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TECHNO-ECONOMIC COMPARISON OF ENERGY STORAGE SYSTEMSFOR
ISLAND AUTONOMOUSELECTRICAL NETWORKS

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

Abstract

The oil dependent electricity generation situation met in the Aegean Archipelago Islands is in great
deal determined by increased rates of fuel consumption and anal ogous electricity production costs, this
being also the case for other island autonomous electrical networks worldwide. Meanwhile, the
contribution of renewable energy sources (RES) in the constant increase recorded in both the Aegean
islands annual electricity generation and the corresponding peak load demand is very limited. To
compensate the unfavourable situation encountered, the implementation of energy storage systems
(ESS) that can both utilize the excess/rejected energy produced from RES plants and improve the
operation of existing thermal power units is recommended. In the present study, a techno-economic
comparison of various RES-ESS configurations supported by the supplementary or back-up use of
existing thermal units is undertaken. From the results obtained, the shift of direction from the existing
oil-dependent status to a RES-based alternative in collaboration with certain storage technologies
entails -apart from the clear environmental benefits- financial advantages as well.

Keywords: Techno-Economic Comparison; Electricity Generation; Energy Storage; Autonomous
Electrical Network; Renewable Energy Sources

Nomenclature

C1 Specific input energy cost (€/kWh)

Ce Specific energy storage system'’s capacity cost (€/kWh)

CF Capacity factor of the under study electrical network

Gt Specific energy cost of fuel used (€/kWh)

CFs<  Capacity factor of the energy storage system

Co Present electricity generation cost of the energy storage system (€/kWh)
Cp Specific energy storage system’s power cost (€/kW)

Cs Total cost of the energy storage system (in present values)

do Energy autonomy period of the energy storage system (hours)

DOD,. Maximum permitted depth of discharge of the energy storage system
EC Cost of input energy utilized to charge the energy storage system (€)
Eqir Energy demand covered directly by the existing power stations (kWh)
En Average hourly load of the electrical network under study per annum (kW)
Ex Energy storage capacity of the energy storage system (kWh)

Esor  Energy demand covered directly by the energy storage system (kWh)
Eiot Annual energy demand of the local electricity network (kWh)

FC« Fixed M&O cost of the energy storage system (£€)

Ok Mean annual change of cost for major partsto be replaced

i Capital cost of the local market

IC« Initiad investment cost of the energy storage system (€)

Ko Major parts to be replaced during the system’ s service period

k-th  Major components of the energy storage system

Ik Times of replacement for major parts being replaced (integer number)
m Fraction of annual M& O cost to the total initial investment

n Y ears of operation for the proposed configuration (years)

Kaldellis J.K., Zafirakis D., Kavadias K.A., 2007, "Techno-Economic Comparison of Energy Sorage Systems
of Island Autonomous Electrical Networks', Renewable and Sustainable Energy Reviews, on-line available
(03/12/2007) in www.sciencedirect.com.
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Nin Maximum input power of the energy storage system (kW)

Nk Lifetime of energy storage system’s major parts to be replaced

N, Rated power of the existing power stations (kW)

Np Annua peak load demand of the local electricity network (kW)

Ne Nominal output power of the energy storage system (kW)

Nee Service period of the energy storage system (years)

re Replacement cost coefficient for major parts to be replaced

SF Safety factor for the under study electrical network

VCs  Non dimensional variable maintenance cost of the energy storage system
VCs Variable maintenance cost of the energy storage system (€)

X1 Mean annual escalation rate of the input energy price

X2 Mean annual M& O cost inflation rate

X3 Mean annual escalation rate of fuel input price

X4 Mean annual escalation rate of electricity price

Greek Letters

Y Ratio of State subsidy to the total investment cost

Aty,  Chargetimefor the energy storage system (hours)

€ Energy demand ratio covered directly by the energy storage system
C Peak load demand ratio covered by the energy storage system

Mo Power efficiency of the energy storage system
Nes Energy transformation efficiency of the energy storage system (round-trip)
Pk Mean annual change of technological improvement for major components

~

Un Non-dimensional residual value of the energy storage system (in present values)

Yn Residual value of the energy storage system (€)

1. I ntroduction

The several scattered Aegean Archipelago islands being favored by rather appreciable wind and solar
potential™ encouraging the implementation of RES-based electrification solutions, are in great deal
described by heavy oil and diesel electricity generation features that determine the former electricity
supply status. More specificaly, the increased fuel consumption leading to analogous electricity
production costs and environmental pollution® along with the special characteristics attributed to such
small autonomous electrical grids, i.e. serious barriers set to a respectable RES penetration®;, well
demonstrate the situation existing in the specific area. Meanwhile, energy storage systems (ESS) are
predominantly determined by their suitability in cases of significant energy demand variation in the
course of time as well as in cases that the energy generation cannot be thoroughly controlled, e.g. in
the wind energy production and the photovoltaic electricity generation. The phenomenon of a variable
eectricity load demand is more intense in small autonomous electrical networks, such as those
encountered in thirty-six (36) of the Greek Aegean islands comprising autonomous electrical grids,
figure (1). As aready mentioned, the electricity generation cost in these specific isands is remarkably
high¥l, figure (2), therefore allowing for a competitive advantage to appear in respect of the wind and
solar energy exploitation.

As amatter of fact, if aso considering the respectable wind and solar potential of the area, (figure (3))
the installation of wind farms and photovoltaic power stations, both implying an appreciable energy
yield, becomes techno-economically feasible. However, the instability of the existing electrical grids
and the requirement for complete control over the quality of the electrical energy provision, set some
serious obstacles in the dynamic exploitation of RES in autonomous electrical networks, this leading
to the introduction of an upper limit of instantaneous RES contribution equal to a pre-described
percentage (e.g. 30%) of the corresponding electricity demand. The specific constraints along with the
intense seasonal electricity demand variation encountered in the islands have up to now resulted in a
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maximum 10% of RES annual participation in the local electrical energy balance, thus bounding
further RES utilization and also insisting on the imported oil-dependent thermal power stations
solution for the security of supply with significant macroeconomic and environmental costs entailed.
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Figure 1: Daily electricity consumption variation in representative
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Figure 2: Time-evolution of electricity production cost of
selected big Aegean Archipelago islands

To confront the problem described, severa authors have every so often proposed aternative supply
concepts such as water-pumping solutions, hydrogen storage, battery schemes and hybrid
systems eI | the present study, an effort is realized to systematically investigate the possibility
of utilizing appropriate energy storage systems leading to both increased RES power stations presence
and optimum operation of existing thermal power stations. As a result, reduced el ectricity generation
costs and abundant high quality provision of electrical energy with minimum environmental impacts
are to be expected.

In this context, an integrated methodology of techno-economical evaluation for the existing
commercialy-established and potentialy applicable to the Greek islands electrical networks ESS is
presented. Accordingly, the proposed methodology is applied to representative case studies in order
for the results obtained to be compared with the already existing solutions.



6 Kaldellis J.K. et al on-line available 03/12/2007
www.sciencedirect.com

1450 - 1499
1400 - 1449
<1399

Biomass potential Geothermal potential Solar potential
(tn)

. 1200.10 3 A High enthalpy fields ZONE| kWh/m 2
' 800.10 2-1200.10 2 W Low enthalpy fields A > 1650

B 1600 - 1649
@ 50010 >-500.10 ° * Geothermal springs S | 1ss0- 1m0
@ 300.10 2-500.10 2 E

F

G

@® <300.10 °

Figure 3: RES potential in the Aegean Archipelago region

2. Problem Presentation-Proposed Solution

Currently, the electricity balance status is determined by the operation of oil-based thermal power
stations -most of them being outmoded- and by minimum or even zero RES contribution, mostly
deriving from wind farms. Considering the above, the increase of RES contribution, the installation of
one or more energy storage systems, and the use of thermal power stations only as supplementary or
back-up units, are strongly recommended (e.g. the island of Kythnos®). For this purpose, a
demarcation between the islands featured by appreciable wind potential and the islands favored by
respectable solar potential suggests the maximum possible exploitation of wind energy in the first case
(and PV stations as the case may be) and the corresponding solar in the second, with the latter mainly
encountered in the smaller-scale islands.

The proposed operation principle of a respective electrical scheme (figure (4)) supports the prior
exploitation of RES in collaboration with state of the art internal combustion engines set to operate in
the range of minimum specific fuel consumption (maximum efficiency), while the ESS adopted is
used to meet the satisfaction of power quality issues. In case of energy surplus, the excess amounts of
energy are used to charge the ESS. When increased load demand and low RES production rates
appear, the energy content of the ESSis used and if necessary, the programmed control of the thermal
power stations calls for the back-up enginesto set out.

The main points configuring the proposed solution are following:
» The extent of the thermal power units' utilization is principally dependent on the rated power of

the existing RES stations and secondarily on the dynamics (capacity, input and output power) of
the ESS employed.
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» The existing thermal units being used for much less time leads to the extension of their service
period and the reduction of maintenance needs, therefore prolonging the replacement requirements
and constraining the environmental and macroeconomic effects.

» When asked to set out, the existing thermal power units should operate with regards to their
operational characteristics and remain at al times close to the optimum point of operation
(reduced cost and wear).

» Theincreased and prioritized contribution of RES combined with the respectable wind and solar
potential of the area, further ameliorates the already (scale economies-no cut-outs) high economic
efficiency of the specific technologies.

» The reatively high procurement cost of energy storage systems, thoroughly compensated if also
considering the extremely high operational cost of the existing autonomous power stations (APS)
(figure (2)), eventually turns out to considerable pay offs and gains.

I&&&

|mlm]|
3
R CONTROL . '
> PANEL >
A 4
-0
. w & 1 g IHH"lnlnlnllﬂl-u-
RES ENERGY z> 1 159 ELECTRICITY
PRODUCTION ® CONSUMPTION

ENERGY STORAGE
SYSTEM

Figure 4: Typical Energy Storage System Configuration

3. Analysisof Existing Situation-Selection of ESS

From the analysis of recently published (2005) official energy consumption data (figure (5)), it
becomes clear that the operational area of existing APS ranges between 300MWh and 300,000MWh
per year. Correspondingly, the peak 1oad demand ranges from 100kW to 100MW. More explicitly, the
existing electricity networks may be classified into four main groups based on the annual energy
consumption and the corresponding peak |oad demand (see also Tablel).
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Table |: Aegean islands classification in terms of peak |oad demand!”

Category Peak L oad Electricity Islands
(Scale) Demand Production
(MW) (MWh)
Agathonissi, Agios Efstratios,
Very Small <1 MW <2 MWh Anafi, Antikithira, Donoussa,
Erikousses, Megisti, Othoni
Amorgos, Astipalea, Kithnos,
Small <SMW <15 Mwh Samothrace, Serifos, Simi, Skiros
Andros, lkaria, 1os, Karpathos,
, Milos, Patmos, Andros, Lemnos,
Medium <3 MW <100 Mwh Mikonos, Santorini, Siros, Sifnos,
Samos
. Chios, Kos-Kalimnos, Lesvos,
Big > 40 MW >100 MWh Paros, Rhodes

» The first of the groups (Group 1) includes 8 tiny islands with a population of less than 200
habitants, peak load demand up to 600kW (in any case less than IMW) and annua energy
production up to 2MWHh.

» The second group (Group 1) comprises of 7 relatively small scale islands with an annual energy
production up to 15MWh (class of 10MWh=10x1MWh) and peak load demand up to 5SMW
(10x500kW).

» The third group (Group II1) includes 13 medium sized isands with an annual energy production
up to 100MWh (100x1MWh) and a corresponding load demand up to 35MW.

» Finaly, the last group (Group V) involves all the big scale islands of the Aegean Archipelagos
(apart from Crete) with an installed electrical power over 40MW and an energy production that

exceeds 100MWh per year.
Annual Energy Production vs. Peak Load,
Aegean Sea Islands, 2005
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Figure 5: Main operational characteristics of Greek Islands APS (2005)

Moreover, since the presence of thermal power stations should be considered as de facto even in the
case of an increased RES contribution, a rationalized upper limit regarding the autonomy of the ESSis
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set equal to 24hours. Consequently, the requirements of an ESS may be determined by a maximum
autonomy of 24 hours (likely time periods of 6-12hours) and load demand from 0.1MW to 100MW
maximum. Given the presence of the APS, the load demand share to be covered by the ESS should not
lead to the purchase of a system greater than 10MW rated power (maximum 20MW), this
irrationalizing the system’ s utilization.
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Figure 6: Energy Storage Systems Applications' Range (based on material by ESA),
Presenting the Autonomy Period and the Power Covered by Each Specific Energy
Storage System

In figure (6) one may encounter the application ranges of the currently established ESS, based on the
available literature data. Regarding the area of interest (power demands from 100kW to 20MW and
autonomy periods from 2h to 24h) the proposed systems currently investigated are the following:

L ead-Acid Batteries (100kW-10MW)
Na-S Batteries (100kW-10MW)

Fuel Cells (100kW-10MW)

Flow Batteries (100kW-10MW)
Li-ion Batteries (100kW-1MW)
Pumped Hydro (IMW-100MW)
CAES (IMW-100MW)

Flywheels (=100kW)

VVVVVVYY

From the present energy analysis the systems of Super Capacitors (SC) and Superconducting Magnetic
Energy Storage (SMES), both referring to power quality applications mostly®*Y are excluded.
Moreover, adthough efforts to face the serious environmental impacts caused by the use of Ni-Cd
batteries (owed to the cadmium deposition) have been encountered*?, an established method is not yet
developed, hence the latter will not be considered as well. Accordingly, the main features for each of
the technol ogies examined are pointed out with emphasis laid on their application range.

4.  Brief Description of Energy Storage Systems

As already mentioned, several ESS may be used to cover the electricity demand problems of humerous
remote islands of Aegean Archipelago in collaboration with the existing APS and RES-based power
stations (mainly wind parks and photovoltaic generators). For application purposes one should, for
every ESS, define several operational parameters of every system, like the corresponding service
period "ng', the maximum permitted depth of discharge "DOD_" for long-term operation, the total
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(round-trip) energy efficiency "ns", the efficiency of the power output branch "n,", the initial cost
"IC,", the annual maintenance and operation coefficient "m" and the power range in which every
system can be utilized.

4.1 Pumped Hydro Storage (PHS)

In a pumped hydro storage system, the energy surplus appearing in times of low demand and increased
production (e.g. from existing wind parks or PV stations) is exploited to pump water into an elevated
(upper) storage reservaoir, figure (7). Accordingly, during peak demand periods, water is released from
the upper reservoir and the hydro turbines of the installation operate to "feed" the connected electrical
generators. Thus, the system is able to cover the existing power deficit by using the appropriate
amount of energy previously stored. Moreover, PHS systems are able of taking up load in few seconds
and are well defined by high rates of extracted energy.

Upper Reservoir
(hy)

APS

Energy
* Consumption
i )
/
— - /L\Nind Park |

Lower Reservoir (h,)

Water
Pump
Station

Reversible
Hydraulic
Machines

Figure 7: Pumped Hydro Storage

The typical overall efficiency of such systems mostly ranges between 65% and 77%!*¥, while their
maximum depth of discharge is up to 95% without affecting their considerable (up to 50 years) service
period. Since the lack of suitable sites is a fact, the main drawback for the creation of a new PHS
system is the high capital cost, directly related to the need for the creation of two reservoirs with a
respectable elevation difference. Towards this direction, open sed™ along with underground
caverns™ may also serve as lower reservoirs as well. The environmental impact caused during
the construction works and operation on the surroundings is also a matter to concern™™. Finaly, in
terms of specific investment cost, alarger project seems more attractive™”, hence installations of rated
power lessthan IMW (lIsland Group-I) will not be analyzed here.

4.2 Compressed Air Energy Storage (CAEYS)

The CAES cycle is a variation of a standard gas turbine generation cycle. Hence, in a compressed air
energy storage system, figure (8), off-peak or excess power from RES-based applications is used to
pressurize air into an appropriate air storage facility (e.g. underground cavern) via a compressor.
During times of peak demand, the required amount of air to cover the consumers load is released
from the cavern and supplied to a gas turbine where expansion takes place. Electricity is then
generated from the directly connected electric generator. Before being expanded, the amount of
preheated air (in the recuperator) is sufficiently heated in the combustion chamber of the installation,
figure (8). CAES, like PHS, demands favourable sites and geological formations suitable for
underground storage. The storage media most commonly used are rock caverns, depleted gas fields,
saline aquifers and salt caverngd ™,

The benefit arising from the operation of a CAES system lies on the fact that the stages of
compression and generation are separated from one another. Consequently, what seems to be as much
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as 60% to 70% of fuel consumption for the compressor to be driven in atypical gas turbine generation
cycle is not the case for a CAES cycle. In conclusion, in a CAES system, the entire power of the gas
turbine is available to the consumption, however important fuel consumption is necessary. In fact,
during a charging/discharging cycle, approximately one kWh of generated electricity requires about
0.75 kWh of compression energy and 4,500 kJ of fuel™. This required amount of fuel is the main
subject of controversy over the unconditional acceptance of such systems.

Energy

\ Consumpti on

Wind Park

Ezxhaust

Compressor

Recuperator

Storage
Cavern

Energy
Production Unit

Fuel

Figure 8: Compressed Air Energy Storage

Due to the distinctive features given by the use of gas in a conventional CAES, the efficiency rate of
the system can be expressed in different ways. Excluding the gas role and based only on the efficiency
of expansion and compression, an overall electricity efficiency rate that can be directly compared to
other storage technologies is around 70%*”. It is important to consider that the viability of such
systems is well dependent on the storage media. Assuming an aready existing cavern is utilized,
additional benefits concerning environmental impacts should also be appreciated. In terms of
capacity range, if taking into consideration that the rated power of the existing CAES installations are
higher than 100MW, CAES is thought to be the only, up to now, reliable alternative option for PHS. In
this context, CAES are not thought as an appropriate solution for small scale applications like the ones
corresponding to the Island Group-1 of Tablel.

4.3 Flywheds Energy Storage (FES)

In aflywheel energy storage system®?%¥, figure (9), kinetic energy is stored by causing a disk or rotor
to spin on its axis. The amount of energy stored in a flywheel is directly proportional to the rotor's
mass moment of inertia and the sguare of its rotational speed. When short-term back-up power is
required the flywheel takes advantage of the rotor's inertia and the kinetic energy previously stored is
converted into electricity. A modern flywheel consists of a rotating mass (a rim attached to a shaft)
supported by bearings and connected to a motor/generator. During the motor operation, electrical
energy is provided to the stator and the produced torgque increases the kinetic energy of the rotor.
During discharge, the system operates in the opposite way.

To minimize air drag and bearing losses, the flywheel along with the motor/generator must be placed
inside a vacuum chamber so as to avoid deceleration effects caused by air. Concerning the friction
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losses, the bearings currently suggested to use for the latter minimization are the active magnetic, the
passive magnetic, and the superconducting magnetic bearingg®?4.

Flywheel &
Motor/Generator

Figure 9: Flywheel Storage System

Some of the key features describing the flywheels naturé® are the high power and energy density,
the relatively low maintenance needs (consider that a flywheel consists of kinetic components), the
rather short recharging time, the friendly characteristics towards environment, the deep discharges and
the high overall efficiency value (~85%). The losses during standby operation are not higher than 2%
of the flywheel’s rated power. In any case, one cannot find flywheels applications for rated power
higher than some hundreds of kW, while their potential operational period is kept within a maximum
of few hours. For this reason flywheel system should used only for the very small islands of Group-I.

4.4 Battery Energy Storage (BES)
Batteries are the most popular storage system. As far as their application range is concerned, battery
energy storage systems show almost no restrictions. The technologies currently examined are the
"mature” lead-acid along with the advanced sodium-sulphur and lithium-ion batteries, lately beginning
to commercialize. In fact Li-ion systems may be used only for the very small islands of Group-I, i.e.
maximum power rate less than 500kW.

Battery
Bank

aurce

4

Figure 10: Battery Storage System
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The components of a BES system (figure (10)) are the string of batteries, the power conversion system
and the control system. The factors that mostly affect the operation of a battery system are the depth of
discharge, the temperature of operation, the number of cellsin series, the discharge-charge control and
the periodic maintenance. The main advantage of the technology is the absence of kinetic parts,
implying the reduction of the operation and maintenance cost.

In brief, lead-acid batteries are defined as a mature technology with known performance
characteristics and a reliable market background®?1?], The low self discharge value, the proven
standby capability and the low maintenance requirements are some of the main advantages. On the
other hand, the low energy density, the limited service period, the environmentally unfriendly content
and the recommended low depth of discharge are the drawbacks of the particular technology™®.

Subsequently, Na-S batteries demonstrate increased energy densities, both gravimetric and volumetric
in comparison with the lead-acid ones®. Due to the existence of beta alumina (it has zero electron
conductivity) there is no self discharge phenomenon. In addition, the energy efficiency of such
batteries is kept quite high and may reach a value of 85%. At the same time the cost is thought to be
low, the maintenance needs appear insignificant, and the service period is very satisfying. However,
the use of Na-S may not be able to satisfy certain systems’ requirements as the need to maintain the
temperature high levels (320-360 °C) sets a serious obstacle.

Finally, the main advantages of lithium-ion technology are the high energy density with a potential for
yet higher capacities, the high efficiency value (~95%), and the respectable lifetime combined with
deep discharges®. Additional advantages include the low self discharge rate, the low maintenance
needed, and the ability for the provision of very high currents®. The limitations set at present are the
required protection circuits to maintain voltage and current within safety limits, the technology not yet
sufficiently developed and the high cost for the batteries’ manufacture.

45 Flow Batteries (FB)

Flow batteries, also known as redox flow cells, constitute a relatively new technology. The energy is
stored and released by means of a reversible chemical reaction. The charging and discharging stages
introduce the conversion from electrical to chemical energy, and vice versa. The main characteristic of
these systems is that the energy and power ratings are independent from one another. The storage
capacity exclusively depends on the quantity of the electrolytes used, while the power rating is
determined by the active area of the cell stack.

Figure 11: Flow Battery Storage System
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The flow battery system, depicted in figure (11), is formed by a number of electrochemical cells, each
one having two compartments (one for each electrolyte) being separated by an ion-exchange
membrane. The two electrolytes are pumped from the tanks, through the cell stack and across a
membrane. When passing through the membrane, the one electrolyte is oxidized and the other is
reduced, producing current available to the external circuit. The employed pumps, necessary to
circulate the electrolytes, bring some parasitic losses but at the same time contribute in keeping the
system temperature at desired level. An extra concern is the use of aggressive chemical solutions.

As aready mentioned, the energy capacity of these systems depends on the size of the electrolytic
tanks. Apparently, by increasing the quantities of electrolytes used, may lead to the service of large
energy storage applications, in a scale where only PHS and CAES are occupied. The present
technologies, presented in Table 11*¥, are principally defined by the electrolyte couples currently used.

Table |1: Capacity range of the three flow batteries technol ogies”

Technology Representative Projected Capacity
Systems
Vanadium Redox 250 kW,520 kWh 50 kW, 500 kWh to 5 MW, 20MWh
1.5MW, 1.5 MWh 50-100 MW upper range, 500 MW
feasible
Na polysulphide/ Na 12-15 MW, 120 MWh 5-50 MW, 100-250 MWh, 500 MW
Bromide feasible
Zinc/Bromine 50 kW, 500 kWh 300-600 kW, 300-1,000 kWh
module modular arrays
200 kw, 400 kWh 4-5 MW, 4-10 MWh upper range
trailer

(no practical limit)

46 Fuel Céls(FC)

! Fuel Cell

Storage
Tank

Electrolysis

Compressor

"

Figure 12: Hydrogen Storage System

Fuel cells consist (figure (12)) of two electrodes surrounding an electrolyte. Oxygen passes over one
electrode and hydrogen over the other, generating electricity, water and heat. In principle, a fuel cell
operates like a battery. However, afuel cell does not require recharging; aslong as fuel is supplied to
the cell, eectricity is produced. Thus, the restrictions opposed on the storage capacity are only
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determined by the fuel tank size. The energy that a fuel cell produces is directly depended on the fuel
cell type, the operation temperature, and the catayst used to improve the chemical reaction’s
performance. There are several types of fuel cells that are commonly used. The main disadvantage of
this technology is the overal efficiency rate, which by including the hydrogen storage procedure is
estimated to be around 30-40%. The losses are detected during the electrolysis for the hydrogen to be
produced, during the phase of storage, and finally during the generation procedure viathe fuel cell.

The different types of fuel cells are able of covering a broad range of applications®. For example, for
stationary applications where higher power demand along with high efficiency values are required the
most suitable types are the MCFC and the SOFC. Additional beneficia characteristics of hydrogen
based storage systems are the high energy density of hydrogen (33 kWh/kg) and the well separated
stages of storage and production.

5.  Energy Storage System Sizing

The problem to be solved concerns an autonomous electrical network, which for a given time period

(e.g. one year) presents total electricity consumption "E", peak load demand equal to "N,", while the
rated power of the existing power stationsis"N,". For safety reasons:

N, =N, @
or introducing an appropriate safety factor "SF* one may write:

N, =N, -1+ SF) (2
In this context the capacity factor "CF" of the autonomous electrical system is defined as:

Etot Etot Eh

F- - -
8760-N, 8760-N,-(1+SF) N, -(1+SF) )
where:
=
E, — o 4
" 8760 )

isthe average hourly load of the electrical network under investigation.

During the present analysis we assume that the total energy demand is covered either directly by the
existing power stations "Eg," (thermal power stations, wind parks, photovoltaic generators, etc.) or via
the energy storage system "Eqo". In order to describe the contribution of the storage system to the total
energy consumption we define the parameter "¢" as:

o= Estor — 1_& (5)
E.o B

since:

Etot = Edir + Estor (6)

Asit 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
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two extreme values, a contribution range determined by the existing power units principle features
(including photovoltaics and wind turbines) dictates the potential use of the ESS on an annual basis.

In any case the ESS under evaluation is characterized by the energy storage capacity "Eg"', the
maximum input power "N;," and the nominal output power "Ng' of the entire energy storage
subsystem. More precisely, the energy storage capacity may be estimated by the following relation:

Ess:df’(&ji' = =€-(d0-Eh)i. L (7)
8760 ). DOD, 7. DOD,

where one should take into account the desired hours of energy autonomy "d,", the maximum depth of
discharge "DOD_" and the energy transformation (round-trip) efficiency of the ESS "ns'".

