2010,

The distribution of biodiesel in Greece started in December 2005 when the first batches were
distributed to refineries by Hellenic Biopetroleum S.A. The blend of 2% biodiesel by volume in
automotive diesel has been distributed to all final consumers since February 2006 and continues to be
distributed smoothly. This percentage was raised to 3.5 % by volume (71,851 tonnes) by about the end
of 2006, and reach 5% (97,695 tonnes) in 2007, Currently 9 biodiesel plants with a total capacity of
440,000 tons/year are operational in Greece as set out in the Table 1119,

Table I: Biodiesel production plants in Greece!®

Company Annual Capacity (tonnes) Location
Ekkokistiria-klostiria Voreiou 20,000 Komotini
Paylos N.Pettas 60,000 Patra
Biodiesel LTD 20,000 Thessaloniki
VertOil SA 30,000 Kilkis
Agroinvest SA 200,000 Achladi
Staff Colour Energy 15,000 Larissa
ELVI 35,000 Kilkis
ELIN Biofuels SA 40,000 Volos
Vioenergeia Papantoniou SA 20,000 Chalkidiki
TOTAL 440,000

According to currently available data, a further eight biodiesel production units are at the initial stages
of design and construction: four with a capacity of 5,000 tonnes, two with a capacity of 11,000 tonnes,
one with a capacity of 22,000 tonnes and one with a capacity of 100,000 tonnes, (plant to start in the
end of 2007)P. Taking into consideration that the domestic biodiesel production is expected to reach
the 600,000 tons/year by the end of 2010 and that 148,000 tonnes of biodiesel would be needed to
fulfil the 5,75% target by the end of 2010, the existing biodiesel capacity would already allow Greece
to fulfil its 5,75% target by 2010. If running at full capacity, Greece could even export about 50% of
its domestic biodiesel. Another parameter that must be taken into consideration is that most of
biodiesel raw materials (70%) are imported by Greek producers (mostly rapeseed and soybean oils).
The remaining 30% is domestically produced: cotton-seed, sunflower and used cooking oilst%,

Summarizing all the above parameters, current domestic biodiesel production, national biodiesel
targets and raw material availability, one may clearly state that the construction of a new small-size
biodiesel production unit with an annual capacity of 4,000~5,000 tons will be a reasonable choice as it
will be able to cover a share of the domestic market needs, it will have availability for exports and its
raw material needs will be covered by the domestically produced raw materials. Furthermore the
selection of the above capacity for the purposes of the current study is convenient, since it results in a
moderate investment (small to medium scale), a reasonable and feasible operational cost (already it
needs about 2.7~3.5 million € for raw material and labour, as it will be analyzed below) and there is
equipment available in the market for this size of the plant. In our case study we choose the design and
cost analysis of a biodiesel production plant with an annual capacity of 4,000 tons.

3.3 Production cost analysis

The cost parameters of a biodiesel production plant can be split up into the annual biodiesel production
costs and the investment costs. As investment costs can be characterized the capital costs for the
purchasing of the production equipment, the land acquisition assets and the associated infrastructure
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labor costs. As annual biodiesel production costs can be characterized the production inputs/output
costs and the maintenance and operation costs.

Currently in Greece nine (9) biodiesel production plants are currently operating. The production
processes of these plants rely on a quite recent and efficient engineering technology, since most of
them are built quite recently, between 2006 and 2007. All of them use the transestererification
process for biodiesel production. Since this technology is now mature in Greece, it is believed that
a new biodiesel production unit must follow this process. Based on the aforementioned
requirements, the production inputs and outputs for a biodiesel production plant with an annual
capacity of 4,000 tonnes as well as the annual cost analysis of these inputs are presented in Table
I1. For the purpose of this study unit costs have been obtained from HBI & Oleoline.comlll and the
Invest in Greece Agency Organization(t2],

According to Table I, the crucial parameter that affects the production cost is the vegetable oil price.
The identification of the various cost components of the production of biofuels will help to find
optimal and practical promotion measures in order to increase the industry’s competitiveness and
expand its commercial availability. In addition to this, the cost analysis also helps producers to
identify areas that can be improved in order to obtain significant cost reductions.