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

N =§‘&=§.Eh i 1
= Mo CF n, 1+3

€S
where "(" is the peak power percentage of the local network that the energy storage branch should
cover, see also equation (3).

Accordingly, the input power "Ni," of the ESS depends on the available power excess of the existing

electricity generation units and the desired charge time "Aty," of the installation, since the following
relation may be used as afirst estimation:

Aty =~ —= 9)

Finally, the utilization (or capacity) factor "CFs" of the ESSis given as:

E & &
so ¢ Eq ~Z.CF .y, (1+ F) (10)

CF, = ~ -
8760-N_ 8760-N_ ¢

6.  Electricity Generation Cost

The total investment cost (after -n years of operation) of an energy storage installation!®* is a
combination of the initial installation cost and the corresponding maintenance and operation cost, both
quantities expressed in present values. In this context, the initial cost "ICs" of an ESS can be
expressed as a function of two coefficients. The first "c." (€/kWh) related to the storage capacity and
the type of the system, and the second "c,," (€/kW) referring to the power conversion system’s nominal
power (i.e. inverter, hydro-turbine, gas-turbine etc.) and the type of the storage system. In this analysis
one implicitly assumes that the input power of the system is of the same order to the corresponding
output power of the ESS (or the charge and the discharge time period are comparable), hence one may
use the following relation:

Cody-e | ¢ 1
ns-DOD,  CF'n, 1+

ICs=C.-Eg+C,-Ng=E;- (11)
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In order to obtain afirst idea of the numerical values of the above mentioned parameters (i.e. DOD,,
Nss Nps Ce, Cp) ONE May use the data of Table 111, based on the available information in the international
literaturd 1207 |, the same Table I11 , the service period "ng" and the corresponding annual M& O
factor "m" are also included. Asit is obvious from Table I11, a wide range of vaues have been found
for most energy storage systems under investigation.

Tablel11: Major Characteristics of the Energy Storage Systems Examined!®*FaIE7138)

Storage Service DoD Power Energy Specific Specific M&O
System Period (%) Efficiency Efficiency Energy Power m(%)
Ns Mo (%) 1s(%) Cost Cost
(years) Ce Co
(€/kWh) (€/kW)

P.H.S. 30+50 95 85 65+75 10+20 500+1500 0.25+0.5
CAES 20+40 55+70 80+85 70+80 3+5 300+600 0.3+1
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 3001000 0.5+1
Lead Acid 58 6070 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

Subsequently, in addition to the initial investment cost one should also take into consideration the
input energy cost "EC", i.e. the cost of energy supplied to the storage system in order to be able to
provide the amount of energy expected (e-Ewa). Since the amount of energy needed to charge the
storage system is expressed as (&-Eqa/nss), the corresponding input energy cost for atime period of "n"
years (in present values) can be expressed as:

j=n j j=n J
ECS = Estor 'Cl'Z((l-i_ Xl)) —=c- Etotal 'Cl'Z((l-i_ Xl)j —c. Etotal .C,- Xl (12)
7755 =1 (1+ I) n$ =1 (1+ I) nss

where "c;" is the specific input energy cost value and "x;" is the mean annual escalation rate of the
input energy price, while "i" isthe capital cost of the local market.

Accordingly, the M&O cost can be split into the fixed maintenance cost "FCs"' and the variable one
"VCs«'. Expressing the annual fixed M&O cost as a fraction "m" (see Table IlI) of the initial capital
invested and assuming an annual increase of this cost equal to "x,", the present value of "FCg" isgiven as.

FC_=IC mlz (€2.9] j—IC m-X (13)
ss ss = (1+|) - ss 2

The distinctive nature of a CAES principle operation imposes the need for the fuel factor to be aso
included™. In fact, a typical CAES requires a considerable fuel input in the combustion chamber of
the installation'*”, see also section 4.2. In this context, equation (13) is rewritten in order to include the
fuel input contribution as following:

j=n j=n

e, m S (@D o ) () e mex, v (6B
FC$_|C$ m ;( (1+|) J +Cf (Eslor) g( (1+|) j _Ics m X2+Cf (8 Etotal) X3 (14)

The "¢ coefficient derives by combining the specific energy cost of the fuel used with the amount of
fuel needed per kWh produced via the gas turbine incorporated (e.g. 4500kJkWh). Besides, "X3"
expresses the mean annual escalation rate of fuel input pricein case of CAES.

The variable maintenance and operation cost mainly depends on the replacement of "k," major parts of
the installation, which have a shorter lifetime "n," than the complete installation "ng"'. Using the



18 Kaldellis J.K. et al on-line available 03/12/2007
www.sciencedirect.com

symbol "r" for the replacement cost coefficient of each one of the "k," major parts of the installation,
the "V Cg" term can be expressed as:

k=1 1=0

VC, = |css.k2k°rk.{§((l+ %kl)fil)_pk)) k}— IC, VCs (15)

with "l" being the integer part of the following equation (16), i.e.

n-1
lk:|:n } (16)
k

while "g¢" and "py" describe the mean annual change of the price and the corresponding level of
technological improvements for the "k-th" major component of the energy storage installation.

Recapitulating, the total cost ascribed to the storage system installation and operation after "n" years
(in present values) may be estimated using equation (17).

C.=IC,-1-y)+EC,+FC_+VC =

Css = IC$'{(1_7)+m'X2+VCnn}+(8'Etotal)'{Cl'X1+Cf 'XS}_(]_Yn-)n (17)
+1

where "y" is the subsidy percentage by the Greek State and "Y " is the residual value of the ESS after
n-years of operation in current values. For simplicity reasons one may define as "v," the non-
dimensional value of "Y " in present values, i.e.:

Y, /1C,
" @)

v (18)

Finally, one may express the present value of the electricity generation (€/kWh) of the ESS 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 expected produced electricity price
escalation rate "x,". Therefore the corresponding electricity generation cost is given as.

° j=n I g E, - X 1
E. 'Z((l-i- )(-4)] ot * N4 (29
=\ (1+1)
Substituting equations (12), (14), (15), (17) and (18) into equation (19) we get that:
G [17m><__]&icx_ 20
e Eql Xy Xo Xy X)) ng X, Xy

Using equations (4) and (11) one may estimate theratio "I Cf/(e-Eio)" as follows:

Ic, 1 { cd, G ¢ 1 } -

e-E, 8760 |n.-DOD, CF-n & 1+SF

tot



on-line available 03/12/2007 Kaldellis J.K. et al 19
www.sciencedirect.com

At this point it is important to define the terms "X;" appearing in the above equations. Note that all
these parameters are depending exclusively on the corresponding economic parameters of the local
market, thus one may write:

S (@ex))
X‘_;[(m)J =i )

Recapitulating, one may state that an energy storage investment is financialy attractive if the energy
production cost vaue of equation (20) is less than the energy production cost of the existing
autonomous (thermal) power stations, see for example figure (2). Furthermore, one should also take
into consideration 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.

7.  Application Results

The above mentioned analysis is going to be applied to representative autonomous island networks
existing in the Aegean Archipelago, figure (3). In order to facilitate the in depth analysis of the
electricity generation opportunities for the available ESS, as aready mentioned, one may divide the
existing power stations in four subgroups on the basis of their peak load demand, see also Table I.
More precisaly, the first group includes very small islands, with rated power less than IMW. In this
category one may find the tiny islands of Agios Efstratios, Donoussa, Megisti etc. On the other hand,
the last group includes the existing big APS, with rated power higher than 40MW, like the ones of
Rhodes, Lesvos, Kos-Kalimnos etc.

Accordingly, one should aso define representative long-term average values concerning the
parameters "x;" and "i" for the local market. More precisely, the capital cost "i" depends mainly on the
investment opportunities, the timing of repayment and the risk of the investment. Subsequently, the
term "electricity price escalation rate", describing the terms "x;" and "x," takes into consideration the
annual rate of change of the input and the produced el ectricity respectively. In generd, the exact value
of these parameter depends on various factors (e.g. euro-dollar exchange rate, nature of the
conventional energy to be replaced, the policy of the electrica utilities towards RES-ESS
configurations). Next, the M&O cost inflation rate "x," describes the annual change (increase) of the
M& O cogt, taking into accounts the annual changes of labor cost and the corresponding spare parts.
Finally, the term "x3" expresses the mean annual escalation rate of fuel input price and isvalid only for
CAES. In fact, taking into consideration the long-term records and the expected prospects of the local
market™ we assume that x;=x,=3%, X,=3%, Xs=5% and i=8%.

7.1 Very Small Electrical Networks

As mentioned above the first group examined consists of eight very small isdlands, which can be
represented by a typical electrical network with average annua electricity consumption equal to
900MWh, and corresponding peak load demand equal to 300kW. Note that the current electricity
production cost on the basis of the existing small thermal power stations is almost 0.65€/kWh with an
average annual increase rate of over 10%. Using equation (4) the average hourly load of these islands
is approximately 100kWh/h, hence for every hour of energy autonomy provided by the ESS the energy
amount required is equal to (100-€) kWh. In figure (1) one may see the typical hourly load demand of
several islands, on annual basis.

Due to the small size of the isands examined some ESS may not be appropriate, e.g. PHS, CAES, to be
adopted in similar situations. On the other hand, ESS used mainly for power quality purposes or for
short term applications like flywheels and Li-ion batteries have been included mainly for comparison
purposes. Assuming 50% annual contribution of the ESS (e=50%) and 12 hours of energy autonomy of
the system (d,=12h) and {=1.0 the electricity generation cost of the system (c;=0.1€/kWh) is less than
0.22€/kWh, excluding the fuel cells solution, figure (13). In fact, for several ESS systems the life cycle
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(LC) cost isless than 0.20€/kWh, in comparison to the current electricity generation cost of 0.65€/kWh.
According to the caculation results Na-S batteries and the Flywheel option present the minimum LC
cost, i.e. 0.175€/kWh, while even the lead-acid batteries utilization shows an acceptable value of
0.222€/kWh. By doubling the desired energy autonomy of the system (i.e. d,=24h) a remarkable
production cost increase is encountered, hence the minimum LC value (0.215€/kWh) is achieved by the
utilization either Na-S batteries or Flow Batteries (Regenesys). All the other ESS present a significant
cost increase, while the Flywheels cannot technically support such high energy autonomy values.

ESS Economic Evaluation (LCA) for e=50% Annual Contribution
and 0.1€/kWh Input Energy Cost, Very Small Islands

W do=12 hours
0,35
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Figure 13: Electricity Production Cost for Very Small Islands
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Figure 14: Relative Electricity Production Cost variation for Very Small Islands

Besides the relative electricity production cost values are remarkably decreased (figure (14)) as the
ESS participation increases from 20% to 60%. The faster cost reduction is observed for the fuel cells,
while the Na-S system shows that is slightly affected by the "¢" increase. Asit is easy to understand
values of "¢" higher than 60% are not realistic and are included here only for theoretical comparison
purposes.

7.2 Small Electrical Networks
The second group includes another seven islands with average annual electricity consumption of
approximately 10,000MWh and peak load demand equal to 3300kW. The corresponding current
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electricity production cost is 0.27€/kWh with an annual average increase rate of 8%. Most islands
possess high wind potential and abundant solar irradiance, hence one may encourage the RES
exploitation in order to cover the local societies electricity demand. At this point one should mention
that the average hourly load of the islands under investigation is approximately 1.2MWh/h, thus for
every hour of energy autonomy the corresponding ESS should provide (1200-€) kWh. In figure (1) the
annual mean typical hourly load demand is depicted. According to the official data there are two peak
load demand values, one during noontime and the other at night.

Due to the size of the islands examined some ESS -previously used- may not be appropriate, e.g. Li-
ion batteries and Flywheels, while other systems like PHS and CAES may be applied in similar
situations. Assuming 50% annual contribution of the ESS (¢=50%) and 12 hours of energy autonomy
of the system (d,=12h) and {=1.0 the energy production cost of the system (c;=0.1€/kWh) is less than
0.19€/kWh, excluding the lead-acid and fuel cells solution, figure (15).

ESS Economic Evaluation (LCA) for e=50% Annual Contribution
and 0.1€/kWh Input Energy Cost, Small Islands

0,35 B do=12 hours
0,3 - B do=24 hours
0,25
0,2 1

0,15

0,1 1

0,05 1

Specific Energy Storage Cost cs (€/kWh)

CAES Regenesys Fuel Cells Lead Acid

Figure 15: Electricity Production Cost for Small Islands

In fact, the minimum life cycle electricity generation cost is expected for PHS (i.e. 0.167€/kWh). In
islands where this solution is not possible due to topographical restrictions the Na-S batteries and the
Flow Batteries (Regeneys) option present also alow cost alternative, i.e. 0.172€/kWh and 0.189€/kWh
respectively. By doubling the desired energy autonomy of the system (i.e. d,=24h) a remarkable
production cost increase is encountered, for most ESS, excluding PHS and CAES. In this scenario the
minimum LC value (0.168€/kWh) is achieved by the PHS, while the second alternative should be
based on CAES (0.190€/kWh). Note that the CAES cost is strongly influenced by the input fuel cost,
hence any change in this value (¢=0.034€/kWh) is going to affect the calculated electricity cost value.
Finally, one should underline the fact that the energy production cost value on the basis of ESSis quite
lower than the marginal production cost of the existing thermal power stations.

7.3 Medium Size Electrical Networks

The third island group contains another thirteen medium size islands with average annual consumption
of 50,000MWh and peak load demand equal to 10MW. The corresponding current electricity
production cost is 0.195€/kWh with an annual average increase rate of 6%. Due to their geographical
location most islands possess high wind potential (wind parks exist in all these islands) and abundant
solar irradiance. In this context, the average hourly load of the islands under investigation is
approximately 6.0MWHh/h, thus for every hour of energy autonomy the corresponding ESS should
provide (6000-g) kWh.
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Assuming 50% annual contribution of the ESS (¢=50%) and 12 hours of energy autonomy of the
system (d,=12h) and (=1.0 the energy production cost of the system (c;=0.1€/kWh) is less than
0.19€/kWh, excluding the lead-acid and fuel cells solution, figure (16).

ESS Economic Evaluation (LCA) for e=50% Annual Contribution
and 0.1€/kWh Input Energy Cost, Medium-Sized Islands
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Figure 16: Electricity Production Cost for Medium-Sized |slands

In fact, the minimum life cycle electricity generation cost is expected for PHS (i.e. 0.162€/kWh). In
islands where this solution is not possible due to topographical restrictions the Na-S batteries, CAES
and the Flow Batteries (Regeneys) option present also a low cost aternative, i.e. 0.170€/kWh,
0.187€/kWh and 0.186€/kWh respectively. By doubling the desired energy autonomy period of the
system (i.e. d,=24h) a remarkable production cost increase is encountered, for most ESS, excluding
PHS and CAES. In this scenario the minimum LC value (0.163€/kWh) is achieved by the PHS, while
the second alternative should be based on CAES (0.187€/kWh). Note that CAES and PHS seem
amost unaffected by the energy autonomy increase of the system, while the ESS based on any type of
batteries is significantly increased. Fuel cells also are not influenced by the energy autonomy increase
of the local network, however their electricity generation cost remains high at the present.

7.4 Bigldand Electrical Networks

The last case analyzed concerns the five biggest islands of Aegean Archipelago with annual electricity
consumption of approximately 200,000MWh and peak load demand in the proximity of 50MW. The
corresponding current electricity production cost is approximately 0.10€/kWh with an annual average
increase rate of 5%. Due to their size all the islands possess locations with high wind speed (wind
parks exist in al these isdlands), while the corresponding solar irradiance is also considerable. In this
context, the average hourly load of the islands under investigation is approximately 22.0MWh/h, thus
for every hour of energy autonomy the corresponding ESS should provide (22,000-¢) kWh. In this
context, ESS based on batteries may not be technically feasible, however the corresponding
calculation results are included here for theoretical comparison purposes.

Assuming 40% annual contribution for the ESS (¢=40%) and 12 hours of energy autonomy for the
system (d,=12h) and {=1.0 the energy production cost of the system (c,=0.05€/kWh) is less than
0.10€/kWh, excluding the CAES and fuel cells solution, figure (17). In fact, the minimum life cycle
electricity generation cost is expected for Flow Batteries and PHS (i.e. 0.095€/kWh). Both Na-S and
Lead-acid batteries present lower cost values, however one has not used similar systems for so large
applications.
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ESS Economic Evaluation (LCA) for e250% Annual Contribution
and 0.05€/kWh Input Energy Cost, Big Islands
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Figure 17: Electricity Production Cost for Big Islands

By doubling the desired energy autonomy of the system (i.e. d,=24h) a remarkable production cost
increase is encountered, for most ESS, excluding PHS and CAES. In this scenario the minimum LC
value (0.098€/kWh) is achieved by the PHS, while the second aternative should be based on CAES
(0.2124€/kWh). All other systems present electricity generation values definitely higher than the
marginal production cost of the existing thermal power stations. As already mentioned the CAES
production cost value strongly depends on the fuel cost value.

8. Conclusions

In the present study, an integrated methodology developed is able to estimate the electricity generation
cost ascribed to the implementation of various RES-ESS configurations on the basis of minimum
energy dependence on local thermal power stations. For this purpose, one should take into account the
corresponding schemes' sizing parameters as well as the eectricity features of the network each time
examined. In order to designate optimum combinations between the electricity network magnitude and
ESS technologies, the proposed methodology is applied to four Aegean island-groups resulting from
the variation in the rates of peak load demand and electricity consumption.

From the results obtained, it becomes evident that for the majority of RES-ESS configurations the
resulting electricity generation cost is lower than the corresponding of the local APS, especially in the
case of small and very small size islands. More specifically, it is the Na-S batteries that may be
thought as suitable for very small island cases, while PHS comprise the optimum solution for big size
islands. Lead acid batteries mature technology may also be considered as an option for big scale
islands, however suitable only for moderate autonomy periods.

Regarding the small and medium sized islands PHS appear to be slightly better than Na-S batteries for
a given autonomy period of 12 hours, while they present a clear advantage in the case of 24 hours.
Concerning CAES -largely dependent on the fuel cost factor- the specific system’s adoption may be
thought as an aternative only in medium and big scale islands and for large autonomy periods
required.

Finally, fuel cells and flow batteries, positively influenced by the increased ESS participation in the
local island network, may suggest promising future solutions since the corresponding technologies
costs are up to now higher than of other, more traditional systems investigated.
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From the analysis undertaken it results that the proposed RES-ESS configuration comprises a
financially viable electrification solution, also contributing to the production of reliable and high
quality electricity. Hence, one may conclude that the prospect of further RES exploitation in the local
island networks using an appropriate ESS along with the parallel reduction of the electricity generation
cost and the abatement of environmental impacts is a realizable scenario, not jeopardizing the quality
of energy provided.
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OPTIMUM ENERGY STORAGE TECHNIQUES FOR THE IMPROVEMENT OF
RES-BASED ELECTRICITY GENERATION ECONOMIC EFFICIENCY

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

Abstract

The high wind and solar potential aong with the extremely high electricity production cost met in the
majority of Greek Aegean islands comprising autonomous electrical networks, imply the urgency for
new renewable energy sources (RES) investments. To by-pass the electrical grid stability constraints
arising from an extensive RES utilization, the adaptation of an appropriate energy storage system is
essential. In the present analysis, the cost effect of introducing selected storage technologies in alarge
variety of autonomous electrical grids so as to ensure higher levels of RES penetration, in particular
wind and solar, is examined in detail. A systematic parametrical analysis concerning the effect of the
energy storage systems' main parameters on the economic behaviour of the entire installation is also
included. According to the results obtained, a properly sized RES-based electricity generation station
in collaboration with the appropriate energy storage equipment is a promising solution for the energy
demand problems of numerous autonomous electrical networks existing worldwide, at the same time
suggesting a clean energy generation alternative and contributing to the diminution of the important
environmental problems resulting from the operation of thermal power stations.

Keywords: Electricity Generation; Energy Storage; Autonomous Electrical Network; Renewable
Energy Sources; Electricity Production Cost

Nomenclature

Ce Specific energy storage system’s capacity cost (€/kWh)

Gt Specific equivalent energy cost of fuel used (€/kWh)

Cp Specific energy storage system’s power cost (€/kW)

Cw Specific input energy cost (€/kWh)

do Energy autonomy of the energy storage system (hours)

e Electricity price escalation rate

DOD_. Maximum permitted depth of discharge of the energy storage system
EC., Cost of input energy utilized to charge the energy storage devices (€)
Eqir Energy demand covered directly by the existing power stations (kWh)
& Mean annual escalation rate of fuel price

Es Energy storage capacity of the energy storage system (kWh)

Epot Annual energy demand of the local electricity network (kWh)

FC<  Fixed M&O cost of the energy storage system (€)

Ok Mean annual change of cost for mgjor parts to be replaced

Os Annual fixed M& O cost inflation rate

i Capital cost of the local market

ICh Future value of the initial investment cost (€)

ICs Initial investment cost of the energy storage system (€)

Ko Major parts to be replaced during the system’ s service period

I Times of replacement for major parts being replaced (integer number)
m M& O cost coefficient

n Y ears of operation for the proposed configuration (years)

Nk Lifetime of energy storage system’s major components

Kaldellis J.K., Zafirakis D., 2007, "Optimum Energy Storage Techniques for the Improvement of Renewable
Energy Sources-Based Electricity Generation Economic Efficiency", Energy Journal, Vol.32(12), pp.2295-2305.



28 Kaldellis J.K., Zafirakis D. Energy, 32(12), 2295-2305

N, Annual peak load demand of the local electrical network (kW)
N Nominal power of the energy storage system (kW)
Nee Service period of the energy storage system (years)

re Replacement cost coefficient for the major parts to be replaced

VCs  Variable maintenance cost of the energy storage system (€)

w Mean annual escalation rate of the input energy price

Greek Letters

Y State subsidy percentage to the total investment cost

€ Energy demand ratio covered directly by the energy storage system

C Peak load demand ratio covered by the energy storage system

Mo Power efficiency of the energy storage system

Nes Energy transformation efficiency (round-trip) of the energy storage system
Pk Mean annual change of technological improvement for the major system components
1. Introduction

The ongoing electricity consumption increase to be satisfied along with the environmental protection
to be considered, have long since imposed the need for the renewable energy sources (RES)
application™. In this context, the compliance with the targets set by the EU'?™ and adopted by each
member state, also calls for further RES technologies' promotion. Besides, strong incentives supported
by attractive pricing regarding the purchase cost of certain RES technologies’ energy yield by the local
grid -such as in the case of the recent law enactment in Greecel- suggest the revival of the investing
interest. If also taking into account the high wind and solar potential met in the majority of Greek
Aegean islands along with the extremely high electricity production cost of the existing thermal power
stations™, additional reasons for the RES substantial adoption are evident.

On the other hand, the variable or even stochastic wind energy production causing side-effects that
affect the smooth operation of an electrical network!®” -especially in the case of isolated grids such as
autonomous island networks- presents some inability to thoroughly conform to the local electricity
demand. Similarly, the "de facto" restricted generation of a photovoltaic unit, depending on the solar
irradiance during daytime, aso underlines the necessity for the treatment of the current electricity
production status. A number of studies addressing the importance of further RES exploitation in the
particular featured island grids are encountered®¥. However, wind energy (and most RES)
applications have been treated for a long time period as simple fossil fuel saving installations. This
strategy not only underestimates the capabilities of RES-based hybrid power stations (e.g. to provide
firm capacity) but aso limits their contribution in the weak autonomous (island) networks to single
digit figures. In fact, there are several examples where a remarkable wind energy production cannot be
absorbed by the local autonomous network due to the mismatch between the electricity production and
the corresponding load demand. The outcome of this incapability is the significant financial loss of the
wind parks owners, hindering the further exploitation of the local renewable potential.

In order to confront the variable or even stochastic behaviour of the renewable energy sources often
not being able to meet the electricity grid’s needs, the adaptation of an appropriate energy storage
system (ESS) is thought to be essential, figure (1). The beneficial character describing the energy
storage systems' implementation as ancillary units is further supported by the improvement of already
existing power units operational features and the avoidance of new ones installation. On the other
hand, storage technologies are faced with controversies mainly referring to the high initial cost rates,
the additional transformation losses and the noteworthy environmental impacts, largely depending on
the correlation between the type of technology used and the site selected™.

Generally speaking, an energy storage system, when sized properly, can match a highly variable
power production to a generally variable and hardly predictable system demand, remarkably limiting
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the Zne]rgy production cost and improving the operational behaviour of the local system thermal power
units .
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Figure 1: Typica Energy Storage System Configuration

In the present anaysis, the cost effect of introducing certain storage techniques for the greater
penetration of renewable energy technologies (specifically wind and solar) in either a small or alarge
scale autonomous electrical grid, is comprehensively examined. On top of this, a systematic
parametrical analysis concerning the impact of the main energy storage system parameters on the
economic behaviour of the entire installation is aso included.

Closing, one should not disregard the alternative solution recently revived and regarding either the
islands’ connection to the mainland’s electricity network!*” or the option of internal interconnection
among certain Aegean islands. In this way, a gradua retirement of the local autonomous power
stations joined by high rates of RES absorption by the national electricity network and the integrated
group-island grids may be ensured.

On the other hand, such an electricity production strategy has to face the significant technological
problems related to the undersea electricity transportation, the rather high first installation cost
(approx. 3 million Euros per km of transportation grid) and the strong opposition of local societies
claiming important impacts on the marine fauna. Additionally, the "sacrifice" of particular islands -
either being close to the mainland (e.g. Skyros island) or being favored by remarkable RES potential
(e.g. geothermal fields in Milos)- in order for big scale RES projects to be installed, jeopardizes the
tourist character of theislands in the name of bulk power production units.

On the contrary, the distributed generation provided by RES-ESS configurations ensures greater levels
of energy autonomy based on rationa project-scae requirements, thus allowing for the
implementation of compatible to the local environment energy production configurations.
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2. Energy Storage Systems Basic Parameters
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Figure 2: Energy Storage Systems Applications’ Range (based on material by ESA), Presenting the
Autonomy Period and the Power Covered by Each Specific Energy Storage System

A widely accepted demarcation (see figure (2)) divides the storage systems in those described by high
power provision and being able to confront the power quality issues (flywheels, super-capacitors,
superconducting magnetic energy storage, etc.), and in those presenting high energy capacity rates and
being able to dea with the energy management applications, i.e. Pumped Hydro Storage (PHS),
Compressed Air Energy Storage (CAES), Hydrogen Storage coupled with fuel cells (HS-FC), most of
the batteries and flow batteries. The energy storage systems under study have been selected with
respect to the scope of managing the load loss probability deriving from the extensive exploitation of
renewable energy sources. Since the power quality provision is not to examine, the systems serving
the specific purpose will not be currently evaluated.

In the present analysis, the evaluation model developed is applied to autonomous electrical networks
(e.g. remote islands) described by the given values of annua energy demand "Ey' and maximum
(peak) load demand of the system "N,". Since we assume the installation of an ancillary storage unit to
support the electricity grid status incorporating RES-based applications, the contribution of the former
must be determined. Hence, during the present analysis we assume that the total energy demand is
covered either directly by the existing power stations "Eg," or via the storage system. In order to
describe the contribution of the storage system to the total energy consumption we define the

parameter "c" as:

Eu
B

where "¢" takes values between zero (no storage system usage) and one (all the energy consumption is
covered through the storage system). Between these two extreme values, a contribution range

£=1- (1)
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determined by the existing power units' principle features (including photovoltaics and wind turbines)
dictates the potential use of the system on an annual basis.

In the following, one should define the energy storage capacity "Es" and the nominal power "Ng" of
the entire energy storage subsystem. Concerning the energy capacity required, the typical hours of
energy autonomy "d,", the maximum depth of discharge "DOD," and the energy transformation
(round-trip) efficiency of the energy storage system "ne' should also be taken into account. Hence,
one may write:

=

Ess :do £ —a i L (2)
8760 /n, DOD,

In regard to the nominal power of the storage unit, it is the power efficiency "n," that must be

considered aswell, i.e.:

Ny
T

Ng=¢ ©)

where "(" is the peak power percentage of the local network that the energy storage branch should
cover.

Having specified the storage capacity and the nominal power of a typical energy storage system, an
effort to express the initia cost "ICs" as a function of the two previous parameters entails the
introduction of two new coefficients. The first "c." (EurogkWh) related to the storage capacity and
type of the system, and the second "c," (EurogkW) referring to the nominal power and type of the
storage system. Thus one may use the following relation:

. N
IC$:Ce'Ess+Cp'N$:Ce'do' ﬂ i 1 +Cp.é’._p (4)
8760 ) n. DOD, n,

In order to obtain afirst idea of the numerical values of the above mentioned parameters (i.e. DOD,,
Nss» Mps Cer Cp) ONE May use the data of Table |, based on the available information in the international
literaturd LI | the same Table |, the service period "ng" and the corresponding annual M&O
factor "m" are also included. As it becomes obvious from Table |, a wide range of values have been
obtained for most energy storage systems under investigation, since their exact values are usualy site
dependent. In the present analysis mean values have been adopted, while in a forthcoming study the
entire values' range may be analyzed.

Table |I: Major Characteristics of the Energy Storage Systems Examined! 8129120121
Storage Service DOD Power Energy Specific Specific M&O
System Period (%) Efficiency n,  Efficiency  Energy Cost Power Cost m (%)

N (years) (%) 1ss (%0) Ce (E/KWh) Cp (E/KW)
P.H.S. 30+50 95 85 65+75 10+20 500+1500 0.25+0.5
C.AES. 20+40 55+70 80+85 70+80 3+5 300+600 0.3+1
Regenesys 10+15 100 75+85 60+70 125+150 250+300 0.7+1.3
H.S.-F.C. 10+20 0 40+70 35+45 2+15 300+1000 0.5+1
Lead 5+8 60+70 85 75+80 210+270 140+200 0.5+1
Acid

Na-S 10+15 60+80 86+90 75+85 210+250 125+150 0.5+1
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3. Energy Production Cost Evaluation Model

The future value (after -n years of operation) of the total investment cost of an energy storage
installation® is a combination of the initia installation cost and the corresponding maintenance and
operation cost, both quantities expressed in current values. Taking into consideration the analysis of
section 2, the future value of the initia investment cost can be expressed as:

IC, =1Cs-(1=7)-(1+0)" ©

where "y" is the subsidization percentage by the Greek State and
market.

is the capital cost of the local

In addition to the initial investment cost one should also take into consideration the input energy cost
"EC,", i.e. the cost of energy supplied to the storage system in order to be able to provide the amount
of energy expected (e'Eia). Since the amount of energy needed to charge the storage system is
expressed as (e.Ewa/Mss), the corresponding input energy cost for a time period of "n" years can be
expressed as.

_ total (1+W) -n
BT Jz(mu)] ) ©

where "¢, is the specific input energy cost value and "w" is the mean annual escalation rate of the
input energy price. In most cases the typical values of "c," range from zero EurogkWh (i.e. in the case
when the provider of the energy input is also the owner of the storage configuration and uses the
excess electricity production of an existing power station) to 0.2EuroskWh.

Accordingly, the M& O cost can be split into the fixed maintenance cost "FCs" and the variable one
"VCg". Expressing the annual fixed M&O cost as a fraction "m" (see Table I) of the initia capital
invested and assuming an annual increase of the cost equal to "gs", the future value of "FC" is given
as.

FC = IC$'m~§(—(gﬂ’§)] S(L+0)" 0

The distinctive nature of a CAES principle operation imposes the need for a fuel factor to be
included®. In fact, atypical CAES requires a considerable fuel input in the combustion chamber of
the installation®. This required amount of fuel is the main subject of controversy over the
unconditional acceptance of such systems. In an effort to disengage the CAES from the fossil fuel (e.g.
natural gas) dependency, one proposal supports the use of biofuel®. In any case, equation (7) is
rewritten in order to include the fuel input contribution as following:

j=n i i=n (1
FC$=IC$-m-;[%] A+ +¢, -(s-Ey g(((fjf)j (L) (72)

The "¢ coefficient derives by combining the specific energy cost of the fuel used with the amount of
fuel needed per kWh produced via the gas turbine incorporated. Besides, "&" expresses the mean
annual escalation rate of fuel input pricein case of CAES.

Concerning the variable maintenance and operation cost, it mainly depends on the replacement of "k,"
major parts of the installation which have a shorter lifetime "n," than the complete installation "ny".
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Using the symbol "r" for the replacement cost coefficient of each one of the "k," major parts of the
installation, the "V Cg" term can be expressed as:

ve.re S5 o

k=1 1=0
with "l being the integer part of the following equation (9), i.e.
|- n-1 ©
k nk

while "g¢" and "py" describe the mean annual change of the price and the corresponding level of
technological improvements for the "k-th" major component of the energy storage installation.

Recapitulating, the future cost ascribed to the storage system installation and operation after "n" years
may be estimated using equation (10).

cofonen S B g oo

c, & @+rw)Y & (1+e)Y v
+(8’Etotal)'{‘2( (1+i)J +C; Z( (1+1) j}-(l—l—l)

(10)

Nss j1 =L

For the estimation of the energy production cost (€/kWh, in present values) of the entire energy
storage installation one should divide the total cost of the installation (eq.(10)) with the corresponding
total energy production, i.e.:

Cs

e jzn[(l+?) Jj @) (1)
=\ (1+1)

where the electricity price escalation rate "€" should also be included. Note that an energy storage
investment is financially attractive if the energy production cost value of equation (11) is less than the
energy production cost of the existing thermal power stations. 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.

4.  Application Results

The developed evaluation model aims to determine the cost-effectiveness of incorporating a storage
unit in an existing electrical network. In the current analysis the evaluation model is applied to two
eectrical systems differing in terms of scale, however described by similar master characteristics. To
be more precise, the case studies investigated refer to two Aegean Sea islands, i.e. Donoussa and
Lesbos (figure (3)) islands, comprising a very small and a large-scale isolated electrical grid
respectively. In Table |1 one may find the main parameters of the local networks to consider.
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Tablell: Main Parameters of the Donoussa and L esbos Electricity Systems

Island Peak Power Total Annual RES-Based Population Area (km?)
Demand Energy Power Unit (2001 census)
kW-2005) Consumption
(MWh-2005)
Donoussa 194 460 PV 166 14
Lesbos 60,000 246,000 Wind 90,643 1,630
Turbines

Both islands’ electrical networks present similar operational characteristics, like the intense demand
fluctuations on an annua basis, the quite narrow power security margin and the extremely high
production cost™® (especially the small island of Donoussa), mainly owed to the corresponding fuel
consumption rates and the existing outmoded APS maintenance needs. If also considering the
favourable wind and solar potential met in the specific areas, an additional reason for the investigation
of adopting energy storage systems in collaboration with appropriate renewable based power stations

appears.

> Lesbos
% Dovs.

a v
9 AEGEAN
ARCHIPELAGOS

IONIAN 2
C{ﬂ% % g

ARCHIPELAGOS &}V
z
% Dy V L"Donoussa P

(&' ‘ At
< .“éocf v

&

N T o
° Q0 s
& Sy oo ”{7

¢ 4

;j ﬂ
Figure 3: Donoussa and Leshos Islands Allocation

Finally, by taking into account the potential installation of severa energy storage systems and by
examining various scenarios of the latter contribution (impact of "¢" parameter), also involving the
levels of autonomy (impact of "d," parameter) supported by the selected storage units, the electricity
production cost in agiven electrical grid on the basis of the existing storage system may be calcul ated.

To get a broader view of the systems’ cost effectiveness against alternative productive methods
however, one should also consider the input energy (necessary for the systems' charging) cost value
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"cy" on the total electricity production cost of the entire installation. More precisely, in cases of high
wind potential the input electricity cost is set equal to the corresponding wind park marginal
production cost (0.05€/kWh)*®, while for locations of excellent solar potential one may use the
photovoltaic power stations marginal production cost (0.1€/kWh)!?11?8l respectively. In any case, the
impact of different input energy cost on the calculation results is examined using an appropriate
parametrical analysis.

4.1 Lesbos Island

Lesbos island is one of the largest Greek islands (area 1630km?, population 90,600), located in the
northeastern part of the Aegean Sea. According to the available data, the electricity consumption of
the island exceeds 250GWh (2005), while the corresponding peak power demand approaches 60MW.
At the same time, the marginal electricity generation cost of the local thermal power station is amost
0.12€/kWh, presenting a mean annual increase of the order of 5%, On the other hand, the island
possesses very high wind potential, i.e. in severa places throughout the island the long-term average
wind speed approaches 8.5m/s, and significant solar potential, i.e. annual specific solar energy
available equal to 1550kWh/m?. However, in an attempt of the local network manager to protect the
local weak electrical system from unwanted instabilities and aso maintain the necessary power
quality, the contribution of wind energy and photovoltaics is limited, theoretically'® up to 30% and
practically’®® up to 15% on annual basis. This is not the case for the wind energy penetration in the
strong interconnected electrical networks (e.g. Denmark), where the contribution of wind energy may
approach 20% on annual basis.

In this context, the only way to increase the RES penetration in the Lesbos island electrical system is
to incorporate an appropriate energy storage system that shall guarantee the system stability and cover
the energy demand on a scheduled way. Taking into consideration the quality of the local wind
potential and the relative size of the idand, the storage system contribution range currently
recommended, even suggesting an annual participation of 20%, finally extends to an 80% proportion,
i.e. 20%<e<80%. According to the official data, the specific participation value means that the
electricity provided to the consumption via the energy storage system annually ranges from 50GWh up
to 200GWh. Note that the above mentioned energy amount can be produced by using wind parks
(CF=25%, n«=0.7) of a rated power starting from 30MW up to 120MW. Currently, the aready
operating wind parks of the island are amost 10MW, contributing by almost 10% to the annual
electricity consumption®.

The systems selected to study comprise bulk energy storage systems and apart from the typical
technologies of PHS and CAES, lead-acid batteries may also prove capable of supplying the necessary
services in the electrical network of Lesbos. Due to the system’'s size and the storage system
contribution percentage selected, the system energy autonomy range examined varies between 2hours
and 24hours, i.e. the energy storage capacity required varies between 16MWh (¢=0.2, d,=2hours) and
780MWh (£=0.8, d,=24hours), while the peak power of the energy storage system should be equal to
70.5MW (n,=85%, (=1.0).

The first case analyzed concerns the electricity production cost of the energy systems under evaluation
for low autonomy (d,=2), while the corresponding input energy cost is assumed equal to 0.05€/kWh, a
realistic value for typical wind parks of Lesbos?. According to the results obtained, even at low
energy storage system contribution (¢=20%), the energy production cost is less than 0.1€/kWh for the
lead-acid batteries configuration, figure (4). In fact, for low autonomy cases (d,=2 hours) the lead-acid
batteries seem to be the most beneficia of the solutions examined, while "&" varies between 20% and
80%. What should be noted though, isthe low energy density of the lead-acid batteries, thus leading to
the employment of a large ared® and therefore not entailing a possible application benefit over the
unconditionally bulk PHS and CAES.

As the autonomy values increase over 6 hours, the PHS systems gradually become more attractive
(figure (5)), especialy where "¢" approaches 40%. As in the previous scenario, the total energy
production cost of the energy storage subsystem is lower than the current marginal production cost of



36 Kaldellis J.K., Zafirakis D. Energy, 32(12), 2295-2305

the existing thermal power stations (i.e. 0.12€/kWh). Only, for the very low energy storage system
contribution (¢e=20%) the lead-acid batteries show alower cost than the PHS.

Storage System Evaluation for 2 hours of Energy
Autonomy & 0.05 €/kWh Input Energy Cost, Lesbos Island
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Figure 4. Electricity Production Cost of Selected Energy Storage Systems, Low
System Energy Autonomy
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Figure 5: Comparing the Electricity Production Cost of Selected Energy
Storage Systems, Medium-Low System Energy Autonomy

For greater autonomy encountered the PHS systems show the most favorable rates in almost the entire
energy production participation spectrum, as displayed in figures (6) and (7). PHS and CAES show in
fact no remarkable variation in relation to the autonomy increase (figures (6) and (7)). On the other
hand, the lead acid batteries cost is strongly affected by the necessary duration "d," of energy
provision called to satisfy. According to the results obtained, the CAES may only be considered in
cases of low annual contribution (¢=0.2) and significant autonomy (over 6 hours), (see also figure (8)).
Taking into consideration the fuel impact, since CAES does not show a great deviation when
compared with PHS rates, afuel price decrease may lead to the former supremacy.
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Storage System Evaluation for 40% of Annual Contribution &
0.05 €/kWh Input Energy Cost, Lesvos Island
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Figure 6: Electricity Production Cost of Selected Energy Storage Systems
for 40% Annual Energy Contribution
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Figure 7: Electricity Production Cost of Selected Energy Storage
Systems for 80% Annual Energy Contribution
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Subsequently, it is interesting to mention that a remarkable energy production decrease is encountered
as the energy system annual contribution "&" increases, figure (9). This decrease is stronger for PHS
compared to CAES and |ead-acid batteries.

Storage System Evaluation for 12 hours of Energy
Autonomy & 0.05 €/kWh Input Energy Cost, Lesbos Island
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Figure 9: The Impact of the Energy Storage Contribution on the Electricity
Generation Cost for Medium System Energy Autonomy
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Figure 10: The Impact of the Input Energy Price on the Electricity Generation
Cost of Selected Energy Storage Systems, Lesbos Island

One of the main parameters influencing the energy cost of the energy storage system is the input
energy cost value "c,,". Note that in cases of an existing pricing for the energy input, the cost of energy
needed to charge each of the storage systems comprises the most important factor (see figure (10)).
According to the results demonstrated, the energy production cost for ¢,=0 (using the rejected excess
energy production of an existing wind power installation is very low (i.e. 0.022€/kWh for PHS,
0.044€/kWh for CAES and 0.081€/kWh for lead-acid batteries). However, a significant energy
production cost is encountered as "¢, increases.

Finally, as far as the CAES is concerned, when the input energy cost is zero, the fuel contribution in
the overall specific cost configuration is thought to be catalytic. More precisely, in the present
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analysis, the share of specific cost attributed to the necessary fuel consumption exceeds 50% at all
times and may even reach 80% of the total electricity generation cost.

4.2 Donoussa Island

The second case analyzed concerns the island of Donoussa which is located nearby the Naxos island,
see also figure (3). To be more precise, the case study investigated refers to a tiny isolated electrical
micro-grid, i.e. total annual electricity consumption of approximately 460MWh and peak 1oad demand
of almost 194kW. On the basis of the official datd® available the corresponding electricity production
cost approaches 460€/MWh. In fact Donoussa is a very small island (population 166 habitants -
approximately 45 families- area of 14km?) where the main economic activities of the local society are
fishing and tourism. The island has very good solar potential, since the annual mean solar energy
approaches 1700kWh/m?, at horizontal plane, hence one may examine the possibility to meet the
eectricity demand of the local community on the basis of a photovoltaic power station in collaboration
with an appropriate energy storage system'®”.

Taking into account the quality of the available solar potential, the proposed photovoltaic based
system is expected (according to the hours of sunlight available and the corresponding load demand
profile) to cover directly between 20% and 50% of the local electricity consumption. Therefore, the
rest of load demand isleft to be covered by existing internal combustion engines and the PV panelsvia
the energy storage installation. In fact, the photovoltaic system if properly sized may -apart from the
direct grid’s partial needs- be able to cover the charging of the existing storage system. In this case, the
energy storage subsystem can be employed in order to cover the rest of the consumption during the
low (or zero) solar irradiance periods. Thus, the resulting contribution range of the corresponding
energy storage system, as far as Donoussa is concerned, varies between 50% and 80%, i.e. 0.5<¢<0.8.

In regard to the systems examined, the peak power met in the local network along with the expectation
of a significant energy production provision, have both led to the exclusion of certain systems. The
systems proposed for evaluation in such a small sized electrical grid are certain types of conventional
batteries (Lead-acid and NaS), Hydrogen Storage incorporating fuel cells (HS-FV), and the
comparatively novel flow battery technology (Regenesys). Larger systems such as PHS and CAES are
not to be examined since their viability depends strongly on the scale of the demands confronted®*3.
The autonomy range undertaken suggests a minimum of 2 hours and a maximum of 24 hours to
consider.

According to the results obtained regarding the Donoussaisland, the following could be noted:

a.  The most cost-effective solution appearing in cases of low energy autonomy examined (figures
(11) and (12)), i.e. up to 20 hours, is the Na-S batteries. If we also keep in mind the high rates of
energy density describing the current technology, the Na-S batteries may actually comprise a
favorable solution for the load management of the island. In regard to a higher autonomy scale
(24h) however, the Regenesys flow batteries do present a slight advantage (figure (13)).

b. Taking into consideration the Na-S batteries limited operation, owed to their moderate depth of
discharge, and provided that a higher autonomy is the dominant criterion, Regenesys flow
batteries should be preferred. It must be underlined though that these technologies are more
suitable for larger applications and are currently included so as to demonstrate their advantage
over greater levels of autonomy.

c. Inrespect of the Hydrogen Storage (HS-FC), the non promising results appearing for afew hours
of autonomy tend to mitigate for a higher duration of discharge. In fact, if one extends the
autonomy up to 24 hours and for certain contribution percentages, the Hydrogen Storage coupled
fuel cells may present one of the most attractive solutions to be considered®?.

d. Concerning the rest of the technologies investigated, it is clear that they have a similar behavior.
What can be mentioned is the comparatively lower rate of cost increase presented by the lead acid
batteries. In an overall evaluation however, the specific systems should not be thought as
promising solutions.
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Storage System Evaluation for 2 hours of Energy Autonomy
& 0.10 €/kWh Input Energy Cost, Donoussa Island
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Figure 11: Comparing the Electricity Production Cost of Selected
Energy Storage Systems, Low System Energy Autonomy
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Figure 12: Comparing the Electricity Production Cost of Selected
Energy Storage Systems, Medium System Energy Autonomy
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To somehow decode the behavior of each energy storage system against the parameters of energy
contribution "¢" and autonomy "d,", a parametrical analysis concerning the calculated relative cost
values has been carried out, see figures (14) and (15). As noted, the Hydrogen Storage cost is not
affected by the energy autonomy increase, while the rest of the systems show a remarkable cost
increase, figure (14). Lead-acid batteries present the greatest cost increase while Regenesys are

described by the corresponding mildest.

Storage System Evaluation for 50% of Annual Contribution &
0.10 €/kWh Input Energy Cost, Donoussa Island
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Figure 14: The Impact of Energy Autonomy Hours on the Relative Electricity
Production Cost for Selected Energy Storage Systems
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Regarding the energy contribution parameter "¢" effect, the opposite behavior may be encountered,
figure (15). The systems presenting the most important variation of the relative cost value in the
autonomy range are less influenced by the energy contribution factor. On the other hand, when the
storage system is asked to cover a greater annual production share, Hydrogen based and Regenesys
systems demonstrate the most significant relative cost reduction.
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Nevertheless, the determining factor of the cost variation is the input energy price achieved (see figure
(16)). Besides, for the two extreme scenarios of €=50%, d,=24 hours, ¢,=0.05 and £=80%, d,=2 hours,
c,=0.2, the input cost parameter contribution to the final cost value ranges between 45% and 95%
correspondingly, aways depending on the system type.

Storage System Evaluation for 6 hours of Energy Autonomy
& 60% of Annual Contribution, Donoussa Island
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Figure 16: The Impact of the Input Energy Price on the Electricity Generation
Cost of Selected Energy Storage Systems, Donoussa Island

5. Conclusions

In the present study, an integrated electricity production cost analysis for autonomous electrical
networks based on RES and energy storage configurations is presented. The proposed analysis takes
into consideration the initial cost of the energy storage equipment (based on the storage capacity and
the corresponding nominal power), the input electricity and fuel costs, as well as the fixed and variable
M& O cost of the entire installation.

Subsequently, the developed methodology is applied to two representative cases. one large and one
very small isolated electrical micro-grid case, based on wind and solar potential exploitation
respectively. Specia attention is paid in order to demonstrate the effect of the selected energy storage
systems' utilization on the electricity production cost value. Using the proposed model one may define
the most appropriate configuration for each case investigated.

Keeping that in mind, the technologies of PHS, CAES and Hydrogen Storage coupled with Fuel Cells
do not seem to be limited by the selected autonomy level, while presenting attractive results of
electricity production cost for higher levels of annual contribution. On the other hand, the rest of the
technologies examined (i.e. conventional and flow batteries), although presenting a relative cost
advantage in low autonomy cases, are strongly affected by the autonomy factor. Thus, by increasing
the autonomy, an analogous increase of the systems' production cost is to be expected.

What seems to be the catalyst for the storage systems' viability is the input energy pricing, clearly
determining the cost ascribed to the systems' implementation and -at the same time- underlining the
need for achieving a satisfying price for the systems' charging. Excluding the scenario that the energy
storage system uses the excess dectricity production (not absorbed by the local network due to low
demand and grid stability constraints), the input energy cost represents a considerable percentage (in
practical cases up to 70%) of the total electricity production cost.
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Recapitulating, according to the results obtained, a properly sized RES-based electricity generation
station in collaboration with the appropriate energy storage equipment is a promising solution for the
energy demand problems of numerous existing autonomous electrical networks, providing clean
energy and contributing to the diminution of the important environmental problems resulting from the
electricity generation sector.
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Abstract

The numerous small Aegean Sea islands present serious problems related to insufficient infrastructure,
low quality of electricity available at very high production cost, as well as problematic connection
with the mainland. On the other hand, the high solar potential of the area may encourage photovoltaic
based applications characterized by rather low maintenance support demands. In this context, an
integrated electrification solution based on a photovoltaic generator along with an appropriate energy
storage device is investigated. One of the main targets of the proposed solution is to maximize the
solar energy exploitation of the area at minimum electricity generation cost, while special emphasisis
given to the selection of the most cost-efficient energy storage configuration available. According to
the results obtained the solution under investigation is not only financially attractive but also improves
the quality of electricity offered to the local communities, substituting the expensive and heavily
polluting operating thermal power stations.

Keywords: Electricity Generation; Energy Storage; Autonomous Electrical Network; Photovoltaic
Generator; Electricity Production Cost; Small Islands
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Figure 1: Aegean Archipelagos complex of islands

The numerous small Greek islands (less than 500 habitants) spread throughout Aegean Sea are located
either in Northern Aegean Sea region or in Cyclades and Dodecanese complexes, figure (1). In all
these tiny islands, a continuous decrease of population has been encountered during the last forty
years. Thisis not the case for the summer season, where a considerable (more than 300%) increase of

Kaldellis J.K., Zafirakis D., Kaldelli El., Kondili E., 2007, "Combined Photovoltaic and Energy Sorage
Systems. An Integrated Electrification Solution for Small Islands’, accepted for publication in the International
Journal of Technology & Management.
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population is observed, due to the visiting tourists™). The major problems of these islands include®?
insufficient infrastructure, rare and problematic connection with the mainland, as well as low quality
of electricity available at very high production cost. In this context, the electricity production cost'?,
due to the small autonomous power stations (APS) utilized, is quite variable and extremely high,
figure (2), while extensive grid failures (electrical black outs) arise all over the year.

Time-Evolution of Electricity Production Cost
for Very Small Remote Islands
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Figure 2: Time-evolution of electricity production cost

As a contribution to life quality amelioration of these isolated islands remaining habitants, an
integrated solution is under investigation, based on 100% exploitation of the available renewable
energy sources (RES) in combination with an appropriate energy storage configuration, in order to
cover the local communities' needs incessantly. Taking into account the limited power requirements
(normally less than 600kW) and the isolated character of the islands, the exploitation of the local solar
potential may be more cost-effectivé” than the possibility of creating a small wind park (negative
scale economies, increased maintenance needs). The rather low energy consumption is also a serious
restriction of utilizing the available geothermal potential of some small islands (e.g. Anafi)®®. In fact,
the high solar potential of the area may encourage photovoltaic (PV) based applications taking
advantage of the remarkable technology improvements and the ex-factory price reduction of the
sector® as well as the significant financial incentives offered by the EU and the Greek State!”). Also,
photovoltaic systems offer the potential of extension, a critical point since the energy needs of the
islands are changing all the time. Besides, photovoltaics are characterized by rather low maintenance
support demands, thus minimizing the negative impact of the isolated character of these islands.

On top of this, eectricity production based on (PV) technology is one of the most environmentally
friendly ways to produce electricity, since it does not emit greenhouse gases and it does not consume
flnltefossl fuel resources. More precisely, PV stations:

do not require liquid or gaseous fuel to be transported or combusted

do not consume water resources for engine cooling purposes

produce energy with zero noise, an important issue in areas that concentrate many tourists in

relatively small regions.

are aso preferred for aesthetic reasons, in order to avoid the negative visual impact of thermal

power stations (smokes, chimneys, €tc).