Table Il: Biodiesel production inputs & outputs costs analysis

Production Inputs Annual Use Unitary Cost Annual Cost (€)
Vegetable Oils (tons/y) 4,000 500~700 E/ton 2,000,000~2,800,000
Methanol (tons/y) 440 ~ 410 E/ton 180,400
Catalyst (tonsly) 40 ~ 700 E/ton 28,000
Water (tonsly) 5,120 ~ 0.93 E/ton 4,760
Electricity (kWhly) 240,000 ~0.065 E/kWh 15,600
Natural Gas (KWhly) 1,760,000 ~0.044 E/kWh 77,400

2,306,200~3,106,200

Production Outputs

Glycerin ( tonsly) 440 ~120 E/ton 52,800
Waste water (tons/y) 8,000 ~1 E/ton 8,000
Biodiesel (tons/y) 4,000 2,262,200~3,061,400

3.4 Equipment cost analysis
A provision of the biodiesel production process is provided here. A simplified block flow diagram of
biodiesel production is shown below in Figure 3.
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Figure 3: Flow sheet for the production of biodiesel from vegetable oil
The design of a pilot biodiesel production unit consists of three processing sections:
1. A transesterification unit where the vegetable oil is subject to chemical transesterification in
order to produce fatty acid methyl esters (biodiesel) and co-product glycerol,
2. A biodiesel purification section where the methyl esters are refined to meet the biodiesel
specifications, and
3. A glycerol recovery section

The objective of this chapter is to discuss the principles behind the primary plant equipment that
would be used in a biodiesel production facility. A detailed analysis of reactors, storage tanks,
centrifuges, and distillation columns will be included. There will also be additional equipment in the
plant such as pumps, mixers, piping, heat and electricity distribution systems etc., since that account as
a percentage of the four major pre-mentioned categoriest*®l. The plant design is based on two sequential
transesterification reactions are modelled. Glycerol, a co-product of acylglycerol transesterification,
separates from the oil phase, the crude methyl ester stream is washed with water to neutralize the
catalyst and convert any soaps to free fatty acids. Centrifugation is then employed to separate the
biodiesel from the aqueous phase. The latter is cycled to the glycerol recovery section to be purified.
The crude, washed methyl ester product may contain several percent of water that is then removed in a
vacuum dryer4Its],

Based on production processes shown in Figure 3 and using current best values for equipment costs,
estimated equipment costs are presented in Table III.

Table 111: Equipment cost analysis of a 4,000ton/year biodiesel plant™®

Item Cost(€)
Working supply capacity

Vegetable oil storage tank 61812
Methanol storage tank 612
Catalyst storage tank 6120
Glycerin storage tank 6120
Water storage tank 78940
Biodiesel storage tank 61812
Total supply storage 215,416
Transesterification process

Methanol storage tank 265
Vegetable oil storage tank 2448
Catalyst storage tank 25
Crude Biodiesel storage tank 2448
Reactor #1 27000
Reactor #2 27000
Catalyst & methanol mixer 56000
Centrifuge #1 46800
Centrifuge #2 46800
Subtotal transesterification process 206,338
Methyl-ester purification process

Water storage tank 3060
Centrifuge #3 46800
Vacuum dryer 15290
Subtotal methyl-ester process 65,150

Glycerin recovery process
Glycerol — H20 storage tank 612
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Item Cost(€)
Centrifuge #4 46800
Crude glycerol distillation system 220000
Subtotal glycerin recovery process 267,412
Total process equipment 538,900
Utility equipment (15% of the total process equipment) 80,835
Total equipment cost 835,151
Installation and transport (100%of the total equipment cost) 835,151
Total cost 1,670,300

Details of the facility specification are available in!*®. The cost has been estimated according to a
variety of assumptions and calculations such as:

The budget for different plant sizes provided by manufactures

The choice of construction materials and equipment items

An average price of available domestic market options

Table Ill presents the most crucial equipment items cost. The estimated total capital cost was
approximately 1,670,300 €. One half of this was for the hardware, while the other half was based on
our assumption of a construction cost roughly equal to equipment cost. Of the equipment cost nearly
one half is for product storage tanks. These were modeled at a 25 day working supply capacity. It is
also assumed that utility equipment costs (cooling tower system, electrical and heat distribution
system, pumps, valves and piping) was at 15% of the total equipment costs and that the installation
and transport costs of the plant was equal at the 100% of the of the total equipment cost.

3.5 Land acquisition & infrastructure cost analysis

The criteria for a good biodiesel plant site encompass many factors such as feedstock proximity, good
road and rail access and access to required utilities such as electricity, natural gas and water supply.
The proximity of feedstock is a crucial component of the site evaluation and feasibility for the
biodiesel plant. Thus the site selection is chosen to be near agricultural areas where the appropriate
vegetable oils for the production of biodiesel are available. Another parameter that cannot be ignored
is that most of the domestically used biodiesel raw materials (70%) are imported by Greek producers
(mostly rapeseed and soybean oils). In the plant discussion most of the raw material would need to be
imported if no alternatives to the necessary plant feedstock may be supplied by neighbouring
countries, under the condition that transport costs remain low.