From all the above it is implied that the environmental impacts of the electricity production are
minimised, especialy if these systems are harmoniously implemented into the existing, local, natural
particularities of the environment, through good planning and well developed environmental impact
studies.
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From the technological point of view and in an attempt to face the variable availability of solar energy
as well as the daily and seasonal eectricity demand fluctuations of all these islands (see for example
figures (3) and (4)), the idea of using a suitable energy storage system (ESS) in collaboration with the
proposed PV generator is investigated in detail. Although the first installation cost of a combined PV-
ESS power station is relatively higher than the corresponding cost of an equivalent thermal power
station, the high solar potential and the extremely high production cost of local APS (figure (2))
undoubtedly provide a competitive advantage of the proposed solution even in terms of economic
efficiency. On top of this, an energy storage system, when sized appropriately'®*¥, not only can match a
variable solar based energy production to a generally variable and hardly predictable system demand,
but also improves the system reliability and contributes in the energy production cost reduction.

Hourly Load Variation on Maximum Demand Day
for Very Small Remote Islands (2005)
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Figure 3: Daily electricity load demand variation of Aegean Archipelagosislands

Monthly Electricity Generation Variation,
Very Small Aegean Sea Islands (2005)
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Figure 4: Seasonal electrical energy demand of small Aegean Archipelagosislands

In this context, an integrated electrification solution based on a photovoltaic generator, along with an
appropriate energy storage device in order to replace the existing thermal power stations, is
investigated. One of the main targets of the proposed solution is to maximize the solar energy
exploitation of the area at minimum electricity generation cost, while special emphasisis given to the
selection of the most cost-efficient energy storage device available. The complete methodology is
applied to representative island cases with very interesting results.
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2. Position of the Problem-Proposed Solution

In order to face the urgent electricity requirements of all these tiny Aegean Archipelagosislands on the
basis of the available solar potential of the area, one needs:

a The daily load demand of the island throughout the year (e.g. figures (3) and (4))
b. The solar potential of the area™ throughout the year (figure (5))
C. The electricity generation cost parameters (e.g. figure (2))

Thus, it is necessary to collect™™ data concerning each small island's electricity production parameters
as well as any available information describing local topography, solar irradiance and wind speed,
demographic profile and economic activities.

Solar Potential at Horizontal Plane
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Figure 5: Available solar potential for the small Aegean Archipelagos islands™”
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Figure 6: Proposed el ectricity generation configuration for small
autonomous electrical grids

Subsequently, the proposed by the authors*¥ integrated solution comprises 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. Besides, the existing
(usually outmoded) thermal power stations may also be used either as a backup solution or to cover
unexpected high load demand. More precisely, the proposed configuration (figure (6)) includes:
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a One or more photovoltaic generators based on the exploitation of the available solar potential.
The rated power of the proposed installation is"Npy".
b. A number of energy storage devices (e.g. lead-acid or NaS 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 "Eg" and the input and
output rated power values are "N;," and "Ng", respectively. The selected ESS should be able to cover
the local network electricity requirements for "d," typical hours without the contribution of any other
electricity generation device.

C. The existing thermal power units of the already in operation APS, with rated power equal to
"No", may contribute to the local system electricity consumption under specific circumstances by "5E".
The main target of the proposed solution is to minimize the contribution of the local APS to the local
system electricity consumption (6E—0).

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

i. During daytime, if the energy production of the PV-based power station is greater than the
local community consumption, the energy surplusis stored in the existing ESS. In case that the ESSis
full, the excess energy is forwarded to low priority loads.

ii. During daytime, if the PV-based production is lower than the corresponding electricity
demand and the ESS is not empty (i.e. DOD<DOD, ), the electricity deficit is covered viathe ESS.

iii. During daytime, if the PV-based production is lower than the electricity demand and the ESS
is practically empty (i.e. DOD>DOD,), the electricity deficit is covered by the existing thermal power
units, using diesel or heavy ail.

iv. At nights, if the ESSis not empty (i.e. DOD<DOD, ), the electricity demand is covered viathe
ESS.

V. At nights, if the ESS is practically empty (i.e. DOD>DOD,), the electricity demand is covered
by the existing thermal power units, using diesel or heavy ail.

Vi. Finaly, 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, increasing the reliability of the local system.

In the following sections one should initially define the major dimensions of the proposed integrated
electricity production system. Accordingly, the financial behavior of the entire solution is evaluated, in
comparison with the up to now existing systems based almost exclusively on a number of internal
combustion engines.

3. Sizingthe PV-ESS Based System

The present analysis concerns an autonomous small island electrical network with annual energy
consumption equal to "Ey" (figure (4)), while the corresponding peak load demand (figure (3)) is
"Np". In fact, taking into consideration that the PV energy production is available only during daytime,
one should distinguish the load demand of the island in two parts, see also figure (3). More
specificaly, one may use the symbols "Ey" and "Ey" in order to describe the energy consumption
during daytime (sunlight period) and nights, as well as the symbols "Ny;" and "Ng," in order to
describe the peak load demand of the local network during the same periods respectively. Note that,
using the above definitions, the following relations are also valid:

Eo =Eu+E, D
and

N, =max{N ;N _,} @



50 KaldellisJ.K. et al accepted for publication in the
Int. J. of Technology & Management

In this context, one may also assume that the total night demand "Ey," is covered mainly by the ESS,
while the ESS contributes also during daytime, in case that the PV production is lower than the load
demand (cloudy days, very high load demand). Accordingly, in order to describe the contribution of
the storage system to the total energy consumption, we define the parameter "&" as:

P Estor zl_i (3)

B Bt

where "Eg" is the total energy contribution of the ESS to the annual electricity demand and "Eg," is
the energy demand covered directly by the existing power stations (mainly by the photovoltaic
generator "Epyqi;" and complementary by the thermal power station "5E").

On the other hand, the photovoltaic generator contribution is expressed by the term "Epy". The
corresponding energy production is used during daytime to cover the local network load demand,
while any energy surplus is stored at the ESS in order to be used at nights or during low solar
irradiance periods to meet the consumption needs.

The main target of the proposed solution is to meet the local demand using electricity produced mainly
by the photovoltaic generator in collaboration with an appropriate energy storage system (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 causing serious environmental and macroeconomic
impacts™™. For increased reliability purposes the most efficient thermal power units may be used as
back up engines with annual energy contribution equal to "6E", where one should require "SE<<Ey".

Asitisobvious, 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 PV generators principle features
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 PV-based power station should cover the mgjor part of "Eg," and
provide also the necessary energy to the ESS (total energy efficiency ns), the corresponding annual
energy production "Ep," is estimated as:

E .
Eey :(Edir_5E)+ﬂ=(l—8)'Elot—5E+—g E 4

s Ms

Defining the capacity factor of the local electrical network "CF," and the PV-based power stations
"CFpy" using equations (5) and (6), i.e.:

Eo
CF, -
>~ 8760 N, ®)
and
E
= — PV
™ ~8760- N, ©)

one may calculate the necessary nominal power of the proposed PV -based power station as:
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N,, =max (1+S|:)-Npl;i =
8760-CF.,,

()

N, CF
Npy = N, -maxy (L+ 7). —2; —* -{(1—5)—£+i}}
N CFPV Etot

P sS

where "SF>0" is an appropriate safety factor 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
system reliability, 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 may be used.

Subsequently, the ESS is characterized by the energy storage capacity "Es"' and the nominal input
"Nix" and output power "Ng" of the entire energy storage subsystem. It is noted that the ESS may be
utilized not only to increase the PV 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.
More precisely, the energy storage capacity of ESS may be estimated by the following relation:

E$ :do(iji' 1 :do 5 1 (8)
8760)7. DOD, 7. DOD,

Ss

where one should take into account the desired typical hours of energy autonomy "d,", the maximum
depth of discharge "DOD_" and the energy transformation efficiency of the ESS "ns". Note that "Ey"
isthe average hourly load of the electrical network under investigation defined as.

=
E — ot 9
" 8760 ©

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

E, 1
— (10)
p 77p

N =t =¢
= 7 'p, ° CF

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

N, =4-Ng<N,, (12)
where "\" 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 therange of 1.5to 3.0.
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4.  Financial Evaluation of the Proposed Solution

4.1 Initial Investment Cost

The total investment cost (after -n years of operation) of the proposed solution!*¥™ is a combination
of the initial installation cost and the corresponding maintenance and operation cost, both quantities
expressed in present values. In this context, the initial investment cost "IC," takes into account the
initial cost of 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, =1C,, + f -1C,, +1C (12)

According to the available information!*¥*¥2 the purchase cost of the PV-based power station can be
expressed by the following relation:

1Cpy = Pr- Ny, (13
where "Pr" is the specific price (€/kW) of the PV power stations, see for example figure (7).
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Figure 7: Specific price of existing PV-installations®

Accordingly, the initial cost "ICg" of an ESS can be expressed as a function of two coefficients. The
first one "c." (€/kWh) related to the storage capacity and type of the system, and the second one "c,"
(€/kW) referring to the nominal power and type of the storage system in view of equation (11). Hence
one may use the following relation:

(14)

. C. -
ICSS:Ce'E§+Cp'N$:Eh'|: Ce do + P é/ :|

Ne-DOD| CFp-np

In order to obtain afirst idea of the numerical values of the above mentioned parameters (i.e. DOD,,
Nss Np» Ce, Cp) ONE May use the data of Table I, based on the available information in the international
literaturd 222324 |1, the same Table |, the service period "ng" and the corresponding annual M&O
factor "mg" for every ESS are also included. Asit is obvious from Table |, 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.
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Table |: Major Characteristics of the Energy Storage Systems Examined!?[222114
Storage Service  DoD Power Energy Specific Specific M&O
System Period (%) Efficiency Efficiency Energy Cost Power Cost mg(%)

Ns (years) 1, (%) Ns(%)  ce(E/kWh) ¢ (E/kW)
Pumped 30-50 95 85 65-75 500-1500  0.25-0.5
Hydro 10-20
(P.H.S)
Fuel Cells 2-15 051
(F.C) 10-20 90 40-70 35-45 300-1000
Lead 5-8 60-70 85 75-80 210-270 0.5-1
Acid 140-200
Batteries
Na-S 10-15 60-80 86-90 125-150 051
Batteries 75-85 210-250

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.

4.2 Total Investment Cost

In addition to the initial investment cost one should aso take into consideration the maintenance and
operation cost 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 "V C". Expressing the
annual fixed M&O cost as a fraction "mp," and "mg" of the initial capital invested (see [18,26] and
Table 1) and assuming a mean annua increase of the cost equal to "gpy" and "gs" respectively, the
present value of "FC" is given as.

FC=FC,, +FC,=m,, -IC,, ]Z_l:{ (1+i) J My 1Cs ]Z_l:{ (1+1) j =

where "i" isthe capital cost of the local market.

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 energy storage facility respectively, which
have a shorter lifetime "n," or "n;" compared to the complete installation "n™. Using the symbol "r," or
"ri" for the replacement cost coefficient of each one of the "k," and "ks" major parts of the entire

installation, the "V C" term can be expressed as.

B .k:ko . 1=l (1+gk)(1—pk) l-.ny 'j:ks . I=l; (1+gl)(1_pl) l-n;
VC=IC,, kzzl,rk {Z( (e j +1Cs- T, {z[—(m) J (16)

1=0 =1 1=0

with "l and "I;" being the integer part of the following equation (17), i.e.

n-1 n-1
Ik_[ nk} and Ij—[n—J} (17)

"gn n_on

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" magjor component of the energy storage installation, respectively.
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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 (18).

Al ~+APS= (18)

C=IC,-1-y)+EC+FC+VC- !
@+1)

where "Y " is the residua vaue of the installation after n-years of operation in current values and
"EC" describes the cost of the input energy "6E" absorbed from the existing thermal power station. For
practical applications thisterm can be estimated using the following relation, i.e.:

EC=E-c, 2(((111"” (19)

where"c," isthe specific input energy cost value (c,<c’) and "w" is the mean annual escalation rate of
the input energy price. Finaly, "APS' is the cost of keeping the existing thermal power station as a
backup station.

Substituting equations (12), (15), (16) and (19) into equation (18) one gets:

C=[1Cn -@+ )+1C.]- A=)+ My -1C, z[(“gw)] _1c, z[(“gsJ

(2+1) (1+1)
o, S o
+JE-c, le“[ (1+i)j +VC

(20)

Y”_ + APS
@a+i"

4.3 Comparison of the Available Solutions

The proposed PV 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
"E" 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 aso be included®. More precisely,
the total electricity production cost "C*" of the existing thermal power stations for a n-year time
period can be approximated by the following relation, i.e.:

T SR T Al
e e, Sa) v .

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

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

R=C -C (22
In case that R>0, the PV-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, i.e.:

a The increased reliability and the improved quality of the electricity offered by the PV and
ESS-based solution.
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b. The reduction of the environmental (air pollution, oil leakages, thermal waste etc.) and
macroeconomic (exchange loss and political dependency due to oil imports) impacts.
C. The need for gradual replacement of the existing outmoded internal combustion engines in the

course of time.

5. Application Results

The developed methodology is then applied to three typical cases representing the three distinct
regions of Aegean Archipelagos, i.e. the isand of Agios Efstratios (North Aegean), Anafi (Cyclades
Complex) and Megisti (Dodecanese Complex), see figure (1) and Table 1. During the present analysis
emphasis is given first to calculate the impact of the PV generator nominal power on the energy
balance of the installation and secondly to investigate the viability of an integrated PV and ESS-based
electricity generation solution in comparison with the existing solution based on fossil fuel utilization.
Finally, the impact of the available energy storage configurations on the financial behavior of the
proposed solution is also examined.

Tablel1: Main Parameters of Small |slands Examined

Peak Power Total Annual Energy Population Area
Island Demand Consumption (2001 km?)
(kW-2005) (MWh-2005) census)
Agios 290 987 307 432
Efstratios '
Anafi 420 984 272 38.4
M egisti 560 2067 403 8.9

5.1. Brief Description of the Isand Cases Analyzed

As dready mentioned, three typical very small islands have been selected representing (figure (1)) the
three major divisions of Aegean Archipelagos area. More precisely, Agios Efstratiosis asmall triangular
volcanic idand (307 habitants, area of 43km?) of North Aegean Sea, located between Lesvos, Limnos
and Skiros idands. The topography of the idand is typically Aegean, i.e. gentle dopes, absence of flat
fields, low hills and sparse vegetation. The main economic activities of the local society are agriculture,
merchant marine and tourism. The annual energy production of the local APS was only 990MWh for
2005. The peak load demand - approximately 290kW- appears during August 15, while the
corresponding minimum value is 70kW (18 April), see also figure (4). Although the island has an
outstanding wind potential, its isolated character and the small size of the local eectrical network hinters
the exploitation of the local wind potential. For these reasons, an abandoned wind converter of 110kW
exists on the idand, presenting major failures. However, the idand possesses also high solar potentia
(figure (5)) encouraging the installation of a PV generator, with much lower maintenance needs.

Accordingly, Anafi is also 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. At the west side of the idand, there exist certain geothermal springs,
not used up to now. The main economic activities of the local society are fishing and tourism. The
annual energy production of the local APS was 990 MWh for 2005. The peak load demand -
approximately 420kW- appears during mid-August, while the corresponding minimum value is 55kW
(2 January). The island has very good solar potential, since the annual mean solar energy approaches
1700kWh/m?, at horizontal plane (figure (5)). Besides, the traffic network of the island is only 2km,
connecting the only village of the island to the small port.
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Finally, Megisti was until recently the easterly European Union (EU-15) edge, located almost 72 miles
from Rhodes. The island area is only 9km? and the population is 403 permanent habitants
(approximately 100 families). The local terrain is arid and rocky with severa caves. The annua
energy production of the local APS was 2100 MWh for 2005. The peak load demand -approximately
560kW- appears on August 13, while the corresponding minimum value is 120kW (8 May). The main
economic activities of the local society are fishing and tourism, although in the past the habitants were
distinguished merchants. The island has also excellent solar potential, since the annual mean solar
radiation exceeds 1700kWh/m?, at horizontal plane (figure (5)). There is no traffic network in the
island despite the existence of a small airport. In Table II one may find the available data concerning
the parameters involved in the present analysis.

5.2. Energy Balance of the Proposed | nstallation

Applying the proposed analysis for Agios Efstratios island one may observe in figure (8) the
contribution of the existing APS "8E" to the annual electricity consumption as a function of the
photovoltaic generator peak power "Npy" and the size of the ESS "d,". Actudly, there is a
considerable "5E" decrease as "Np," increases leading to zero APS contribution for PV generator peak
power equal to 950kW, and d,=24h. In this case the small island community covers its annual
electricity needs almost exclusively on the basis of the available solar energy and the existing ESS. On
the other hand, for lower "d," values the contribution of the local APS is greater than a given value,
e.g. 23% and 48% for 12h and 6h of energy autonomy of the ESS respectively. In these two cases the
penetration of solar energy is bounded by the capacity of the selected ESS.

APS Contribution for Agios Efstratios Island
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Figure 8: Contribution of local APS to the electricity consumption of Agios
Efstratiosisland

This picture is also supported by the information of figure (9), where one may find the contribution "&"
of the ESS in the coverage of the annua energy consumption of the island. Thus, one may see an
almost linear increase of "&" with "Npy", which for d,=24h approximates 72%, while for the other two
cases examined (d,=12h and d,=6h) is limited by the existing ESS capacity a 50% and 25%,
respectively.

Another more interesting information is included in figure (10), where one may observe that in cases
of low ESS capacity a considerable part of the PV generator production (up to 50%) isfinally rejected,
since it can neither absorbed by the consumption due to low load demand nor stored at the ESS due to
the limited storage capacity of the installation. In order to get a comparative idea of the variation of al
three parameters examined above one may find in figure (11) their distribution vs. the rated power of
the PV generator for d,=12h. As it is obvious from the results obtained at the point that the ESS
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contribution is stabilized due to its limited storage capacity, the local APS contribution remains also
constant, while at the same time a considerable PV energy rejection is encountered.

ESS Contribution for Agios Efstratios Island
PV and Lead-Acid Batteries Based System
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Figure 9: ESS participation to the electricity consumption of Agios Efstratiosisland
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Figure 11: Distribution of the main parameters of the proposed PV-Lead acid
batteries based electricity generation solution for Agios Efstratiosisland
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APS Contribution for Typical Small Islands
PV and Lead-Acid Batteries Based System (d,=12h)
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Figure 12: Contribution of local APS to the electricity consumption of
typical small islands
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The same comments are also valid for Anafi and Megisti islands, see for example figures (12) to (14)
for the d,=12h energy autonomy scenario of the ESS. In fact, in figure (12) one may examine the local
APS contribution decrease with rated power of the PV generator (expressed as a ratio of the
corresponding network peak load demand). Due to the higher peak load demand of Anafi island
network, this island presents a slightly different distribution. However all islands APS contribution
converges to a constant value, which is higher for Agios Efstratios and lower for Megisti island, being
however in all cases near 20%.

Accordingly, in figure (13) one may find the ESS annual contribution for all islands examined. It is
interesting to note that all three cases present similar distributions, while their ESS contribution finally
approaches the value of 50%, a value that is imposed by the desired hours of energy autonomy of the
ESS, see also figure (9). Finally, the rgjected PV energy production is demonstrated in figure (14) for
al idands examined. It is worthwhile mentioning that there is no energy rejection as far as the ESS
contribution is increasing, see aso figure (11). After that point a remarkable energy rejection increase
is encountered, which is higher for Anafi island and lower for Agios Efstratios case.

5.3. Financial Analysis Results

In the second part of the proposed analysis one may compare the life-cycle (n'=30 years) total
electricity generation cost values for all three islands investigated. In this context, in figure (15) one
can see the total cost distribution for Agios Efstratios island as a function of the PV generator rated
power for typical ESS capacity values in comparison with the corresponding total cost of the existing
APS. For al "d," values analyzed, there is a minimum cost configuration which corresponds to
approximately 950kW,, for d,=24h, 700kW, for d,=12h and 450kW, for d,=6h. Note also that almost
all the PV-ESS configurations tested are most cost-effective than the solution based on the existing
APS. Finaly, the minimum cost solution is realized for medium energy autonomy of the system, i.e.
do,=12h, while the corresponding 30-year energy production cost (in present values) is 4.9M€ in
comparison with the 6.4M€ required by the local APS during the same time-period. However, if this
solution is selected, one should accept an annual contribution of the local APS equal to almost 23% of
the annual energy consumption of the island. In the case that one requires minimum (zero) fossil fuel
contribution the 950kW, and d,=24h solution is the best alternative. In this case the 30-year energy
production cost (in present values) is 5.1M£, dlightly higher than the minimum cost one (4.9M¥€), in
addition to the eimination of the environmental and macroeconomic impacts related to the ail
consumption.

Agios Efstratios Island PV-Lead Acid Batteries System
Total Electricity Production Cost Analysis
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Figure 15: Total cost analysis of the proposed PV-Lead acid batteries electricity
generation solution for Agios Efstratiosisland
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The situation is quite different for Anafi island, taking into consideration the quite higher electricity
generation cost and peak load demand of the island in relation to Agios Efstratios case. Besides, the
solar potential of Anafi is aso higher than Agios Efstratios. In fact, there is also a minimum total cost
configuration, figure (16), for all ESS capacity values examined, which corresponds to approximately
850kW,, for d,=24h, 700kW, for d,=12h and 450kW, for d,=6h. In thisisland case, the minimum total
cost configuration is achieved for 850kW, and d,=24h, while the corresponding 30-year energy
production cost (in present values) is 4.8M€ in comparison with the 9.4M€ required by the local APS
during the same time-period. An additional benefit of the proposed solution is the practically zero ail

contribution to the total energy consumption along with the corresponding environmental and
macroeconomic benefits.

Anafi Island PV-Lead Acid Batteries System
Total Electricity Production Cost Analysis
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Figure 16: Total cost analysis of the proposed PV-Lead acid batteries electricity
generation solution for Anafi island
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Figure 17: Total cost analysis of the proposed PV-Lead acid batteries
electricity generation solution for Megisti island

Finally, the last case examined concerns the Megisti island, which is the one with the best solar
potential (figure (5)) and the minimum electricity production cost of the examined small APS. On top
of this, the annual energy consumption and the corresponding peak load demand of the island are
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amost double of the corresponding values of the other two islands. The results of the specific idand
characteristics lead to lower total cost savings of the proposed PV-ESS solution in comparison with the
APS operation, figure (17). As in the previous idand cases, there is aso a minimum total cost
configuration for all ESS capacity values examined, corresponding to approximately 1800kW, for
d,=24h, 1400kW,, for d,=12h and 900kW, for d,=6h. On the other hand, the minimum cost solution is
realized for medium energy autonomy of the system, i.e. d,=12h, while the corresponding 30-year
energy production cost (in present values) is 9.0M€ in comparison with the 12.8M€ required by the
local APS during the same time-period. In case that the minimum oil contribution is selected, the
proposed configuration is based on 1800kW, and d,=24h, while the corresponding 30-year energy
production cost (in present values) is 9.8M€, less than 10% higher than the minimum cost one (9.0M£).

Recapitulating for al test cases analyzed, the proposed PV-ESS based solutions present quite lower
life-cycle cost values than the operation of the existing APS, imposing aso considerable
environmental and macroeconomic benefits. On top of this, for all cases a minimum cost solution may
be located, which maximizes the cost savings of the configurations investigated.

5.4. Energy Storage Technology | mpact

To get a clear cut picture of the selected energy storage technology impact on the total electricity
production cost arising, four different energy storage technologies, i.e. lead-acid batteries, Na-S
batteries, pumped-hydro (PHS) and fuel cells (FC) will be examined on the basis of the PV power
installed and the ESS hours of autonomy selected. Actualy, if the desired autonomy of the ESS is
determined, a direct comparison of the systems under examination may be realized. The results
currently presented, similar for all the three islands studied, refer to the island of Agios Efstratios.

Conseguently, in figure (18) one may note the impact of the selected energy storage technology on the
total electricity production cost for a desired autonomy of 24hours. More specifically, if the PV-ESS
configuration employs either aPHS or a Na-S batteries system then the proposed solution proves to be
cost-effective regardless the PV station’s rated power. Moreover, for two of the combinations
available, i.e. for a PHS or a Na-S batteries system able to provide energy for 24 consecutive hours
and collaborating with a PV station of 1000kW and 900kW respectively, a minimum total cost
solution is obtained. The total cost of this solution isless than 2/3 of the corresponding one referring to
the existing electrification solution and thus demonstrates the proposed solutions clear competitive
advantage. In this context, the Na-S batteries solution may be the best alternative in cases that the local
topography and the status of the existing water resources hinters the application of PHS.

Agios Efstratios Island PV-ESS Systems:Total
Electricity Production Cost Analysis for d,=24hours

\\\ //
.

~

[«
!

Total Cost (M€)
]

—— Lead-Acid

——PHS
——Na-S \_//_

N
I

3

300 500 700 900 1100 1300 1500 1700
PV Rated Power (kW)

Figure 18: Comparison of thetotal cost distribution vs. PV rated power for various
PV -ESS configurations. High energy autonomy case, Agios Efstratios island



62 KaldellisJ.K. et al accepted for publication in the
Int. J. of Technology & Management

On the other hand, the lead-acid batteries technologies investigated demonstrate relatively higher
production cost, in some cases exceeding the one ascribed to the APS operation. More precisely, if the
nominal power of the PV station is kept under 550kW or exceeds the 1400kW, the configurations
available present higher electricity generation cost than the existing APS. However, the corresponding
minimum total cost solution presents quite lower life-cycle cost value than the existing APS option.
Concerning the FC alternative, one should note the relatively constant total cost distribution versus the
PV dtation rated power, while the combinations available prove to be more attractive than the APS
solution. In any case, the resulting costs, when compared to the analogous of PV-PHS and PV-NaS
batteries configurations, are 30% higher. Only for very high PV rated power values the FC solution
becomes more cost-effective, underlining the potential applicability of this technology for larger
autonomous electrical systems.

In figure (19), certain similarities regarding the cost behavior of the systems examined may be
observed for the medium energy autonomy case (d,=12h). More precisely, the PHS systems appear to
be amarginally less expensive solution compared to the faintly more expensive Na-S batteries one. As
in the previous figure, lead-acid batteries and FC demonstrate significantly higher production costs,
with the latter still comprising the most unfavorable of the solutions, at least for the central part of the
autonomy range examined. Besides, it is interesting to note that for the 12 hours autonomy case,
regardless the photovoltaics' rated power, the local APS total production cost is constantly greater
than the various solutions proposed. Moreover, between the range of 700kW and 800kW for the PV
station’s nominal power, one may encounter several attractive configuration proposals, especially in
the cases of PHS and Na-S batteries.

Agios Efstratios Island PV-ESS Systems: Total
Electricity Production Cost Analysis for d,=12hours
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Figure 19: Comparison of the total cost distribution vs. PV rated power for various
PV-ESS configurations. Medium energy autonomy case, Agios Efstratios island

Finally, in figure (20), where a lower energy autonomy value isto be considered (d,=6hours), one may
note that the total cost deviation range has narrowed considerably, not allowing for the designation of
a clear solution-proposal to mind for. Nevertheless, it is the PHS and Na-S batteries that present the
lowest of the resulting life-cycle production costs with lead-acid batteries and FC following. Although
not presenting serious deviation, FC for low and lead-acid batteries for higher PV rated values
demonstrate the higher costs for 6 hours of energy autonomy as well. Besides, if considering for the
installation of a PV station exceeding 850kW, the proposed configurations en masse should not be
preferred instead of the local thermal power station currently supplying the area.
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Recapitulating, for all the energy autonomy cases investigated, the PHS along with the Na-S batteries
systems comprise the two most attractive solutions to adopt, while for low and medium "d," values
both solutions present amost the same total cost. It is worthwhile mentioning that the optimum
(minimum cost) PV rated power value is decreasing (from 1000kW to 500kW), while the
corresponding total cost value is increasing (from 3.6M<€ to 4.9M€) as the desired energy autonomy
value decreases. Altogether, the majority of potential configurations to adopt, apart from those
included in the two selection spectrum edges (low PV power installed-high autonomy rates and vice
versa), suggest the incorporation of both viable and cost-effective electricity supply solutions, able to
efficiently substitute the up to now operating APS of the islands.

Agios Efstratios Island PV-ESS Systems: Total
Electricity Production Cost Analysis for d,=6hours
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Figure 20: Comparison of the total cost distribution vs. PV rated power for various
PV-ESS configurations. Low energy autonomy case, Agios Efstratios island

6. Conclusions

The possibility of using a photovoltaic generator along with an appropriate energy storage system in
order to replace the existing thermal power stations used up to now to cover the electricity
consumption needs of small remote islandsis investigated. The proposed solution is encouraged by the
high solar potential of the area, the rather low maintenance support demands of PV installations and
the low quality of electricity available up to now at very high production cost. Moreover, PV systems
require no imported fuel and produce no emissions, thus contributing on climate change mitigation
and pollution reduction.

One of the main targets of the proposed solution is to maximize the solar energy exploitation of the
area at minimum electricity generation cost, while special emphasis is given to the selection of the
most cost-efficient energy storage configuration available. For this purpose, an integrated
methodology is developed in order first to estimate the main parameters of the combined PV-ESS
based configuration and accordingly to evaluate the economic viability of the proposed solution. The
developed methodology is subsequently applied on three representative autonomous small island
cases. The calculation results are very encouraging, since in al cases the proposed solution leads to
quite lower electricity production cost than the existing thermal power stations. According to extensive
calculations, the pump-hydro storage for the entire energy autonomy range and the Na-S batteries for
medium and low energy autonomy cases are the most cost effective energy storage techniques. On top
of this, the utilization of an appropriate ESS improves the financial behavior of the PV-based power
station leading also to much higher solar energy penetration levelsin the local energy market.
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Additionally, taking into consideration the sensitive ecosystem of the islands and their particular
cultural heritage, PV systems seem to be in accordance with a mild development and, furthermore,
attract more educated and high standards tourists, thus contributing to their regional development. This
fact will encourage further exploitation of the European financing and the attraction of investmentsin
the erection of PV projects on the tourist installations and activities. As far as the energy policy is
concerned, the wide application of PV systems in the Hellenic tourist areas will further promote RES
applications at a national level. The above mentioned ideas will create a totally new dimension to the
tourist offer of Hellenic islands and the creation of a new differentiated energy balance including a
strong environmental direction.

Recapitulating, it is worthwhile mentioning that an integrated electrification solution based on the
exploitation of the available solar potential in collaboration with an appropriate energy storage
configuration is not only a financialy attractive but also an environmental friendly solution for the
existing small remote island communities. 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.
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Abstract

The Aegean Archipelago is a remote Hellenic area, including several hundreds of scattered islands of
various sizes. In these idands more than 600,000 people are living mainly in small remote
communities. The main economical activities of the idanders are apart from tourism, seafaring,
fishery, agriculture and stock farming. One of the major problems of the area is the insufficient
infrastructure, strongly related with the absence of an integrated and cost effective electrification plan.
In this context, the present work is concentrated on analyzing the present situation and demonstrating
the future prospects of electricity generation in the Aegean Archipelago islands. For this purpose, one
should first investigate the time evolution of the corresponding electricity generation parameters (i.e.
annual electricity consumption, peak power demand, capacity factor, specific fuel consumption) for
the last thirty years. Subsequently, the corresponding diesel and heavy-oil consumption along with the
electricity production cost for every specific autonomous power station of the area are investigated.
Specia attention is paid in order to estimate the contribution of renewable energy sources (RES) in the
energy balance of each island. Finally, an attempt is made to describe in brief the most realistic
electricity production solutions available, including the operation of hybrid RES-based power plantsin
collaboration with appropriate energy storage facilities. Additionally, the idea of connecting the
islands of the area with the mainland and interconnecting them is also taken into consideration.

Keywords: Electricity Generation; Peak Load; Autonomous Power Station; Remote Islands;, Wind
Energy

1. I ntroduction

The Aegean Archipelago is aremote Hellenic area, including several hundreds of scattered islands of
various sizes, see figure (1). For administrative purposes these islands are divided in two large groups,
i.e. the idands belong either to the North or to the South Aegean region. In fact, the former area
includes the prefectures of Lesvos, Chios and Samos, while the latter contains the prefectures of
Cyclades and Dodecanese. On top of these islands, in the Aegean Sea one may find the Sporades
complex, located in the NW of the Aegean Archipelago and belonging to the Magnesia prefecture
(Thessaly-mainland), excluding the Skiros island, which is part of the Euboea prefecture. In addition
to the islands already mentioned, one should mention the islands of Samothrace and Thassos, both
situated in the north Aegean Sea and belonging to the Evros and Kavala prefectures respectively.
Finally, in SE of Peloponnesus there exist the small islands of Kithira and Antikithira. In the present
analysis the island of Crete, being the biggest Greek island, is excluded, since it is the subject of
several independent studies by the authors and by other researchers™.

According to official data?, the permanent population of the area presents a rather divided picture.
Thus, as shown in figure (2), permanent population increase has been noticed in the case of the South
Aegean region during the last fifteen years, while in the case of the northern islands the permanent
habitants' number remains relatively stable with a dightly declining trend. The main economic
activities of the idanders, presenting a strong variation among different isands, are apart from
tourism, seafaring, fishery, agriculture and stock farming. On the other hand, industry has not yet been
developed.

Kaldellis J.K., Zafirakis D., 2007, "Present Stuation and Future Prospects of Electricity Generation in Aegean
Archipelago Islands’, Energy Policy Journal, Vol.35(9), pp.4623-4639.
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Figure 1: Aegean Archipelago Complex of Islands
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Figure 2: Permanent population evolution in the Aegean
Archipelago region

Recapitulating, in Table | one may find some additional information concerning the Aegean
Archipelago idands, i.e. area, permanent population, annual tourists arrivals, major islands and
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biggest cities. One should also not disregard that most islands of S. Aegean face serious water shortage
problems™. According to the existing data the biggest islands of the area are the islands of Lesvos,
Chios, Rhodes, Samos, Lemnos, Naxos, Siros, Mikonos, Santorini, Paros, Karpathos, Kos, Kalimnos,
Ikaria, Skiros and Skiathos. The biggest cities of the area are Mitilene, which is the administrative
centre of the North Aegean region, Rhodes which is the biggest city of the Archipelago, Siros being
the administrative centre of the South Aegean region, and Chios.

Table |: Basic data concerning the Aegean Archipelago region

Prefecture Population Area Annual Major Big Cities
(2005 (km?) Tourists |slands
estimations) Arrivals
(2004)
Lesvos 107,050 2,154 135,023 Lesvos, Lemnos Mitilene, Mirina
Chios 52,337 904 46,360 Chios Chios
Samos 43,015 778 114,445 Samos, |karia Samos
Cyclades 110,400 2,572 325,917 Paros, Siros, Hermoupolis,
Mikonos, Naxos, Tinos,
Andros, Naxos  Paros, Andros,
Milos
Dodecanese 192,714 2,663 1,556,250 Rhodes, Kos, Rhodes, Kos,
Kalimnos, Kalimnos
Karpathos

2.  TheExisting Electricity Generation System of the Islands

The electricity demand in the Aegean Archipelago islands has up to now been covered by the
existing (thirty two) Autonomous Power Stations (APS), based on internal combustion engines and
gas turbines, which belong to the former Greek Public Power Corporation (PPC). In specific cases,
like in those of Thassos, Samothrace and Sporades (excluding Skiros), the islands are connected to the
nearest available mainland electrica network. The existing APS total instaled capacity is
approximately equal to 800 MW, while the corresponding electricity generation during 2005 is almost
2200GWh!,

The rated power of the existing thermal power units varies from 100kW in the case of very small
islands up to 36MW for the gas turbine operating since 1987 in Rhodes idand. In figure (3) we
demonstrate the number of "in operation" thermal power units (internal combustion engines and gas
turbines) divided according to their rated power. Using the available information, approximately 220
thermal power units operate in the Aegean Archipelago, most of them being in operation for almost
twenty years. The result of this situation is that severa units present serious problems, being out of
service for remarkable time periods, while their real output is almost 15% less than their rated power,
especially during summer.

In order to facilitate the in depth analysis of the electricity generation problems in the Aegean
Archipelago APS, one may divide the existing power stations in five subgroups, on the basis of their
rated power, see also Table Il. More precisaly, the first group includes the existing big APS, with rated
power higher than S5OMW, like the ones of Rhodes, Lesvos, Kos-Kalimnos etc. The last group includes
very small islands, with rated power less than IMW. In this category one may find the tiny islands of
Agios Efstratios, Donoussa, Megisti etc.
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Autonomous Islands' Thermal Units Classification
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Figure 3: Existing thermal unitsin Aegean Archipelago on the basis of their rated power

Table ll: Aegean islands classification in terms of APS installed capacity

Category (Scale) APS Installed Capacity (MW) Islands

Very Small <1 MW Agathonissi, Agios Efstratios, Anéfi,
Antikithira, Donoussa, Erikousses,
Megisti, Othoni.

Small >1 MW & <9 MW Amorgos, Astipalea, Kithnos,
Samothrace, Serifos, Sifnos, Simi,
Skiros.

Medium-Small >9 MW & <20 MW Ikaria, 1os, Karpathos, Milos, Patmos.

Medium >20 MW & <50 MW Andros, Lemnos, Mikonos, Santorini,
Siros.

Big >50 MW Chios, Kos-Kalimnos, Lesvos, Paros,
Rhodes, Samos

Comparing the "in operation" real power of the existing APS with the peak load demand of 2005,
figure (4), one may easily conclude that in several casesthereisavery narrow power security margin,
hence the local APS do not guarantee the consumers' safe electricity supply, especialy in occasions of
serious malfunction of a major unit of the system or in cases of unexpected high load demand. On top
of this, a remarkable power addition is necessary in order to face the continuously increasing power
demand during the next few years.

Finally, one additional severe problem of the existing electricity generation systems is the intense
electrical load demand fluctuations encountered in daily and annual basis, figure (5) and figure (6).
According to the available information, the summer peak load demand may be almost five-times the
minimum winter load demand, while even during the same day one may observe load demand
variation between +60% of the corresponding daily average power required. This situation, strongly
influenced by the significant touristic activity, mainly during summer, poses additional problems on
the electricity production system of the islands, leading a large portion of the existing thermal power
units to quite low capacity (utilization) factor values.
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Peak Load Demand vs. APS Real Power
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Figure 5: Annual electricity consumption variation in Aegean Archipelago islands
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3. Electricity Generation Time-Evolution

In the following one should investigate the main parameters describing the electricity generation in the
Aegean Archipelago islands in the course of time. Note that the figures presented take into account
only the non-interconnected islands of the Aegean Archipelago during 2005, i.e. excluding
Samothrace, Tinos, Andros etc. In fact, one may analyze the annua electricity production and the
corresponding peak load demand for the 1975-2005 period. Accordingly, a short record of the RES
contribution to the electricity generation of the non-interconnected islands under investigation is also
conducted.

3.1 Electricity Generation

In all cases analyzed, a remarkable long-term electricity generation increase is encountered, which is
more intense for the S. Aegean region islands than for the N. Aegean ones. Asit results from figure (7)
the annual electricity consumption at the beginning of the period examined in S. Aegean was less than
the one of N. Aegean. This situation, being in accordance with the increased economic activity of the
S. Aegean area, has been completely inversed since 1992. At this point, what is worth mentioning is
that after 2004, the electricity generation in Rhodes island alone has surpassed the total electricity
production of the entire N. Aegean region.

APS Energy Production Evolution in
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Figure 7: Electricity generation in Aegean Archipelago area

More specifically, according to figure (8), describing the electricity generation time-evolution for the
N. Aegean idands, a remarkable electricity production/consumption increase is observed, since the
2005 value is between six and eight times the corresponding value of 1975. The biggest electricity
consumption is encountered at Lesvos island (appr. 250GWh/y), while the corresponding values for
Chios and Samos islands are approximately 175GWh/y and 125GWh/y respectively. Skiros, located in
NW of the Aegean Archipelago, and Ikariaislands present rather fast electricity consumption increase,
since their long-term mean annual escalation rate "¢" (see Appendix One, equation (A-1)) is more than
10%. Finaly, in 2005 the entire electricity generation of the APS of the N. Aegean Archipelago is
amost 680GWhly.

Accordingly, the electricity generation increase for the islands of S. Aegean is much more intense,
especially during the last ten years. This increase is amost exponential for the islands of Santorini
(annual increase €~13.6%) and Mikonos (annual increase €~10.6%), mainly due to their explosive
touristic activity, figure (9). In this context, the electricity generation of Kos-Kalimnos APS presents
the highest value (exceeding the one of Lesvosisland), i.e. approaching the 300GWh/y. Similarly, the
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APS of Paros exceeds the 180GWh during 2005, while both APS of Siros and Santorini approach the
value of 100GWh annually.
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Figure 8: Electricity generation in North Aegean islands
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Figure 9: Electricity generation in South Aegean big-medium size islands

Subsequently, the electricity generation of the small size APS of S. Aegean show the same behaviour
as the ones of the first group, see figure (10). In fact, most islands of the area present an over-linear
eectricity consumption increase, while the electricity consumption in 2005 is more than ten-times the
corresponding value of 1975, leading to an average annua increase rate "¢" of almost 10% (see
Appendix One, equation (A-1)). Summarizing, in 2005 the electricity generation of the APS of the S.
Aegean Archipelago (excluding Rhodes) is 950GWhly, hence the entire electricity consumption of the
S. Aegean area (including Rhodes) is ailmost three times the corresponding value of N. Aegean.

The proposed analysis shows an increased interest for the very small islands of the Aegean
Archipelago'®, taking into consideration their poor infrastructure and the dominant importance of the
electricity production in everyday life. In figure (11) one may find the time-evolution of their
eectricity generation. In all cases examined, including the two tiny islands of north lonian Sea (i.e.
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Erikousses and Othoni idlands), there is a remarkable electricity generation increase. The
corresponding maximum annual electricity consumption does not exceed the 1GWh, excluding the
Megisti island electricity generation, which slightly exceeds 2GWh.
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Figure 10: Electricity generation in South Aegean small-medium size islands
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Figure 11: Electricity generation in Greek tiny islands

3.2 Peak Power Demand

According to the available official information!, the peak power demand and annua energy
production behaviour of most Aegean Archipelago islands present the same time variation (i.e.
parabolic and in some cases exponential increase), resulting in long-term average annual increase rates

"V " of the order of 10% (see Appendix One, equation (A-2)). More specifically, the time evolution of
the South Aegean islands is more intense than the one of the N. Aegean area, figures (12) and (13).
For example, if one compares the peak load demand time evolution between the Lesvos and the Kos-
Kalimnos APS, one should notice that although during 1975 the Lesvos peak power demand was two
times the one of Kos-Kalimnos, after 1992 the latter surpassed the maximum load demand of Lesvos
island. Therefore, during 2005 the peak load demand of Lesvosisland is amost 20% less than the one
of Kos-Kalimnos.
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Peak Load Evolution in North Aegean Islands
80

70

¢ Lesvos ® Samos
60 4 Chios-Psara X Lemnos
X lkaria e Skiros

50 -

Peak Power (MW)

Figure 12: Peak load demand in North Aegean islands
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Figure 13: Peak load demand in South Aegean islands

In fact, the islands of Cyclades and particularly Santorini, Mikonos, Milos, Andros, Paros, Sifnhos and
Anafi along with Skiros and the Dodecanese islands of Kos-Kalimnos, Karpathos and Megisti, all
apart from Skiros belonging to the South Aegean region, present the highest increase, mainly owed to
the local tourist industry development, see also figure (14). Considering the time-evolution of peak
load and energy production in relation with the rate of permanent population changes, one may safely
support that the continuous increase of electricity needs is only partially attributed to the permanent
population growth. Thus, the determining factors explaining this tendency seem to be the annua
visitors' increasing figures and the corresponding improvement of the living standards. Hence,
according to the data of figure (14), the annual tourist arrivals (most of them during the summer)
increase significantly the population of the Cyclades and Dodecanese complexes, imposing thus an
analogous electricity consumption increase when compared to low touristic activity periods. The
situation is much more stable for the islands of the N. Aegean area.



78 Kaldellis J.K., Zafirakis D. Energy Policy, 35(9), 4623-4639

Tourist Arrivals vs. Permanent Population
in the Aegean Arhcipelago Islands (2003-2004)
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Figure 14: Tourist arriva vs. permanent population in the Aegean
Archipelago regions

As aready mentioned, in the mgjority of the islands examined the APS real capacity aone is either
insufficient or hardly covering the expected electricity demand increase. The islands of Mikonos,
Santorini, Milos, Kithnos and Serifos face the biggest problem. On the other hand, only some of the
very small islands like Agathonisi, Agios Efstratios, Anafi and Antikithira are sufficiently supplied. A
common strategy, recently adopted once again, dictates the impermanent installation of support units
(e.0. gas-turbines) in order to serve for the islands' needs during the summer season. In this context, in
May 2006, the Greek Ministry of Development approved the licensing of installing additional thermal
electricity generation units of 85. 7MW, so as to ensure the electricity demand satisfaction during the
2006 summer in thirteen (13) of the non-interconnected islands of the Aegean Archipelago, see also
Table 111", However, by facing the urgent problems of the islands only on annual basis, one cannot
apply along-term energy strategy for the development of the area.

Tablel1l: Additional thermal power to be installed in 2006

Island Rated Power Island Rated Power
Karpathos 2MW Kithnos 2MW
Rhodes 20MW Lesvos 13MW
Lemnos IMW Milos AMW
Mikonos 22MW Paros AMW
Samos 5MW Sifnos 0.6MW
Siros 2MW Chios 10MW
Megigti 0.IMW

On the other hand, in order to ensure the islands’ diachronic safe electricity supply one may consider
several alternative solutions like the:

> Loca APS permanent reinforcement

> Islands interconnection

> RES exploitation and hybrid systems development

3.3 Utilization Degree of Existing Thermal Power Units

Another important aspect related to the rational way of electricity generation in the Aegean
Archipelago idands is the corresponding utilization degree (i.e. usually named capacity factor "CF")
of the existing thermal power units. More specifically the numerical value of "CF" is defined as:
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CF - 1
~ 8760- N, @

where "E," is the annual electricity generation and "N," is the corresponding rated power of the
existing "in operation” thermal units of the local APS. According to the most recent official data one
may seein figure (15) the obtained values for the existing APS in the Aegean Archipelago area. In this
figure one does not include the "CF" value of Rhodes island, which is amost 52% and is not
comparable with the values of the other islands. In fact the average value of the APS under
investigation is only 21%, while only ten (10) APS present utilization rate higher than 25%.
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Figure 15: Utilization degree of existing thermal power unitsin Aegean
Archipelago APS

The most rational explanations for this behavior are the following:

> Some of the thermal units of the APS present serious malfunctions, however these engines are
included in the official "in operation" units of the island systems

> Most of the existing thermal units, being rather old, produce quite lower output than the
officially recorded one, in order to avoid major damage of the equipment

> During summer most thermal units (especially gas turbines) present a lower real output (by
approx. 10%) than in winter, due to modifications on their thermodynamic cycle characteristics
and increased cooling problems

> The electricity demand presents highly seasonal variation, hence athough during summer the
"in operation" units hardly meet the electricity demand, during the rest of the year the load
demand is much lower that the available power of the existing units.

> Finally, taking into consideration that in several APS exist thermal units being in operation for
more than thirty (30) years, the technical availability of the aged engines to consider proves to
be quite low.

On the basis of the reasons presented above the utilization degree of the existing equipment is very
low, underlining the urgent need for new electricity generation solutions, based not only on fossil fuels
but also on locally available renewable energy resources.
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34 RESContribution

The Aegean Archipelago is an area with excellent wind potential and abundant solar energy'®, while
in some islands one may find remarkable geothermal reserves and considerable biomass feedstock.
Unfortunately, the only RES exploitation activity "Eres" is based on wind energy applications, hence
in several islands one may find small or medium-sized wind parks, with the maximum installed wind
power being less than 10MW. At this point it is important to note that the first wind parks have been
installed in Aegean Archipelago islands since '803%, while during 1990-1993 the installed by the
Greek PPC wind power approached 30MW. Since then, one cannot mention any serious wind park
creation activity by PPC, while the only activity encountered is due to private wind parks erection,
mainly in the islands of Lesvos, Kos and Chiog™.

In fact, the major wind energy exploitation activity is encountered in Lesvos island, where during
2004 almost 28.7GWh of wind based electricity "Eres’ has been produced (see Appendix One,
equation (A-3)), as well as in Chios (18.2GWhly) in Kos (18.3GWh/y) and in Samos (17GWhly)
islands. The result of this moderate activity is the production of amost 110GWh of wind electricity,
which represents only the r=5% of the corresponding annual electricity consumption of the area (see
Appendix One, equation (A-4)). Using the most recent available official data, one may find in figure
(16) that the maximum wind energy penetration is encountered in the islands of Karpathos (r=13.5%)
and Lesvos (r=11.5%), while in certain idands, like the isands of Agios Efstratios and Rhodes the
corresponding contribution is amost zero. The main reason reported by the experts for such a low
wind energy penetration is the restrictions set to the wind energy contribution in order to maintain the
local grids' stability due to the stochastic wind speed behaviour and the strongly variable electricity
consumption™,
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Figure 16: RES contribution in the total energy consumption of selected
Aegean Archipelago islands during 2004

In order to obtain a clear cut picture of the RES contribution in the electricity generation problem of
the Aegean Archipelago islands in the course of time, one may find in figure (17) the wind energy
contribution for the last decade (1995-2004) for selected islands presenting a remarkable wind energy
exploitation activity. As it is obvious from the data available, the corresponding wind energy
contribution is in any case less than 15% (i.e. r<0.15), while in most cases a remarkable increase is
encountered, mainly due to individual private wind power investments. On the other hand, in other
cases one may note a dlightly decreasing trend, since the electricity consumption is continuously
increasing and the installed wind power stagnates™?.
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Figure 17: Time-evolution of wind energy contribution in the total energy
consumption of selected Aegean Archipelago islands

4.  Fuel Consumption and Electricity Production Cost

According to the available official information all the APS operating in the Aegean Archipelago area
utilize diesel-oil and heavy-oil (mazut). More specifically, the annual diesel-oil consumption of all the
APS of the area, including Rhodes, approaches 100,000tn of diesel and almost 400,000tn of Mazut. In
figure (18) one may find the time evolution of the annual fuel consumption of the biggest APS of the
Aegean Seg, i.e. Kos-Kalimnos, Lesvos, Paros, Samos and Chios. It is important to note that in all
cases examined, a significant fuel consumption increase, being in complete accordance with the
corresponding electricity generation amplification during the same period, may be observed; see also
figures (7) to (11).
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Figure 18: Time-evolution of fuel consumption of selected Aegean
Archipelago islands
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Besides, the average specific fuel consumption (SFC) of the "in operation" thermal power units
defined as the ratio between the annual fuel consumption "M;" and the corresponding electricity
generation "E,", i.e.;

SFC=—" 2

is dightly less than 250gr/kWh, while the corresponding value varies between 200gr/kWh and
300gr/kWh. The APS of Kos and Chios islands have the lowest SFC (less than 210gr/kwh), while
most of the very small APS present values near 300gr/kWh.

The high fuel consumption and the pressing needs of maintenance of the outmoded internal
combustion engines along with the small size and variable electricity generation of the existing APS
impose a relatively high production cost value. In fact the current electricity production cost (see
Appendix One, equation (A-5)), of big APS, figure (19), is approximately between c4=80-200€/MWHh,
while the most cost effective APS is the one of Paros island with a marginal production cost "cg"
dlightly less than 80€/MWh. The corresponding electricity production cost of the medium and small
APS is between 150 and 400€/MWh (i.e. 150<cy<400), while for the very small islands one may
observe values up to 1000€/MWHh.

APS Production Cost Evolution in
Big Aegean Islands
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Figure 19: Time-evolution of electricity production cost of selected
Aegean Archipelago islands

Another additional aspect concerning the electricity generation of the area is the considerable APS
production cost increase in the course of time (in historical values). In several cases, one may observe
current electricity production values that are almost ten-times the corresponding values of twenty
years ago.

Comparing now the above mentioned values with the corresponding electricity price "p(t)" time series
in the local market™, one may note significant financial loss "8c(t)" (see Appendix One, equation (A-
6)), for the vast majority of the existing APS, see for example figure (20). During the last twenty
years, only the Chios island APS has been financially viable, this not being the case for all the other
big APS. On top of this, it is worthwhile to mention that the APS production cost in most cases
examined is much higher than the price offered by the local network administrator (PPC) to the wind
based electricity production™, being currently around 80§/MWh. The result of this analysis underlines
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that the operation of the Aegean Archipelago APS leads to severe financial 1oss (see Appendix One,
equation (A-7)), for the Greek PPC, which is equal to approximately R(t)=200,000,000€/year.