Regions that fulfil these criteria are Macedonia and Thrace, according to values that were obtained
from Invest in Greece Agency Organization™, the land acquisition cost in these selected areas is
priced between 10,000~35,000 €/1,000m?. The land requirements for plants with a capacity of
4000tons/year is estimated to consist of 5,000~7,000m?, including the production facilities, electricity,
natural gas and waste water facilities, a tank yard allowing raw materials and products storage, offices
facilities, highway access and loading/unloading facilities and the prospect of a future plant capacity
expansion™, Working capital, construction and site preparation costs, building construction costs, site
preparation costs, and permits/misc. are estimated to be equal at 100% of the land acquisition cost.
The analysis of the land acquisition and infrastructure analysis is shown on Table V.

Table IV: Land requirement costs of a 4,000ton/year biodiesel producing plant

Category Cost(€)
Land acquisition 50,000~245,000
Other costs (100% of the land acquisition cost) 100,000~490,00
Total cost 150,000~735,000

3.6 Maintenance and operation cost analysis
A 4,000ton/year biodiesel plant is estimated to require 20 employees, the exact number of employees
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can vary depending upon the plant design and operating plan. The area within 50km of the site should
be easily able to supply the labour for the biodiesel plant operations, specialty positions such as the
plant manager or lab supervisor may have to be recruited from greater distances, Table V below
presents a proposal concerning the personnel requirements of the plant.

The plant is expected to operate at three shifts per day for 330days per year, according to Invest in
Greece Agency™. The average monthly labor cost in the industrial sector in Greece is estimated to be
almost 1,100€/month.The maintenance cost of the plant is assumed to be equal t010% of the total
equipment cost. Table VI presents the maintenance and operation cost of the plant.

Table V: Personnel requirements for the 4,000ton/year biodiesel plant
Employees Number
Administration/Management personnel
Plant manager 1
Quiality control manager
Administrative assistant
Production personnel
Lab technician
Shift team leader
Shift operators
Yard/commaodities personnel
Maintenance personnel
Maintenance worker
Electrician
Instrument technician
Raw material & storage personnel
Total number of employees 20

[y

[y
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Table VI: M&O cost analysis of a 4,000ton/year biodiesel plant

Category Cost(€)
Employee annual labour 286,000
Maintenance cost (10% of the total equipment cost) 167,030
Total Maintenance and Operational Cost 453,000

3.7 Summary of the costs

The total cost parameters analysis of a new biodiesel production plant, including annual biodiesel
production cost and investment cost are shown in Table VII. The analysis calculated a final biodiesel
production cost of 0.598~0.773€/It. These values are consistent with the results of other analyses of
the cost of biodiesel production from vegetable oils®/EIEIL,

Raw materials costs constitute the greatest component of overall production costs (84~88%), and of
those the cost of the vegetable oil feedstock is the largest contributing factor, almost 75~80% of the
overall production cost. These values are consistent with the results of other vegetable oil biodiesel
production cost analyses!®4,

Table VII: Total cost analysis of a of a 4,000ton/year biodiesel producing plant

Category Cost (€)

Annual biodiesel production cost

Production inputs & output costs 2,262,200~3,061,400
Maintenance & Operation cost 453,000

Total annual biodiesel production cost 2,715,200~3,514,400
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Category Cost (€)

Biodiesel production cost/ kg 0.679~0.879
Biodiesel production cost/ It 0.598~0.773
Investment cost

Equipment cost 1,670,300

Land acquisition & infrastructure labour cost 150,000~735,000
Total investment cost 1,820,300~2,405,300

The large contribution of feedstock cost to the cost of biodiesel highlight the potential value of low
cost vegetable oil alternatives to the improvement of the biodiesel plant economic viability. Income
from the sale of the glycerol co-product resulted in an estimated 1.5~1.9% reduction in production
cost. As biodiesel production volumes increase in the future it is expected that the concomitant
increase in glycerol supplies will reduce its market value. Concerning the investment cost the
analysis resulted in a final investment cost of 455,000~602,000/1000t of capacity. Equipment cost
constitutes a 69~92% of the total investment cost, of these the cost of storage tanks is the biggest
contributing factor, itself constituting a 42% of the overall equipment cost. These were modelled at
a 25 day working supply capacity. In the choice of construction materials the most average
economical of available options were chosen. Thus for example the storage tanks were specified to
be constructed of stainless steel, the selection of carbon steel storage tanks which are costing less
would have had a significance impact on the investment cost. Substantial savings would be
achieved from reducing the storage capacity, as in the case plant sitting next to a vegetable oil
extraction site or accepting smaller inventory holding capabilities. It should be noted that the total
investment cost has been found similar to several other design studiest*®l.