PPC Financial Losses from APS Operation in

Big Aegean Islands
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Figure 20: Time-evolution of electricity production financial loss/gain
due to the operation of the APS in selected Aeaean Archipelaco islands

Finally, one should keep in mind that the legal frame ensuring the Greek electricity market
liberalization has been established after the enactment of the law 2773/1999. Thislaw, in order to keep
up with the evolutionary circumstances and conditions describing the electricity market, has been
gradually reformed taking into consideration the arrangements included in the laws 2837/2000,
2491/2001 and 3175/2003.

According to the new directive (2003/54/EC) dispositions, the non-interconnected islands defined as
"isolated micro-grids" (total electricity consumption less than 500GWh during 1996) can be excluded
by the proposed adjustment concerning the electrical market liberalization. Besides, emphasis should
be laid to ensure the islands safe supply.

More specifically, in the case of isolated micro-grids, to secure the safe supply of these idands, the
production licences will only be provided to the Greek PPC. From this arrangement, the electricity
production by RES, hybrid stations and own-producers is excluded (law 3468/06). Meanwhile, the
PPC, as the non-interconnected islands' current administrator is assigned to ensure the isolated micro-
grids clear electricity supply and at the same time guarantee the long term financia efficiency of the
particular systems, therefore retaining its dominant role in the operation of the islands’ networks.

According to the official version of the law concerning RES (3468/06) and in regard to the non-
interconnected islands, the absorption priority ensured in the national grid and concerning the energy
production of independent producers and the energy surplus by own-producers is not guaranteed in the
case of non-interconnected islands. In case that the RES based electricity generation absorption leads
to the local grid's instability, the administrator is not obliged to adhere to the previous commitment,
not safeguarding the prospect for higher RES penetration levels¥.

5. Presentation of the Available Electrification Solutions

The Aegean Archipelago area possesses™ important RES potential, figure (21). In fact in the entire
area long-term wind speed measurements™ indicate annual wind speed values higher than 6ms,
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while in some islands annual mean wind speed values up to 10m/s have been recorded. On top of this,
the calm spell periods are rather limited™, hence one may use wind energy to cover the electricity
needs of the habitants throughout the entire year.
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Figure 21: RES potential in the Aegean Archipelago region

On the other hand, the solar potential of the area is quite high, since in al cases exceeds the
1500(kWh/m?)/year offering remarkable opportunities to meet either the thermal™ or the electrical
needs™ of the local societies. More specifically, in the S. Aegean area the available solar potential is
even higher, i.e. annua value higher than 1650(kWh/m?)/year, especially during summer, hence
contributing to face the corresponding excessive (due to tourism) energy requirement of this period of
the year.

Additionally, in several islands of the Aegean Archipelago one may find remarkable geothermal
fieldd*¥. In fact the most well known (since 1970) geothermal reservoirs are located in the islands of
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Milos and Nissiros (geothermal fluid temperature 300°C). These two high enthalpy geothermal fields
may be used in order to create two power stations of 100-150MW, and 50MW, respectively.
Significant geothermal fields have aso been located in Lesvos island, where the first 210MW, power
station is under schedule.

Finally, in various islands the existing biomass is used to cover thermal needs. The necessary raw
material comes either from forest residuals or agricultural activities®. According to preliminary
estimations one may produce annually almost 2000GWh of therma energy. Unfortunately, the
periodic biomass availability and the low energy density of the raw materia® discourage any
potential investment in the energy production area at the moment.

Despite the significant energy potential of the islands, the daily and seasonal variation of the local
consumption in combination with the stochastic behaviour of the wind speed poses serious constraints
on the wind energy contribution in the local electricity generationl*”. More precisely, the local
network operator permits the penetration of wind power up to 30% of the instantaneous electricity
maximum demand, in order to guarantee the local grid’s stability in case that the available wind speed
suddenly zeros. The result of these factors is a quite limited wind energy contribution to the local
electricity consumption, see also figure (16).

The main obstacles for the exploitation of the available geothermal potential are the total absence of
the necessary legal frame (up to law 3175/03) and the relatively small size of the existing electrical
grids that cannot absorb the high geothermal potential of the area, e.g. Milos and Nissiros islands.
Taking into account that all these islands are not interconnected, it is obvious that only small scale
applications may be operated. However, these applications would not only partially exploit the
existing potential but would not benefice from any scale economies either. Finally, the unsuccessful
operation of the pilot geothermal power plant of 2MW in Milos island in 1987, which has been
abandoned due to environmental impact claims by local habitants??, jeopardize any similar activity
during the next twenty years.

Finally, the scattering of the islands and the seasonal availability of biomass raw material discourage
the systematic exploitation of the available biomass potential of the area. In fact, the existing biomass
is used on individual basis, athough the idea of cogeneration applications to cover thermal and
electrical loadsis under evaluation in several big or medium sized islands®.

To face these problems, the authors have since the previous decade proposed several electricity
generation solutions with remarkable positive side effects®!(®!, These solutions are based on the
exploitation of the available RES potential in collaboration with appropriate energy storage facilities.
Similar hybrid configurations are the most cost-effective solutions to meet the electrification
requirements of the Aegean Archipelago with significant environmental and social benefits.

More specifically, for the small and very small idands or for regions with relatively low wind
potential one may create photovoltaic based power stations along with energy storage (e.g. batteries)
facilities® in order to replace the existing thermal power stations, operating at very high cost (higher
than 200€/MWHh). It is important to mention that according to the recently voted law for RES
(3468/06) there is a significant price compensation for PV based electricity generation, which
approaches the 450€/MWh.

Subsequently, for big and medium sized areas with high wind potential one may adopt the wind-hydro
solution, based on the collaboration of wind parks and reversible hydro power stations operating as
water pumping and energy production facilities®”. In this case the wind parks face the corresponding
load demand, while any energy surplus is stored via the water pumping system at a high level
reservoir. In case of energy deficit, the water reserves are utilized via the hydro turbines of the
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installation to cover the excess power demand. In a more integrated concept® one may use the RES
based energy production to enhance the water reserves of the local communities.

Finally, for the islands where remarkable geothermal potential exists one may develop an integrated
energy production facility to meet electrical and thermal energy requirements of the local community.
This solution would be much more financially attractive if the nearby to the geothermal field islands
were interconnected. In fact the possibility of interconnecting the Aegean Archipelago islands with the
mainland electrical network in order to create an integrated electricity transportation network presents
serious advantages and disadvantages®®, the detailed presentation of them being out of the scope of
the present paper.

In brief, the islands' interconnection, where possible, may gradually replace the local APSs operation
and at the same time allow the absorption of large amounts of wind energy without causing the
instability effects noticed in autonomous grids. On the other hand, such an electricity production
strategy has to face the significant technological problems related to the undersea electricity
transportation, the rather high first installation cost (approx. 3 million Euros per km of transportation
grid) and the strong oppoasition of local societies claiming important environmental impacts.

Recapitulating, according to the conclusions of a recent report® published by RAE-PPC-HTSO, the
interconnection of the north-eastern Cyclades idands is essential. The proposed solution suggests the
interconnection of Siros to the Lavrio power station (possibly via Kithnos and Kea). Next, the current
plan suggests the internal interconnection for the islands of Siros, Mikonos, Paros-Naxos, Andros and
Tinos, therefore exploiting the already existing interconnection via Euboea as well. Finally, the plan
supports that Milos should also be included in the previous group, in order for its geothermal field to
be widely exploited.

6. Conclusionsand Proposals

The Aegean Archipelago includes a large number of islands of various size scattered between the
Greek mainland and the East coast of Asia Minor, where more than 600,000 people are living mainly
in small remote communities. All these islands cover their electrification needs using outmoded APS
based on thermal power units. In order to propose a realistic, environmental friendly and financially
attractive solution, one first investigates the time evolution of the corresponding electricity generation
parameters for the last thirty years.

According to the data analyzed there is a continuous and fast electricity consumption amplification, which
in some cases exceeds the 10% on annual basis. On top of this, the peak power demand increase
encountered is even higher, strongly questioning the capability of the existing thermal power unitsto meet
the load demand especially during summer. In order to avoid major dectrical grid failures during the
touristic period, the up to now adopted solution is based on the annual installation of additiona thermal
power units. The absence of an integrated plan to face the urgent electrification problem of the area leads
to low reliability solutions that cannot guarantee the necessary supply security. In this context one should
also note the significant increase of imported oil consumption, imposing serious environmental and
macro-economic impacts as well as extremely high operational cost. Unfortunately, the existing situation
of the local electrical networks minimizes the contribution of RES in the energy production market.

Subsequently, an attempt is made to describe in brief the most realistic available electricity production
solutions. In this context, one may include the operation of hybrid RES-based power plants in
collaboration with appropriate energy storage configurations. Additionally, the idea of connecting the
islands of the area with the mainland and interconnecting them is also taken into consideration.
However, the implementation of this solution needs further analysis and discussion.
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Recapitulating, one may clearly state that only by developing properly designed hybrid power stations
based on RES exploitation and interconnecting some of the islands of the areaiit is possible to face the
continuously increasing electricity demand of the area, with rational electricity generation cost, also
minimizing the environmental impacts due to the diesel and heavy oil utilization.

APPENDIX ONE

1 Annual electricity consumption increase "¢" for the year "i"
gL 9 _1 E,-R, A-1
" E di| E 2 *-D
where"E" isthe annual electricity generation during the year "i".
2. Peak-load long-term (n-years period) average annual increase " v
N 1/n
v=|—" -1 A-2
( NO j ( )
where "N;" is the peak-load demand during the year "i".
3. Annual RES-based electricity generation "Eges', T=1year=8760h
8760
Eres = Jj Nges (t) - dt = z NRES (A-3)
i=1

where "Nges(t)" is the corresponding load demand of the system and "Nges" is the mean load demand
during the hour "i" of the year.

4, Annual RES contribution "r" in the local electricity production balance
r = Eres _ Eres -1- Ees (A-4)
Etot EAPS + ERES EAPS + ERES

where"Ey", "Eres' and "Eaps" are the total electricity consumption of the autonomous island network,
the RES contribution and the participation of the local APS, respectively.

5. Electricity generation specific cost "cg"
e i'"Ct?l ) (a-5)
C +€ -
Etot Z .
=\ (1+1)

where "Cy" is the total cost of the local electrical network, including™ the first installation cost, the
fixed and variable maintenance and operational cost of the equipment used, the imported diesel-oil
cost as well as the labor and general administrative cost in present values. In equation (A-5) "€" isthe
electricity price annual escalation rate (e.g. e=3%) and "i" is the corresponding capital cost of the local
market.
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6. Soecific financial loss "oc" due to the electricity generation in Greek islands
&o(t) = ¢y () — p(t) (A-6)
where "p(t)" isthe electricity price offered to the local habitants during the period "t".

7. Annual financial loss (gains) due to the operation of the (j=32) Greek isands' APS

R(t) = —Zacj (t)-E; (1) (A-7)

where "Ej(t)" is the electricity consumption/production of the"j

island during the time period "t".
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THE WIND POTENTIAL IMPACT ON THE MAXIMUM WIND ENERGY
PENETRATION IN AUTONOMOUSELECTRICAL GRIDS

JK. Kadellis
Laboratory of Soft Energy Applications & Environmental Protection
Mechanical Eng. Dept., Technological Education Institute of Piraeus

Abstract

According to long-term wind speed measurements the Aegean Archipelago possesses excellent wind
potential, hence properly designed wind energy applications can substantially contribute to fulfil the
energy requirements of the island societies. On top of this, in most islands the electricity production
cost is extremely high, while significant insufficient power supply problems are often encountered,
especially during the summer. Unfortunately, the stochastic behaviour of the wind and the important
fluctuations of daily and seasonal electricity load pose a strict penetration limit for the contribution of
wind energy in the corresponding load demand. The application of this limit is necessary in order to
avoid hazardous electricity grid fluctuations and to protect the existing therma power units from
operating near or below their technical minima. In this context, the main target of the proposed study
is to present an integrated methodology able to estimate the maximum wind energy penetration in
autonomous electrical grids on the basis of the available wind potential existing in the Aegean
Archipelago area. For this purpose a large number of representative wind potential types have been
investigated and interesting conclusions have been derived.

Keywords: Autonomous Electrical Networks;, Wind Energy Absorbance; Wind Potential; Weibull
Parameters; Wind Penetration Constraints; Stochastic Analysis

1. I ntroduction

The Aegean Archipelago is a remote Hellenic area, including several hundreds of various size
scattered islands. According to long-term wind speed measurements’” the area possesses excellent
wind potential that can substantially contribute to the fulfillment of the local societies energy
requirements. More precisely, the annual mean wind speed of the area at 30m exceeds the 5.5m/s
(figure (1)), while in many locations long-term average val ues approach the 10m/st,

On the other hand, in most islands the electricity production cost is extremely high (e.g. 0.5€/kWh)
due to the utilization of small outmoded internal combustion engines consuming diesel-oil and
mazut®!. The current solution results to an annual electricity generation cost higher than 200M€, the
fuel cost sharing more than 50%. On top of this, a significant insufficient power supply problem is
often encountered, especially in the summer, taking into consideration that during the last 25 years the
peak load demand increase approaches the 500%.

Taking into consideration the pressing need for additiona electrical power and the availability of the
existing wind potential one may expect a substantial new wind parks installation activity, which
however is not the case®. Unfortunately, this rational evolution has not been realized, since in most
cases the local autonomous electrical networks cannot continuously absorb the variable wind energy
production'®, either due to low electricity demand or in order to protect the existing power units from
operating near or below their technical minima .

In this context, the main target of the proposed paper is to present an integrated methodology able to
estimate the maximum wind energy penetration in autonomous electrical grids, on the basis of the
available wind potential, taking into consideration the stochastic behavior of the wind and the possible
inconsistency between the variable electricity demand and the stochastic wind energy production.

Kaldellis J.K., 2007, "The Wind Potential Impact on the Maximum Wind Energy Penetration in Autonomous
Electrical Grids', Renewable Energy Journal, Vol. 33/7, pp.1665-1677.
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Figure 1: Wind potential in Aegean Archipelago

Special emphasis islaid in order to examine the impact of the available -in the Aegean Archipelago
area- wind potential (figure (1)) on the corresponding wind energy contribution to meeting the local
electrical needs. For this purpose a large number of representative wind potential types have been
investigated and interesting conclusions have been derived.

2. Energy Production for Various Wind Potential Cases

2.1 Wind Potential Simulation

In most practical cases, the wind potential of an area is described either via wind speed and wind
direction time-series (deterministic approach) or via the corresponding probability density distribution
(stochastic approach), e.g. "f(V)", which defines the probability of the wind speed to be between "V-
dV" and "V+3V" during a specific time interval. The above mentioned information results either from
appropriate measurements or from existing simulation models of desired accuracy™9%  More
precisaly, using the "f(V)" value one can estimate (for a selected time period) the probability of the
expected wind speed being between two specific values (i.e. V1<V<V,) using the following relation:

RV, <V V) = [, (v)-av &)

One of the most user-friendly methodologies used to simulate the wind potential of a specific areais
via the well-known Weibull formula, where one may estimate the probability density function on the
basis of two numerical parameters”™!. More specifically, the corresponding probability density
distribution "f,,(V)" is given as:
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where "C" is the wind speed normalizing factor and "k" is the corresponding shape factor. Both
parameters are related to the mean wind speed of the area as well as to the corresponding standard
deviation, viathe well-known Gamma function'*?, i.e.:

\7:C.r(1+%) 3)
and
2= cZ-[r<1+§)-(r(1+%))] @

where "V " is the average wind speed and "¢*' the corresponding variance for the time period
examined.

Using equation (2) one may also estimate the resulting wind speed duration curve, i.e.:

G(V 2V, )= exp[-(Vo/C )'] ()

In figures (2a) and (2b) one may find representative probability density distributions on the basis of
equation (2). According to the information provided in figure (2a), as the "C" value increases the
corresponding wind potential is higher, since the possibility to find high wind speed values is
remarkably increased. On the other hand, as the "k" value increases the wind speed values are
concentrated around their mean value (lower standard deviation), see for example figure (2b).
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. According to figure
(1) the "C" and "k" values appearing in the Aegean Sea area vary between 5.5 and 10 and between 1.2
and 2.1 respectively.
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Figure 2a: Typica wind potential cases for the Aegean Archipelago area
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Figure 2b: Typical wind potential cases for the Aegean Archipelago area

2.2 Annual Wind Energy Production Calculation M ethodology

Using previous work by the author™* one may state that the exact value of a wind park energy
production is a function of the local wind potential, the existing atmospheric conditions (temperature,
pressure, humidity, level of turbulence etc.), being also strongly depended on the specific power curve
of the machine used, i.e. N=N(V) -output power versus wind speed "V". More precisely, the net
energy output "E" of awind park over atime period "At" (e.g. At=8760hours per year and "E" is given
in kWh/year) based on "z" similar engines of rated power "N," iS given as:

E=CF-z-N,-At-6E (6)

where "SE" describes the line transmission and the transformer loss as well as any self-consumption of
the power station, on annual basis, yet not related with the wind potential of the area. Accordingly, the
capacity factor "CF" is expressed!™[*® as the product of the mean technical availability factor "A" and
the mean power coefficient "®" of the installation, i.e.:

CF=A-w ()

More specifically, during their service-period wind turbines have a variable technical availability,
depending on the technological status, the age and the location of the machine. In early 80's the
technical availability of the first wind parks was approximately 60%, while at the beginning of the
next decade the value of "A" outnumbered 90%. Nowadays, the new wind energy technology has
achieved such alevel of quality, that wind turbines obtain atechnical availability of 999!/,

The mean power coefficient "o" -expressing the time (yearly)-averaged energy production during an
hour per kW of nomina power of the machine ("V¢" cut-in and "Vg" cut-out wind speed of a
machine)- is defined by the following equation, i.e.:

\

w:V_F[NI\(I\:)-f(V)-dV ®

where the probability density function "f(V)" describes the local wind potential. As aready mentioned,
"f(V)" can be expressed using the well-known Weibull distribution, hence "o" -for a given wind
turbine power curve N(V)- is primarily a function of Weibull mean wind speed normalizing factor "C"
and the corresponding shape factor "k".
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2.3 Wind Potential Impact on the Wind Energy Generation

In this context, for the estimation of the wind energy yield of a specific wind park one needs the basic
parameters of the available wind potential as well as the operational characteristics of the wind
turbines to be used™*® More precisely, the statistically averaged energy yield "E" of awind turbine
of rated power "N,", located in a region where the wind potential is described by the corresponding
Weibull (C,k) probability density function f,(V), can be computed**” using the equation (6). For
practical application purposes one may assume™® that A=95%, while the "N(V)/N," distribution is
given by the wind turbine manufacturer, properly modified to take into account the loca ambient
conditions (air density) impact!*®, see also figures (2a) and (2b) for a typical pitch control medium-
sized wind turbine.
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Figure 3a: Wind energy production for typical wind potential cases
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Figure 3b: Wind energy production for typical wind potential cases

Using the above presented analysis and recent work™® by the author, the expected mean power
coefficient distributions are presented in figures (3a) and (3b) Asit results from these figures*4!*®, the
installation mean power coefficient (and hence the annual yield) is amost linearly depending mainly
on the area wind speed normalizing factor "C", which is directly related to the corresponding mean
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wind speed (V =~ 0.9C), see aso equation (3). In fact, there is a significant "CF" value increase from
0.15 up to 0.45, underlining the dominant impact of the available wind potential quality on the
expected annual yield. At this point it is interesting to note that for low "C" values the calculated " CF"
values are higher for lower "k" values. This situation isinversed as"C" exceeds the value of 8.0.

This conclusion is validated also by the results of figure (3b), where for low "C" values the "CF"
decreases as "k" increases, while the opposite behaviour is observed for very high "C" values. On the
other hand, for medium high or high "C" values the impact of "k" is quite restricted, especialy in the
7.0m/sto 8.5m/s"C" range, in which the majority of the existing wind park locations belong.

3. Wind Energy Penetration Calculation M ethodology

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 strongly variable
distribution of the local grid load demand for various representative wind potential cases appearing in
the Aegean Sea area, figure (1).

Hence, for the estimation of the maximum wind energy contribution one firstly needs 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 (4).
In fact, one may estimate the probability "P_" of the load demand varying between two specific values
"N_1" and "N_," asfollows:

RN, <NU<NG)= [ F (N -aN, ©
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Figure 4: Electrical load demand for a representative Aegean Archipelago island

Subsequently, one should define the maximum wind power penetration acceptable by the local
electrical grid "N, on the basis of the local electrical system constraintd B2 For this purpose
one should take into account that the island autonomous electricity generation systems are based on
diesel or heavy-oil powered internal combustion engines. These engines are not permitted to operate
below a certain limit, in order to avoid increased wear and maintenance requirements. In the present
analysis, for simplicity reasons, one has not explicitly taken into account the fact that the rated power
of diesel-generators is discreet and not continuously varying. Also, one should take into consideration
the algorithm that these units follow during their entering in the local network. However, these
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assumptions do not really affect the impact of the wind potential on the calculation results. Using the
analysis of Appendix One, one may estimate the instantaneous maximum wind power penetration in
thelocal grid "N,*" asfollows:

If N ()<Ny () then N, =0 (10)

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 N, (<N (©)<@+4)N, () then N, =N_(t)-N, () (11)

dmin
where"\" isthe wind power upper participation limit of the system, see Appendix One. Finally,
If N_(t)>@+4)-N,. (t) then N, <min{[2-N )}[N (t)- N, ©®]} (12)

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

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(Ny )", figure (5). Thus, using the information of figure (5) one may state that the wind power
contribution up to 360kW is absorbed for the entire period (when available), 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 Appendix One.

MAXIMUM WIND ENERGY CONTRIBUTION IN AN
AUTONOMOUS ELECTRICAL NETWORK
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Figure 5: Maximum acceptable wind energy by atypical autonomous electrical network

At the same time, 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,
see section 2. 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
precisaly, the expected wind power probability density distribution "fy(N,,)" of awind turbine of rated



98 KaldellisJ.K.  Renewable Energy Journal, 33/7, 1665-1677

power "N," located in a region with wind potential described by the corresponding probability density
function f(V) can be computed using the following equation:

fu(N,)=f, (V;V=V(N,)) (13)

i.e. one should take into account all the cases that a specific wind turbine produces "N,," kW. For this
purpose the wind turbine power characteristic "N,=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 figures (2a or 2b).

According to equation (13) one may estimate the possibility of the wind turbine output varying
between "Nw;" and "Nw," (assuming as a test case that C=8.5, k=1.8) by the following relation, see
also figure (6), i.e.:

P (N, <N, <N,)= [ f(N,)-aN,, (14)
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Figure 6: Wind energy production probability distribution for a representative Greek island

Using the data of figure (6) 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 equal s 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 (5)) along with
the corresponding wind energy production probability density profile (figure (6)), resulting by the
local wind potential characteristics and the operational data of the wind turbines to be used.

Subsequently, one may estimate the wind energy absorbance by the local network operator on the
basis of the existing constraints already described in Appendix One. In this context, one should
compare the expected wind energy production "N, (probability Py=Ffn(Ny).dNy,) resulting from the
available wind potential with the maximum acceptable wind energy contribution to the local grid
"N, " (probability P, =f(N,,).dN,, ). Hence, for every load segment (i.e. N to N +3N,) of the
network we estimate the corresponding maximum acceptable wind energy contribution "N, ". The
predicted value is combined with all the expected wind energy production values, i.e. "Ny;", taklng
into account the corresponding probability value "fn(Ny;).dN,, . Hence, for every combination "i x j"
we estimate the expected wind energy deficit or surplus as foIIows
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oN; =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.:

P=P P (16)

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

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

If ON;;<0 wind energy deficit is encountered, thus the wind turbines production cannot
cover the maximum acceptable wind energy by the local electrical grid, which is finally covered by
the existing thermal power units.

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.:

AE=) > N B At (0N, - 0) (17)
i

Hence, the final wind energy contribution to the local system "E" can be calculated by the difference
between the expected wind energy production (see equation (6)) and the corresponding statistically
averaged wind energy surplus, thus one may write:

E; =E-AE (18)

4, Application Results

The proposed methodology is accordingly applied to several representative wind potential cases
appearing in the Aegean Archipelago region, see also figure (1). For comparison purposes one should
use in all cases anayzed the electrical load demand profile of figure (4), which describes a typical
autonomous electrical network of a representative medium size Aegean Sea island. According to the
data presented the peak load demand of the system is amost 8MW, while the most commonly
appeared load demand varies between 2600kW and 3000kW. Thus the corresponding annual energy
consumption is approximately 30GWh/year. For this specific case one may examine two wind energy
penetration scenarios. More precisely, the first part of the proposed analysis concerns a low wind
energy contribution case, where the maximum wind power of the system is 850kW (i.e. slightly above
the 10% of the corresponding peak load demand of the local network). This value has been estimated
by the author!® as the optimum techno-economic wind power penetration in autonomous electrical
networks. Subsequently, the second scenario examined assumes the installation of three wind turbines
of 850kW each, hence the corresponding wind power penetration slightly exceeds the 30% of the local
system peak load demand during 2005, which used to be the maximum permitted wind power to be
installed in an autonomous electrical system under the previous legislative frame*.

41 Low Wind Power Penetration Case

Using the analysis presented in sections 2 and 3 we present in figure (7) the evolution of the wind
energy contribution in the local electrical system as a function of Weibull "C" parameter. In all cases
examined the wind energy contribution increases along with the "C" value. This amplification is more
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abrupt for high "k" than for relatively low shape factor values. This remark is also supported by the
data of figure (8), where one may find the wind energy contribution variation in the local electrical
network as a function of Weibull "k" value, for several representatives "C" values. More precisdly, for
medium low and medium wind potential cases, the wind energy contribution decreases as the
corresponding shape factor value increases. This situation is inversed so long as the wind potential "C"
value increases, hence for high wind potential cases (e.g. C=10) the wind energy contribution
increases remarkably as the Weibull "k" attains higher values. The above described behaviour is in
accordance with the relation between the energy yield and the corresponding parameters of Weibull
distribution, presented in figures (3a) and (3b). As it is also obvious from figures (7) and (8) the
expected annual wind energy contribution to the corresponding electricity consumption (30GWh/year)
of the remote island is 5% (maximum) for low wind potential (low C and k) up to 11.5% for high wind
potential (high C and k) cases.

ENERGY ABSORBED BY THE LOCAL ELECTRICAL
NETWORK (Low Wind Power Penetration Case)
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Figure 7: Wind energy absorbance by atypical island electrical network.
Weibull scale parameter impact, low wind power penetration case

ENERGY ABSORBED BY THE LOCAL ELECTRICAL
NETWORK (Low Wind Power Penetration Case)

——c=5,5

4000

3500 1 = C=7

—+—c=8,5 N
3000 +——>-c=10

p—
= /“,

= 2500

=

> o l——l\.\.\.\.\.
% 2000

o

4 1500

L

1 1,2 14 1,6 18 2 2,2
WEIBULL SHAPE FACTOR PARAMETER (k)

Figure 8: Wind energy absorbance by atypical island electrical network.
Weibull shape factor impact, low wind power penetration case



Renewable Energy Journal, 33/7, 1665-1677 Kaldellis J.K. 101

Accordingly, one may investigate the wind energy absorbance percentage (i.e. the ratio of the wind
energy absorbed by the local network divided by the corresponding energy yield of the wind power
installations) by the local network as a function of Weibull's wind potential parameters. For this
purpose one may observe in figure (9) that the wind energy absorbed by the local network is
decreasing as the "C" parameter increases, for al "k" values examined. On the other hand, the wind
energy absorption is increasing as the "k" value takes higher values, figure (10). At this point it is
important to mention that in all wind potential cases examined the wind energy absorption by the local
network is higher than 97.5%, which means that if the maximum wind power installed is equal to
10.5% of the local system current peak load demand, practically all the wind energy production is
absorbed by the local grid. In this context, the maximum wind energy contribution in the local
electricity consumption approaches the theoretical value of 11.5% on annual basis, which is however
realized only for very high wind potential cases.
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Figure 9: Wind energy contribution to atypical island electrical network.
Weibull scale parameter impact, low wind power penetration case
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4.2 High Wind Power Penetration Case

Unfortunately the situation is not so encouraging for the high wind power penetration scenario. In fact
the wind energy contribution to the local network is also increasing along with the "C" value (figure
(11)), while this increase is still more abrupt for high "k" values. According to the results
demonstrated in figure (12) the wind energy contribution increases as the shape factor value is
amplifying, excluding the medium-low wind potential case (C=5.5). The main point for the high wind
power penetration case (i.e. 25MW installed wind power) is that the maximum wind energy
contribution is only 20% even for the excellent wind potential case (C=10), while for the low wind
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Figure 12: Wind energy absorbance by atypical island electrical network.
Weibull shape factor impact, high wind power penetration case

Another important aspect resulting from the current analysis is the decreasing wind energy absorption

percentage by the

local electrical network as the "C" value increases (figure (13)), see aso figure (9).

More specificaly, for very high wind potential cases only the 55% of the annual wind energy
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production of the 2.5MW wind park is finally absorbed by the local network, mainly due to the
discrepancy between the wind energy production and the corresponding load demand. On the other
hand, the wind energy contribution increases significantly along with the Weibull’ s shape factor value
increase. This amplification is much stronger for medium-low wind potential cases, reaching values up
to 85% of the corresponding wind energy production. On the contrary, for high wind potential cases
thisincrease is much more moderate, figure (14), i.e. less than 65%.
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Figure 13: Wind energy contribution to atypical island electrical network.
Weibull scale parameter impact, high wind power penetration case
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Figure 14: Wind energy contribution to atypical island electrical network.
Weibull shape factor impact, high wind power penetration case

Recapitulating, according to the presented analysis there is a strict upper limit concerning the wind
energy participation in fulfilling the electricity consumption needs of remote islands. This limit is
dictated by the existing legidative frame, not permitting the installation of wind parks with rated
power greater than a predetermined percentage of the local network’s peak load demand during the
previous year, and the operational behaviour of the existing thermal power stations (Appendix One).
In fact, this wind energy participation limit is usually between 12% and 16%, not exceeding the 20%
even at excellent wind potential cases. On top of this, the real wind energy contribution is much lower
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on a techno-economic basis, since no investor is going to erect a wind park in order to sell only the
60% of his annual energy yield!®. Therefore, taking into consideration the highly variable electricity
demand of the remote autonomous island networks and the stochastic wind speed behaviour, one
should not expect a considerable wind energy participation in the local electricity production process,
without serious energy management and energy storage strategies. Thus, for medium-low and medium
wind potential areas the maximum annual wind energy participation is 13.5%, while for high and very
high wind potential areas this value does not surpass the 20%, under the normal restrictions imposed
by the local network operator.

5. Conclusions

An integrated methodology, able to estimate the maximum wind energy penetration in autonomous
electrical networks on the basis of the available wind potential, taking into consideration the stochastic
behaviour of the wind, is presented. Specia attention is paid in order to examine the impact of the
available wind potentia in the Aegean Archipelago area on the corresponding wind energy
contribution in the local energy balance.

According to the results obtained one may state that the wind energy contribution in the local electrical
networks isincreasing (in absolute terms) as the available wind potential becomes better. On the other
hand, the wind energy absorbance by the local network decreases as the corresponding average wind
speed value increases. On the basis of this conclusion, it is obvious that the existing legislative
constrain concerning the upper wind power limit to be installed in a remote electrical system does not
take into account the wind potential variation of the area, hence bounds the wind energy contribution
to the fulfilment of the local societies electrical needs.

Additionally, the calculation results indicate that the maximum wind energy contribution is 20% for
excellent wind potential areas, while in normal cases this value isin the range of 15%, excluding cases
where remarkable energy storage facilities exist. On top of this, as the wind energy penetration
increases the wind energy absorption decreases remarkably down to 55%, strongly questioning the
viability of significant investments in the wind energy application sector.

Recapitulating, it is worthwhile to mention that the available wind potential strongly influences the
wind energy contribution to the existing autonomous electrical networks. However, in any case, under
the current legidative frame, there is no possibility of increasing the wind energy contribution in the
autonomous el ectrical networks higher than 20% for excellent wind potential regions and higher than
15% for the vast majority of Aegean Archipelago islands. Only by developing appropriate energy
storage systems it will be possible to increase the wind energy participation in the islands electricity
demand, otherwise there is almost no possibility for remarkable new wind power addition, despite the
excellent wind potential and the extremely high electricity production cost of the area.
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Appendix One

According to the available information!

1912 the jsland autonomous electricity generation systems are

based on diesel or heavy-oil powered engines. In this context, 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 "Ngmin" is calculated as:
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1=l max

N, = > NI = Yk -N; (A-1)
i=1 i=1

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 (i) 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 therma power units, which suffices to cover the total load demand, i.e. the "in
operation" thermal units should be able to cover the instantaneous load demand "N ", thus:

1=l ax

Ng >N, (A-2a)

i=1

However, in order these units to come into operation at their minimum fuel consumption (maximum
efficiency) point one should require:

Ny + D &N =N, (A-2b)
i=1

where "&" takes values approximately between 65% and 80%, on the basis of the operational maps of
the existing diesel engines. In an attempt to satisfy the "economic" operation of the existing internal
combustion engines in view of the desired wind energy penetration, one should carefully plan the
dispatch of the thermal units of the local autonomous power station®. Hence, combining equations
(A-2a) and (A-2b) assuming as well that one may use asingle "&" value, one finaly gets:

N, <(@-&)-N, (A-20)

For practical applications equation (A-2c) is written in the following ssimplified and widely used form,
i.e:

N, <A -N, (A-2)

where "N'," is the maximum acceptable by the local network wind power and "A," is the
corresponding maximum instantaneous participation limit, based on the operational characteristics of
the existing thermal power units.

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
limit™ is characteristic of the local electrical network aswell as the spatial distribution and the type of
the system wind turbines®. Generally speaking, this limit "," 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:
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N, <A, N, (A-3)

On the basis of the above analysis, the maximum absorbed wind energy " N',, (t)" by the local
electrical system can be estimated according to the following equations, i.e.:

If N <N, ()= k-N;, then N, =0 (A-4)
i=1

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

If Ny, <N () <@+2) Ny, (t) then N, =N (t)-N,_ (t) (A-5)

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

A=min{1,,} (A-6)
One should also take into account that according to the existing legidation, if the load demand is

higher than the technical minima of the existing thermal power units, priority is given to the wind
parks entering the local network. Finaly,

If N, (t)>@+2) Ny, (t) then N, <min{[2-N ®O][N.®-N,. O] &7

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. In most practical application cases the "A" value
istaken (as arule of thumb) less or equal to 30%.
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Abstract

The Aegean Archipelago is a remote Hellenic area, including several hundreds of scattered islands of
various sizes. The electricity demand in the Aegean Archipelago islands has up to now been covered
by the existing Autonomous Power Stations (APS) at very high electricity production cost. In order to
face the continuous load demand increase an integrated solution based on the exploitation of the
available renewable energy sources potential in collaboration with appropriate energy storage systems
is investigated. According to the results obtained, the proposed solution is clearly more cost-effective
than the operation of the existing thermal power stations, while remarkable environmental and
macroeconomic benefits are also expected.

Keywords: Electricity Generation Cost; Energy Storage; Remote Islands; Renewable Energy Sources

1. I ntroduction

The Aegean Archipelago is a remote Hellenic area, including several hundreds of scattered islands of
various sizes. The main economic activities of the islanders are apart from tourism, seafaring, fishery,
agriculture and stock farming. The electricity demand in the Aegean Archipelago islands has up to
now been marginally covered by the existing Autonomous Power Stations (APS), based on internal
combustion engines and gas turbines 3. Unfortunately, one of the major problems of these islands is
the low quality of electricity available at very high production cost, figure (1). Besides, a continuous
load demand increase is encountered during the last thirty years dictating the installation of new power
stations throughout the entire area.

APS Electricity Production Cost
for Aegean Archipelagos Islands (2005)
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Figure 1. Electricity production cost of Greek Island APS (PPC, 2005)

KavadiasK.A., Zafirakis D., Kondili E.M., Kaldellis J.K., 2007, "The Contribution of Renewables on Reducing
the Electricity Generation Cost in Autonomous Island Networks', ICCEP-2007, "Clean Electrical Power"
International Conference, IEEE, Capri, Italy.
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On the other hand, the Aegean Archipelago is an area with excellent wind potential and abundant solar
energy, while in some islands one may find remarkable geothermal reserves and several biomass
feedstock, figure (2). Up to now, the only renewable energy sources (RES) exploitation activity is
based on wind energy applications?™, hence in several islands one may find small or medium-sized
wind parks, with the maximum installed wind power being less than 10MW. The basic problem for the
extended exploitation of RES (mainly wind and solar) is their variable or even stochastic availability;
therefore, the corresponding energy production cannot meet in any case the variable load demand of
the autonomous island electrical systems. On top x

of this, the local network operator (PPC) poses
serious restrictions on the instantaneous
participation of RES in the corresponding load
demand, which seriously bounds the RES
contribution in the local energy market!®(¢,

To face these problems, the authors have since the
previous decade proposed™® several electricity
generation solutions with remarkable positive side
effects. These solutions are based on the
exploitation of the available RES potentia in
collaboration with appropriate energy storage
systems (ESS). Similar hybrid configurations may
be the most cost-effective solutions to meet the
dectrification requirements of the Aegean

Archipelagos with significant environmental and Aoy Geomermalporental - Solarpotental
socidl  benefits®™". Hence, the present paper 28;:“ I N
analyzes first the existing situation in the Aegean @ oo SO—
Archipelagos electricity market; afterwards it 5|

describes the above mentioned solutions and

finaly it evaluates the application results.  Figure 2: RES potential in the Aegean
According to the results obtained, the proposed  Archipelago region

configuration is definitely better than the existing

situation, even in pure financial terms, including also serious environmental and macroeconomic
benefits.

2. Description of the Current Electricity Generation Situation

According to the official data, approximately 220 thermal power units exist in the Aegean Archipelago
(excluding Crete idand) with total installed capacity equal to 800 MW, while the corresponding
electricity generation during 2005 was almost 2200GWh. Unfortunately, most of the existing power
units have been in operation for amost twenty years. The result of this situation is that severa units
present serious problems, being out of service for remarkable time periods, while their real output is
amost 15% less than their rated power, especially during summer. Comparing the "in operation" real
power of the existing APS with the corresponding peak load demand, one may easily conclude that, in
several cases, there is a very narrow power security margin, hence the local APS do not guarantee the
consumers' safe electricity supply.

In all cases analyzed, a remarkable long-term electricity generation increase is encountered, which is
more intense for the S. Aegean region islands than for the N. Aegean ones. Asit results from figure (3)
the annual eectricity consumption at the beginning of the period examined in S. Aegean was less than
the one of N. Aegean. More specifically, according to figure (3), describing the electricity generation
time-evolution for the N. Aegean islands, a remarkable e ectricity consumption increase is observed,
since the 2005 value is between six and eight times the corresponding value of 1975. Accordingly, the
electricity generation increase for the islands of S. Aegean is much more intense, especially during the
last ten years. Besides, the peak power demand and the annual energy production behaviour of most
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Aegean Archipelago islands present the same time variation (i.e. parabolic and in some cases
exponentia increase), resulting in long-term average annual increase rates of the order of 10%, see
aso figure (4).
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Figure 3: Electricity generation time-evolution in the Aegean Archipelago area
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Figure 4: Peak load demand in selected Aegean Seaislands

One additional severe problem of the existing electricity generation systems is the serious electrical
load demand fluctuations encountered in daily and annual basis, see for example figure (5). This
situation, strongly influenced by the significant touristic activity, mainly during summer, poses
additional problems on the electricity production systems of the islands, leading a large portion of the
existing thermal power units to quite low capacity factors (utilization) values. Considering the time-
evolution of peak load and energy production in relation with the rate of permanent population
changes, one may safely claim that the continuous increase of electricity needs is only partialy
attributed to the permanent population growth. Thus, the determining factors explaining this tendency
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seem to be the annual visitors increasing figures (especially during summer season) and the
corresponding improvement of the living standards.
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Figure 5: Annual electricity consumption variation in Aegean Archipelago islands

At this point it is worthwhile mentioning that despite the excellent wind potential and the abundant
solar energy of the Aegean Archipelago the only RES exploitation activity is based on small scale
wind energy applications®“. Note that the first wind parks have been installed in Aegean Archipelago
islands since '80s, while during 1990-1993 the tota instaled by the Greek PPC wind power
approached 30MWM™!. Since then, one cannot mention any serious wind park development activity by
PPC, while the only activity encountered is due to private wind parks erection, mainly in the islands of
Lesvos, Kos and Chios.

RES Contribution in Total Energy Production (2004)
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Figure 6: Wind energy contribution in the total electricity consumption of selected
Aegean Archipelago islands during 2004

In fact, the major wind energy exploitation activity is encountered in Lesvos island, where during
2004 amost 28.7GWh of wind based electricity has been produced, as well as in Chios (18.2GWhly)



| CCEP-2007, Capri, Italy KavadiasK.A. et al 113

in Kos (18.3GWhly) and in Samos (17GWhly) islands. The result of this moderate activity is the
production of almost 110GWh of wind electricity, which represents only the 5% of the corresponding
annual electricity consumption of the area. Using the most recent available official data, one may find
in figure (6) that the maximum wind energy penetration is encountered in the islands of Karpathos
(13.5%) and Lesvos (11.5%), while in certain islands the corresponding contribution is almost zero.
The main reason reported by the experts for such alow wind energy penetration is the restrictions set
to the wind energy contribution in order to maintain the local grids' stability due to the stochastic wind
speed behaviour and the strongly variable electricity consumption™.

More precisely, the instantaneous RES penetration in the local electrical network is dictated first by
the technical minima of the existing thermal power units®. Additional barriers exist!® due to the
stochastic behaviour of the wind and in order to avoid (or to minimize) loss of load events. For this
purpose the local system operator should maintain full spinning reserve in the thermal power units,
which suffices to cover the total load demand, in case of an unexpected loss of a significant part of the
"in operation" wind parks. Finally, in order to avoid annoying system frequency excursions and
increasing wear of the existing thermal power units, an additional penetration limit is aso imposed,
dictated by the instantaneous rate that the "in operation” units can compensate any power deficit of the
system. The result of the above mentioned constraints is the limited wind energy participation in the
islands electricity balance, figure (6). Recapitulating, 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 only theoretical value, since economic viability criterid®® deteriorate the maximum
wind energy contribution to single digit numbers (i.e. <10%).

LOCAL APS |

3. Proposed Solution

WIND FARM

CONSUMPTION
PV STATION

Figure 7: Proposed electricity generation configuration for autonomous electrical grids

Taking into consideration al the above mentioned information, the authors have proposed since
1995 MBI gn ntegrated solution based on RES (mainly wind or/and solar) power stations, able to
meet the electricity demand of a typical island, as well as an appropriate energy storage facility that
guarantees the local community energy autonomy for a desired time period. Note that an energy
storage system, when sized appropriately!™ not only can couple a variable RES based energy
production to a generally variable and hardly predictable system demand, but also improves the
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system reliability and contributes in the energy production cost reduction. Finally, the existing (usually
outmoded) thermal power stations may also be used either as a back up solution or to cover
unexpected high load demand. More precisely, the proposed configuration (figure (7)) includes:

a One or more RES-based power stations

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.).

C. The existing thermal power units of the already in operation APS. The main target of the
proposed solution is to minimize the contribution of the local APS to the local system electricity
consumption.

More specificaly, for the small and very small idands or for regions with relatively low wind
potential one may create®*®*" photovoltaic based power stations along with energy storage (e.g.
batteries) facilities in order to replace the existing thermal power stations, operating at very high cost
(higher than 200€/MWHh), see figure (1). Subsequently, for big and medium-sized islands with high
wind potential one may adopt the wind-hydro solution, based on the collaboration of wind parks and
reversible hydro power stations operating as water pumping and energy production facilities 1 |
this case, the wind parks face the corresponding load demand, while any energy surplus is stored via
the water pumping system at a high level reservoir. In case of energy deficit, the water reserves are
utilized via the hydro turbines of the installation to cover the excess power demand. In a more
integrated concept one may use the RES based energy production to enhance the water reserves of the
local communities®?,

Finally, for the islands where remarkable geothermal potential exists (figure (2)) one may develop an
integrated energy production facility to meet electrical and thermal energy requirements of the local
community!®. This solution would be much more attractive financialy, if the nearby to the
geothermal field islands were interconnected. In fact the possibility of interconnecting the Aegean
Archipelago islands with the mainland electrical network in order to create an integrated electricity
transportation network presents serious advantages and disadvantages?”, the detailed presentation of
them being out of the scope of the present paper. In brief, the islands interconnection, wherever
possible, may gradually replace the local APSs operation and at the same time allow the absorption of
large amounts of wind energy without causing the instability effects noticed in autonomous grids. On
the other hand, such an electricity production strategy has to face the significant technological
problems related to the undersea electricity transportation, the rather high first installation cost
(approx. 3 million Euros per km of transportation grid) and the strong opposition of local societies
claiming important environmental impacts.

4. Calculation Results

The developed methodology is accordingly applied to two representative Aegean Islands. The first
being Karpathos and belonging to the medium scale Aegean islands, and the second, Megisti,
representing the very small scale category. In this context, the application of a wind-hydro and a PV-
Na-S configuration are investigated. More specifically, the wind hydro solution implementation,
recommended for medium and big scale electrical grids"*®, will be investigated for Karpathos island.
Next, the PV-batteries solution, able to meet the electrification needs of a very small electricity
network will be applied on the island of Megisti®®™®. From the results obtained a clear picture
concerning the viability of such schemes as well as the potential cost-effectiveness supported by the
latter adoption, may be provided. Emphasis is aso laid on serving the need for maximum RES
participation in theislands energy balance.

4.1. Wind-Hydro Solution for a Medium-Sized Island

Karpathos is a medium-sized island (population 6,565 habitants, area of 301km?) of South-East
Aegean Sea, belonging to the Dodecanese complex (the second biggest after Rhodes). Its major town
is Karpathos with 2,088 habitants. The local terrain is characterized by rocky mountains with sharp
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slopes and absence of flat fields. The annual energy production of the local APS (which covers also
the electricity requirement of nearby Cassos island - 990 habitants) was almost 29,000MWh for 2005.
The peak load demand -approximately 7880kW- appears during summer, while the corresponding
minimum value is 1400kW. The island has very high wind potential, since the long-term annual mean
wind speed approaches 9.6my/s, at 10m height'*. Besides, there is a quite large natural water reservoir
(approximately 2,000,000m*), which can be used during the application of the proposed wind-hydro
solution.

Similarly to most Aegean Sea idland, the evolution of the local APS production cost presents a
remarkable mean annual increase (0.24€/kWh for 2005), while the contribution of fuel cost is almost
55%. The APS of Karpathos consists of seven operating internal combustion engines of total rated
power 12MW. In the island there is (since 1991) a very small wind park of Greek Public Power
Corporation (PPC) based on five (5x55kW) outdated WM -15S wind turbines, rated power 275kW!%2,

To encounter the ongoing electricity demand increase, several wind parks collaborating with an
appropriate ESS, in particular a pumped-hydro system (PHS), may be installed. 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<e<0.6. In the current analysis the
parameter "¢" is taken equal to 55%. After having determined the annual contribution of the applied
RES-based energy storage configuration, the autonomy period provided by the employed storage

technology is examined.

Required Wind Power to be Installed for a Combined
Wind Energy-PHS Solution for Karpathos Island (€=55%)
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Figure 8: Wind power variation vs. desired hours of energy autonomy for Karpathos island

In figure (8), the wind power requirements for the safeguard of the wind hydro contribution depending
on the energy autonomy selected (from zero autonomy to d,=48 hours) are presented. The initial steep
increase of wind power requirements, in fact quadrupling between zero contribution and 6 hours of
autonomy, tends to normalize as the desired autonomy increases. If autonomy of 48 hours is selected
instead of the corresponding of 12 hours, only a 25% increase of the wind power reguirements should
be expected. In terms of capacity, for a respectable energy autonomy provided by the proposed
configuration, i.e. in the range of 24 to 48 hours, wind parks of rated power from 12.5MW to 13.5MW
should be installed. In conclusion, since after a certain point of autonomy the wind power
requirements are not considerably affected, the wind park component shall not entail the decisive
impact factor differentiating the resulting electricity generation cost.

In figure (9), a break-down cost analysis of the various components synthesizing the wind-hydro
configuration for 20 years of operation is presented. From the results obtained one may notice the
dominant role of the input energy cost, determining the resulting cost for low autonomy (over 50% of
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participation for d,=6 hours even reaching 75% for d,=12 hours). The energy deficit appearing
because of low autonomy values must be compensated by the local APS contribution, described by a
considerably high energy price (0.24 €/kWh). As the autonomy supported by the proposed
configuration increases further (more than d,=12hours), the impact of the input energy cost, as
expected, is minimized. Instead, it is the PHS and the wind park’ sinitial costs that must be considered
as responsible for the resulting total cost, with equal participation shares. Concerning the M& O costs
for both the wind park and the PHS, a significant variation determining the total cost is not to be taken
into account in the entire autonomy range examined.

20-year Cost Analysis of a Combined Wind Energy-PHS
for Karpathos Island (e=55%)
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Figure 9: Long-term cost analysis of a combined wind-hydro electricity generation system

Electricity Production Cost (Present Values) of a

Combined Wind Energy-PHS, Karpathos Island (€=55%)
0,3

0,15 -
01
0,05 - I .
0 6 12 24 48

Hours of Energy Autonomy

Electricity Generation Cost

APS-only

Figure 10: Electricity generation cost of a combined wind-hydro electricity production
installation

What is interesting to note as well is the rapid cost decrease following the increase of the selected
autonomy. For example, if 6 hours of autonomy are undertaken a total of 65M€ for the entire
operational period examined is expected. If 48 hours should be adopted, less than 20M€ are necessary
through the project’s lifetime. A direct comparison of the obtained costs with the corresponding
ascribed to the existing electrification solution reveals the proposed solution’s clear advantage. In all
cases examined, the cost-effectiveness of the wind hydro configuration is evident. For the extreme
case of d,=48 hours, the local APS lifetime cost is more than five times the one demonstrated by the
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RES-ESS scheme. The main problem to be solved is the existence or not of appropriate locations for
the installation of the entire wind-hydro solution aswell as the significant installation capital required.

The above results are further explained in figure (10), where the specific electricity generation cost
(€/kWh) is depicted. Similarly to the results of the 20-years total cost analysis, a remarkable reduction
of the electricity production cost following the increase of the provided autonomy is encountered. In
fact, for high autonomy values (greater than 12 hours), the estimated electricity generation cost of the
proposed wind-hydro scheme appears to be lower than the recent law-supported (law 3468/06) sale
price per kWh of wind energy generated in the non-interconnected islands of Aegean Sea
(0.0846€/kWh). Thus, the financia viability of the investigated scheme is justified.

4.2. PV-Na-SBatteries Solution for a Small 1sland

Megisti was until recently the easterly European Union (EU-15) edge, located almost 72 miles from
Rhodes. The island area is only 9km? and the population is 403 permanent habitants (approximately
100 families). The local terrain is arid and rocky with several caves. The annual energy production of
the local APS was 2100MWh for 2005. The peak load demand -approximately 560kW- appears on
August 13, while the corresponding minimum value is 120kW (8 May). The main economic activities
of the local society are fishing and tourism. The island has also excellent solar potential, since the
annual mean solar radiation exceeds 1700kWh/m? at horizontal plané®. There is no traffic network
in the island despite the existence of a small airport.

Since it concerns a small scale island, Megisti’s eectrification needs may be confronted by the
incorporation of an appropriately sized PV-batteries configuration. More specifically, the proposed
scheme shall include a properly-sized photovoltaic station collaborating with a corresponding Na-S
batteries energy storage system. An autonomy range from 2 to 24 hours, representative of the Na-S
batteries capacity potential, is currently examined.