4.  Feasibility Analysis

The feasibility analysis of the investment is based on two different scenarios:

1. A low cost value scenario, where as parameters were chosen the minimum costs of investment
and annual operation, and

2. A high cost value scenario, where as parameters were chosen the maximum costs of investment
and annual operation.

The life cycle of the investment was chosen to be 20 years and the method we used for the evaluation
was the Net Present Value Method (NPV) with a discount rate of 8%.It was assumed that each five
operational years of the plant, there will be a 5% increase in the production costs as well as in the
biodiesel selling price. The biodiesel selling prices calculated in the feasibility analysis were 0.638€/It
in the low cost value scenario and 0.839€/1t in the high cost value scenario during the first year of the
plant operation. These prices occurred taking into consideration the annual biodiesel production cost
for the two different scenarios (high and low biodiesel production cost). Various values have been
given to biodiesel selling prices, in order to investigate the behavior of NPV. Certainly only the ones
resulting to NPV>0 have been kept and one is shown below. In all scenarios, it was estimated that the
project will start to give a net profit after the first 8 operational years. The whole set of the scenarios
parameters and the results of the analysis are presented in Table V111, and Figures 4 and 5 below.

Table VIII: Feasibility analysis of the project (*an increase of 5% every five years has been assumed)

Costs/Revenues Low cost value scenario High cost value scenario
Investment Cost 1,820,300 € 2,405,300 €
M&O Cost* 453,000 € 453,000 €
Production Cost* 2,226,200 € 3,061,400 €
Annual Cost* 2,679,200 € 3,514,400 €
Biodiesel Price* 0.638 € 0.839 €
Annual Biodiesel Production* 4,545,454 1t 4,545,454 1t

Revenues* 2,900,000 € 3,813,636 €
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Discount rate 8% 8%
NPV 428,893€ 638,325 €
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Figure 4: Low cost scenario cash flow analysis
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Figure 5: High cost scenario cash flow analysis

5. Conclusions

The present work has led to some interesting results concerning the prospects of a small scale
(4,000tons/year) biodiesel production unit in Greece. In conclusion, one may state that the feasibility
and the financial efficiency of the project depend on two main parameters: the raw materials cost and
the biodiesel selling price. More specifically:
The life cycle of the project has been chosen to be 20 years and the method we used for the
evaluation was the Net Present Value Method (NPV) with a discount rate of 8%. It was assumed
that each five operational years of the plant, there will be a 5% increase in the production costs as
well as in the biodiesel selling price.
The investment cost for the construction of a small size biodiesel production unit was estimated to
be 455,000~602,000/1000t of capacity. Facility construction costs were calculated to be
1.82~2.40million€.
Equipment cost constitutes a 69~92% of the total investment cost. The storage tanks cost is the
biggest contributing factor (42% of the overall equipment cost).
The analysis resulted in a final biodiesel production cost of 0.558~0.773 €/It.
Raw materials costs constitute the greatest component of overall production costs (84~88%) and
the cost of the vegetable oil feedstock contributes almost 75~80% in the overall production cost.
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The biodiesel selling prices calculated in the feasibility analysis were 0.638€/It in the low cost
value scenario and 0.839€/It in the high cost value scenario during the first year of the plant
operation. Various values have been assigned to biodiesel selling prices, in order to investigate the
behavior of NPV

Any reduction effort in the total investment cost should focus on the equipment cost and
especially in the storage tanks

The large contribution of feedstock cost to the cost of biodiesel highlights the importance of low
cost raw materials in improving the economic viability of the project.

When reviewing the design and feasibility analysis of biodiesel production plant, it quickly becomes
apparent that it is difficult to standardise the total investment and production cost, since its main
characteristics (feedstocks, final products, the equipment items cost, land acquisition) are subject to
market price fluctuations. Also, the cost of conventional diesel fuel, which is directly related to the
price of crude oil, is subject to similar fluctuations, creating uncertainty in targets for biodiesel
production cost/selling price. For this reason, the authors highlight the most costly parameters in a
proposed production plant, allowing the cost reduction efforts to focus where they might have the
greatest impact improving the economic viability of the project.
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