PV Generator Contribution
PV-(Na-S) Configuration for a Small Remote Island
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Figure 11: PV-Generator contribution in the electricity production balance of a small remoteisland

In this context, apart from seeking for the minimum possible electricity generation cost, one should
also am at maximum RES energy contribution. In figure (11) one may observe the variation of the PV
generation contribution in relation with the PV-station’s rated power and the values of selected
autonomy. As noticed from the figure, an increasing trend describing al the autonomy cases may be
encountered up to a certain critical point, determined by the selected energy storage capacity (i.e. "d,"
value). Afterwards, steady values for the PV generation contribution, regardless the additional PV
power to install, must be considered. Consequently, the addition of more PV-power to a greater extent
has no positive impact on the latter energy contribution share.
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Concerning the factor of autonomy, if lower autonomy values are to keep in mind, analogous PV
generation contribution rates should be expected. Moreover, an approximate 20% increase among the
maximum contribution values supported by each autonomy case investigated is noted. It is interesting
to see that for the d,=24 hours case, the contribution of the local APS is practically zeroed, since the
PV generator provides the 100% of the total electrical energy consumption of the local network, for
PV rated power greater than 1700kW. On the other hand, for d,=2 hours, the corresponding transom,
responsible for 40% of PV utilization, is 600kW. After a closer inspection of figure (11) one may
notice that in the range between 600kW and 1400kW several combinations presenting the same PV-
generation contribution values may be encountered. Hence, to designate the most attractive solution
available, one should co-evaluate the cost-effectiveness impact as well.

Megisti Island PV-Na-S Batteries System
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Figure 12: Electricity generation cost of a combined photovoltaic-(Na-S) batteries
electricity production installation for a small remote island

In figure (12), the total lifecycle cost of the PV-Na-S configuration in relation with the autonomy and
PV-power variationsisillustrated. In all autonomy cases examined a minimum total cost value may be
noted. For thisto happen, a reduction trend previously describing the behavior of all 4 autonomy lines
drawn is noticed. For lower autonomy, although minimum costs are achieved earlier (less PV-power
required), higher total cost values are expected. Next, the minimum cost values arising for all the "d,"
cases examined correspond to the critical points emphasized previously and concerning the maximum
PV penetration under minimum PV -power installed (see also figure (11)).

Consequently, if isolating each of the autonomy cases examined, the most cost efficient combination
a so supporting for maximum RES penetration may easily be drawn. However, since the PV utilization
is not affected by the selected autonomy in the range between 600kW and 1400kW, only the criterion
of cost-effectiveness may highlight the ideal solution. More specifically, up to 900kW, except for the
600kW case where 2 hours of autonomy should be preferred, 6 hours of autonomy are recommended,
while for PV power installations greater than 1000kW and smaller than 1400kW, 12 hours of
autonomy should be adopted.

In figure (13), the break-down cost of the resulting minimum cost configurations (depended on the PV
power installed) for d,=2h to d,=24h presented, confirms the assumption previously cited, i.e. for
lower autonomy values the PV-component is not the most critical cost component. As in the case of
the wind-hydro, the low autonomy values resulting costs are dominated by the input energy cost,
necessary to satisfy the local electricity demand. As the autonomy rates increase (>1000kW) and the
PV utilization maximizes, minimum cost configurations employ bigger-scale PV stations, therefore
entailing anal ogous cost shares.
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Electricity Production Cost Analysis
(PV-Na-S Batteries System)
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Figure 13: Electricity generation cost analysis of a combined photovoltaic-(Na-S) batteries
electricity production installation for a small remote island

Recapitulating, for low autonomy values the component of input energy proves to be decisive. For
example, for d,=2 hours, an 80% contribution of the input energy part should be noted. On the other
hand, when the autonomy maximizes (d,=24 hours) the percentage of the electricity generation cost
owed to the absorption of energy from the local network is minimized. In addition, the bigger scale
PV -stations installed suggests corresponding cost shares. Either way, for high energy autonomy cases,
photovoltaics comprise the main cost component.

5. Conclusions

The electricity generation problem in the remote Aegean Archipelago islands is one of the basic
problems hindering the development of the local island communities. Actualy, up to now the
electricity offered by the existing outdated thermal power stations is often at low quality and the
corresponding production cost is very high. To face these problems, the authors have elaborated an
integrated solution based on the exploitation of the available wind-solar potential in collaboration with
an appropriate energy storage system.

In this context, the present work has analyzed the existing situation in the Aegean Archipelago
electricity market, taking into account the annual electricity consumption and the peak power demand
time-evolution as well as the corresponding e ectricity production cost values. Accordingly, the above
mentioned electricity generation solutions, based on RES exploitation, have been described in detail.
Finally, representative application results have been demonstrated, while emphasis is given in
presenting the RES contribution and the corresponding electricity generation cost vaues in
comparison with the existing situation. According to the results obtained, the proposed solution is
clearly more cost-effective than the operation of the existing thermal power stations, while remarkable
environmental and macroeconomic benefits are also expected.

Recapitulating, one may clearly state that only by developing properly designed hybrid power stations
based on RES expl oitation and interconnecting some of the islands of the areait is possible to face the
continuously increasing electricity demand of the area, with rational electricity generation cost, also
minimizing the environmental impacts due to the diesel and heavy ail utilization.
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THE WATER SHORTAGE PROBLEM IN AEGEAN ARCHIPELAGO ISLANDS.
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Abstract

Increased water demand due to economic growth, irrigation needs, declining precipitation levels and
over-abstraction of groundwater are all factorsthat create fresh water shortage problems in the Aegean
Archipelago islands. In order to face pressing needs, water is transported by ships from the mainland
or other neighbouring islands at a high cost. The objective of the present work is to analyse the current
status of water shortage problem in the Hellenic islands and to provide reliable data concerning the
water quantities being imported in the areas of Cyclades and Dodecanese. Furthermore, information
concerning the cost of water transport in these areas is given. In parallel, the promising solution of
desalination plants powered by renewable energy sources is proposed as a feasible, sustainable and
cost-effective method for the water shortage problem of the Hellenic Aegean islands.

Keywords: Water Resources, Water Shortage; Water Transport; RES Powered Desalination; Water
Production Cost

1. I ntroduction

Cyclades and Dodecanese are island complexes belonging in the South Aegean Prefecture and located
in the Southeastern region of Greece and European Union (figure (1)). Capital city of the Prefectureis
Hermoupolis of Syrosisland. The Prefecture covers an area of 5,286 sq. km and a percentage of 4% of
the total area of the country. The region includes 79 islands, 48 inhabited and 31 uninhabited. Most of
them arein rather long distances from the capital of the Prefecture.
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Figure 1: Map of Cyclades and Dodecanese

Kaldellis J.K., Kondili E., 2007, "The water Shortage Problem in Aegean Archipelago Islands. Cost-Effective
Prospects’, Desalination Journal, vol.216, pp.123-128.
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The pleasant climate, the traditional architecture and the interesting cultural tradition all contribute to a
significant increase of the tourism, resulting in the economic development of the region in general.
However, the geomorphology of the area creates different development levels within the prefecture.
Each idand has its own special character. There are areas with significant development rates (such as
Rhodes, Santorini, Kos, Naxos and Mykonos) and other small and rather poor islands. The competitive
advantage of the area is definitely the tourism; however this activity is not stable, being affected by
international conditions and fluctuations.

Other economic activities in the area are the agriculture, the stock-raising, the fishing and, in specific
areas, the industry (e.g. Milos). In many islands there are small industrial units, mainly focused in
local products and handicrafts manufacturing.

The development of the region has resulted in a remarkable increase of the population over the last
three decades™. Table 1 provides basic information related to the area and the population of the
region. As shown in this Table, the population was almost 270,000 in 1991 and 301,000 in 2001,
showing an increase of 14% during the last decade. Thisimpressing increase is mainly observed in the
tourist areas and the larger islands of the Prefecture. The population is mainly concentrated in three
big cities (Rhodes, Kos, Hermoupolis) and the six capitals of smaller islands (i.e. Kalimnos, Naxos,
Paros, Tinos, Mykonos, Thira).

The Gross Nationa Product (GNP) of the area increases more rapidly than the national average.
According to recent data, the per capita GNP of the South Aegean Prefecture is around 124% of the
average country’s GNP per capita, which in turn corresponds to 76.9% of the EU average. Furthermore,
the Prefecture’ s Unemployment Indicator is around 90% of the country’s Unemployment Indicator.

2. Water Resources Management in the Aegean Archipelago I lands

Traditionally water has been a very valuable resource in the Aegean Searegion, mainly because of the
low precipitation? and the specific geomorphology of the islands. Hence, the water resources in most
of them are not sufficient to cover the continuously increasing needs. Particularly during the summer
period, the population of the islands may be five times more than the winter, thus resulting in more
intense water shortage problems. On the other hand, it is clear that the development and the quality of
life in the islands depend mainly on the sufficiency of water resources. The water, however, is a
renewable resource with a limited replenishment rate. Therefore, demand and supply must be kept in a
balance; otherwise the water resources for the next generation are seriously endangered.

In general, classification of the water demand and consumption includes:
e urban users (commercial, permanent and seasonal domestic users),
e industrial, and
e agricultural users.

Industrial activities are rather limited in the islands under discussion. On the contrary, irrigation of the
agricultural areasis a significant water consumer. The temporal distribution of water demand is also a
serious parameter of the problem, since both the domestic and irrigation needs are increasing in the
summer.

The most common water supply sources in remote areas with limited water resources are the ground
reservoirs and dams -associated with water treatment plants, the desalination plants, wells and
boreholes, water recycle and reuse (not commonly used yet) and the water transport by ships.The
optimal solution for water supply in each case is determined from the local needs and characteristics,
the quantitative and tempora distribution of these needs and the island's infrastructure. The
parameters that determine the alternative solutions of the water shortage problem are the size and the
population of the island, its geographical location, the economic activities, the population distribution
throughout the year and the extent of the water shortage problem.
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In case the existing domestic sources can not cover the water needs sufficiently, increasing water
demand is covered by water transport in the Hellenic islands, either from the mainland or from
neighbouring islands. It is noted that water imports cover urban users demand only. The costs
associated with this method are very high, in addition to the fact that it is unsustainable and does not
create any infrastructure for the long-term problem solution. Therefore, it should only be used in
urgent circumstances when no other water resource is available.

Because of its significance, the water shortage problem has been studied by various researchers and
the local authorities, either isolated or integrated with the energy demand problem. More specificaly,
an optimization approach for the planning of water systems has recently been proposed®, with the
development of a mathematical programming model that describes the operation of water systems
with the total demand possibly exceeding the water availability. The evaluation of alternative solutions
to the water resources management problem, taking also into account sustainability issues, is another
interesting problem that has been tackled!®. The possibility of renewable energy sources (RES)
exploitation in desalination units has been described and analysed extensively!®® while integrated
RES and desalination systems have been designed and assessed technically and economically®™%,
Finally, detailed systems modeling for RES based desalination plants™ and equipment sizing for the

special case of wind-driven installations have been proposed!*?.

The objective of the present work is to analyse the current status of water shortage problem in the
Hellenic islands and to provide reliable data concerning the water quantities being imported in the
areas of Cyclades and Dodecanese, in addition to cost data. RES powered desalination is proposed as a
sustainable and cost- effective alternative solution for the water shortage problem. All the information
originates from the department in charge of the Hellenic Ministry of Development and refers to the
period of 1997-2005"3.

3. CycladesWater Shortage Problem Analysis

31 Problem analysisfor the whole Cycladesisland complex

Cycladesis an isand complex in South Aegean Sea, characterised by the large number of rather small
size, dry in most cases, isands. The area has a very distinct geomorphology and presents high
development rates, at least in some of the medium - big size islands, mainly due to the tourism.

The water shortage problem in Cyclades is very acute. The largest of them, Naxos and Andros, seem
to be the only ones that have sufficient local water resources. Many infrastructure projects have been
constructed in the region during the last decade, such as ground reservoirs (Naxos, Mykonos, 10s),
desalination plants and water dams (Naxos).

On the contrary, for the smaller islands water is transported from the mainland and is stored in
reservoirs to cover the demand for short time-periods. Water is transported in the islands of Amorgos,
Koufonisia, Kimolos, Heraklia, Schinousa, Folegandros, Tinos, Sikinos, Therasiaand Milos.

Figure (2) presents the water imports for years 1997-2005 in Cyclades islands, whereas figure (3)
shows the water imports throughout the year for representative years of the examined period. Note that
data for 2005 have not been confirmed officialy yet. From figure (2) it is observed that the transported
water quantities have amost quadrupled from 1997 to 2004. The main reason for this increase is that
Milos, the largest of the islands using transported water, has started receiving large water quantities
transported by ships only after 2002 (figure (4)).

Infigure (3) it is obvious that the transported water quantities increase dramatically during the summer
months. This variation shows the high seasonality of water demand, which, in many cases is the
reason for not investing in infrastructure projects for water supply.
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Figure 2: Total annual water imports time evolution in Cyclades
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Figure 3: Transported water quantities in Cyclades throughout the year

The seasonal variation of water imports in the islands, shown in figure (3), is explained by the
increased water demand during the summer. From statistical data, the visitors/tourists arrivals in years
2003 and 2004 in Cyclades are shown in Table2. From this data it is clear that the population of the
islands in the summer is amost 3-4 times the winter population, taking also into account that in
Cyclades most of the tourists arrive in summer, i.e. in a 3-4 months period.
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Figure 4: Transported water quantities throughout the year for various Cyclades islands
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Figure 5: Water imports in various Cyclades islands, 1997-2004

3.2 Detailed Water Shortage Analysisfor Selected I lands of Cyclades
In the following it is interesting to study the water shortage problem of selected islands in Cyclades,
representative in size and in water demand patterns figure (5).
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Kimolos is a medium size island, with a population of 800 people (permanent residents). The water
importsin theisland are rather constant throughout the years. Kimolosis very close to Milos and, thus,
its activities are serioudly affected by it.

Milos is arather big island (5000 permanent residents) that has suddenly shown an increased demand
in imported water. Actually this fact has affected seriously the water demand profile of the total area,
as it has been shown earlier in figure (4). Milos has a serious increase in its tourism, thus increasing
the water needs. At the same time, the island has excellent geothermal energy sources. The possibility
of exploiting the geothermal energy for the operation of a desalination plant has been studied with
interesting results™. The size and the infrastructure of the island alow the construction of a
desalination plant that could also provide water to the closest islands (e.g. Kimolos).

Tinos (8000 permanent residents) is al'so an interesting case, since there was a need for imported water
in years 2000-2001. However in 2002 a compact-type desalination unit has been installed and started
operation, which covers the needs of the island since then.

Finally, Folegandros (650 permanent residents) is a characteristic example of a small and dry island,
rather poor, showing continuously increasing tourism during the last years. This trend has been
reflected in the water demand. Due to its geomorphology, Folegandros has no domestic water
resources. Therefore, practicaly most of the water is imported and this demand increases
continuously.

4.  Dodecanese Water Shortage Problem Analysis

4.1 Problem analysisfor the whole Dodecanese island complex
Dodecanese is an island complex in the Southeastern part of the country, in along distance from the
mainland. Asin Cyclades, the development of theseislandsis also mainly affected by tourism.
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Figure 6: Water imports throughout the year in Dodecanese

Water shortage problem in Dodecanese is again, as in Cyclades, a difficult and intense problem.
Rhodes and K os, the largest and most developed islands of the region, have their own water resources
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and provide with fresh water the other, small islands that have not sufficient domestic resources.
Water is transported in the islands of Agathonisi, Lipsi, Megisti, Nisyros, Patmos, Simi, Chalki,
Pserimos and is stored in reservoirs that cover the demand for short time-periods. Desalination plants
operate in Nisyros and Leros.

Figure (6) presents the water imports for years 1997-2005 in Dodecanese islands, whereas figure (7)
shows the water imports throughout the year for representative years of the examined period. In figure
(6) it is observed that the transported water quantities have a significant increase from year to year and
in 2004 are almost double compared to the corresponding quantities of 1997. The main reason for this
is the increase of water quantities demanded in the islands of Patmos and Simi, as shown in figure (8).
These two islands have a significant increase in the number of tourists they receive during the last
years.
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Figure 7: Total annual water imports time evolution in Dodecanese
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Figure 8: Transported water quantities throughout the year for various Dodecanese islands
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From figure (7) it is obvious that the transported water quantities increase dramatically during the
summer months, as it has aso been observed in Cyclades islands. This variation shows the high
seasonality of water demands, which, in many cases is the reason for not investing in infrastructure
projects for water supply, asin Cyclades.

From statistical data, the visitors / tourists arrivals in years 2003 and 2004 in Dodecanese idands are
shown in Table 3. It is clear from these data, taking also into account that in Dodecanese more than
half of the total tourists arrive during the summer period, that the population of the islands in the
summer is amost 2-3 times the winter population. This explains the seasona variation of water
imports in the islands, shown in figure (7).
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Figure 9: Water imports in various Dodecanese islands, 1997-2004

4.2 Detailed Water Shortage Analysisfor Selected | lands of Dodecanese
Subsequently, it is interesting to study the water shortage problem of selected islands in Dodecanese
representative in size and in water demand patterns (figure (9)).

Patmos is a medium size island, with a population of almost 3000 people (permanent residents). The
water imports in the island increase in the last years mainly because Patmos is now receiving many
more tourists than in the past.

Nisyrosis asmall idand with a population of 940 people (permanent residents). The sudden decrease
in water imports that appears since 2002 is attributed to the operation of areverse osmosis desalination
unit. Therefore, water demand is satisfied by the desalination plant and the needs for water imports
have decreased dramatically.

Simi is a medium size island, very close to Rhodes, with a population of 2560 people. Simi has no
significant domestic water resources; therefore all water demand is covered by transported water
quantities that have increased significantly during the last 2-3 years. Simi has a remarkable tourist
development. Furthermore, many visitors come from Rhodes only for one day. They also increase
water demand; explaining thus the quite significant transported water quantities during the last years.
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Finally, Megisti is a very small island, with a population of 300 people, and rather isolated in along
distance from the mainland and the rest of the Dodecanese islands. The continuous increase in water
transported quantities is caused from a corresponding increase in the number of tourists.

5. The Economic Option of the Problem

Depending on the water supply method, the water cost varies significantly. In practice, the cost of
water includes a fixed term, associated to the depreciation of the capital investment of the
infrastructure and a variable cost term. For example, the desalted water has a significant operating
cost, while the water from ground reservoirs and dams has a large fixed cost term, because of the high
capital investment required.

Table 4 shows the corresponding water costs (in €/m°) from 1997-today for water transported to
Cyclades and Dodecanese, respectively. The water is transported to Cyclades mainly from the Athens
area, while in Dodecanese the water is transported from Rhodes and Kos. This is the reason for the
significantly lower costs of water transported in the area of Dodecanese.
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Figure 10: Total cost for water transported in Cyclades and Dodecanese
islands™

Figure (10) shows the total amounts being paid each year for water transport in Cyclades and
Dodecanese area. It is clear from the above mentioned data that a very significant amount of money
(approximately 7,000,000€) is spent every year in order to cover the water needs in the islands of the
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Aegean Archipelago. As a matter of fact, the water transport is not a sustainable and long-term
solution to the water demand problem, since it is very expensive and it does not create any
infrastructure for the future. It is an urgent solution to the problem but certainly not the best one.

On top of this, the above amount of money is paid from the local authorities (Prefecture,
municipalities), and, in most cases, it is not passed to the consumers. In fact, the money being paid by
the residents varies between 0.5€/m? (for small consumers) and 1.3€/m>. Therefore it is a significant
social cogt, in addition to the fact that this method is unreliable and does not improve the water
resources management problem of the areas.

6. Desalination Based on RES

6.1 Presentation of the RES Potential of the Area

The Aegean Archipelago includes several hundreds of small and medium-sized islands, being located
in the South Eastern European edge. The entire area possesses excellent wind potential since in several
islands the wind speed exceeds the 9m/s at 30m height (figure (11)). In this context, numerous wind
mills have been operating in the area for many years, while during the last twenty years modern wind
parks have been constructed™ in several islands. However, the stochastic behaviour of the wind and
the remarkable fluctuation of daily and seasona electricity load, in amost al idand grids, lead to
substantial wind energy penetration limits™®, especially during the low consumption periods of the
year. Thus, in many occasions electricity produced by the wind parks cannot be absorbed by the local
network, hence it can be directed to supplementary activities such as water desalination at minimum
Cost.

On the other hand, al these Greek
islands are located in regions having
the regular benefit of an abundant and
reliable solar energy supply, taking into
consideration that the annual solar
energy approaches the 1700kWh per L
square meter (figure (11)). It is also X\ N
interesting to note that solar energy is I — A”S”p”(j;(;“aﬁagovr;‘“d
much higher during the summer '

season, where the fresh water needs of
the aea ae aso significantly
amplified.

P

Finally, in severa sites an outstanding
geothermal  potential  has  been
encountered (e.g. Milos, Nisyros,
Santorini), due to the existence of high
and low enthalpy geothermic fields of
significant  capacity. As aready
mentioned, the exploitation of the
available geothermal potential,
replacing oil-fired unitd'”, for the
operaIion of desalination plants is a Geothermal potential Solar potential
rather interesting option*.
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designed desalination plants at reasonable cost. In fact, recently (July 2005) the Greek Ministry of
Development opened a call for proposals, in order to subsidy by more than 40% new-erected
desalination plants based on renewable energy sources (RES) tilization!*®. The first investments
submitted are already under evaluation.

6.2 Desalination Technologies Cost

According to above analysis it is evident that in most Aegean Sea islands with significant water
shortage, there is a wide availability of renewable energy sources. Therefore, RES based desalination
units could provide an environment friendly, cost-effective and energy efficient method for the
production of potable water. As mentioned above, various technical and economical issues concerning
the alternative technologies for RES powered desalination plants have been investigated and analysed
extensively from various researchers™/MEIMONZ 10 g)| cases, the ultimate economic evaluation
criterion is the specific water production cost.

The cost parameters that need to be taken into account are the investment cost, the energy cost, the
consumables, the labour and the maintenance costs. Literature suggests a range of values for each
desalination technology in conventional plants, i.e. plants covering their energy requirements from
conventional energy sources (Table 5).

As a genera rule, a seawater reverse osmosis (SWRO) unit has relatively low capital cost and
significant operating and maintenance cost, due to the high cost of energy and the membrane
replacement. The major energy requirement for reverse osmosis desalination is for pressurising the
feed water. Energy requirements for SWRO have been reduced to around SkWh/m® for large units
with energy recovery systems, while for small units this may exceed 15kWh/m?. For brackish water
desalination the energy requirement is between 1 to 3kWh/m? ¥,

In case RES are used as energy sources of the desalination plant, the relative capital cost of each
subsystem (power supply and demand by desalination) determines how appropriate a certain
combination of energy and desalination process can be. The feasible renewable energy - desalination
technology combinations are many today. Concerning the state-of-the art, wind energy, geothermy and
photovoltaics seem to be a smart option. The financial attractiveness of similar applications is
remarkably improved in case that the considerable energy demand of a desalination plant is covered
by the electrical energy surplus of already operating RES based electricity generation plants?™®. In
these cases, the cost of the energy input is quite low and the combined production of e ectricity and
desalinated water strongly improves the economic performance of both applications.

6.3 Desalinated Water Production Cost

Taking into account the cost-benefit model presented by the authors™® that expresses the total cost of a
desalination plant as the sum of the initial installation cost and the corresponding maintenance and
operation (M&O) cost, one gets the following equation, under the condition that the net present value
of the investment becomes zero (NPV=0) after n* years of operation, i.e.:

(1_7/) hl dw (; fg Epp "G 1:e
= A1 LW
w . lUF eses/ R, Tt (1)

where "UF" is the desalination plant utilization factor defined as:

A @)

expressing the number of days that the specific desalination plant operates at full capacity.
Accordingly, see also Table 6, "d," expresses the number of typical days that the selected reservoir
guarantees clean water autonomy of the system, without the operation of the desalination plant.
Finally, one may write:
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n j n-1
A Y e e E i e
L 1+i 1+i 1+i 1+i ©)

with x=g; x=e or x=w and "i" the corresponding market capital cost. All the other parameters
appearing in equations (1) and (2) are explained in Table 6. Keep in mind that the energy required
market price "c." depends on the local system electricity production cost. According to the available
datd™, the marginal production cost of the islands autonomous power systems varies between
0.15€/kWh and 1€/kWh, being in most cases quite higher than the corresponding production cost
value from existing wind parks®” and photovoltaic stations®!.

Applying the above described model one may estimate the expected desalinated water production cost
(figure (12)). The cases analyzed include two extreme scenarios, one for small islands (daily capacity
100m%day) and one for medium-sized islands (daily capacity 2000m>/day). In both cases the expected
water production cost is less than 4€/m?, present values, which is substantially lower than the prices
appearing in Table 4. In fact, for the medium-sized island case the corresponding production cost is
less than 3€/m®, while this value is remarkably decreased with the operational years of the installation.
On the other hand, the market price of the transported water is significantly increasing in the course of
time (Table 4). The above presented desalinated water production cost values may further be
decreased by using an appropriate optimal electricity-water management procedure®® which is a
challenging domain for future research.

Desalinated Water Production Cost
for the Aegan Sea Islands
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Figure 12: Desalinated water production cost on the basis of existing renewable energy resources
exploitation in the Aegean Sea lslands

7. Conclusions

For the majority of the Hellenic islands, water resources are quite limited, thus restraining the
economic development of the local societies. To face increased potable water requirements, more than
1,000,000m® of clean water are transported annually to these islands at a cost sometimes exceeding the
value of 7€/m*. Reliable and up to date data concerning the water quantities that are transported
annually to each one of the Cyclades and Dodecanese islands have been presented, providing thus the
opportunity for detailed study and analysis of the water demand and water shortage problem in these
areas. Furthermore, the detailed cost data that have been provided can be used as a basis for alternative
solutions evaluation in the critical problem of water resources management.
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The construction of infrastructure projects for each island is avoided usually because of the high
investment required and the seasonal variation of water demands. Therefore, it is expected that water
will continue to be transported at least in the smallest and most dry Hellenic islands. However, in
many other cases of medium - big size islands this urgent and expensive solution can be avoided. Asa
feasible, cost-effective and sustainable aternative solution, RES powered desalination is proposed,
since the fina cost of the locally produced water from renewable energy sources (RES) based
desalination plants is expected to be quite lower than the corresponding transported water cost,
without disregarding the considerable environmental, social and macro-economic benefits.
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Figure 2: Schematic representation of the water system

The supply sources provide water in a real or virtual storage tank; the storage tank has a specific
capacity (upper limit) and a low limit that should never be violated. In case there is no real storage
tank, the lower and the upper capacity limits are set equal to zero and the water goes directly from the
supply source to the user.

Water Supply

For the islands, the most common water supply sources are the following:
e Desdlination units

Ground Reservoirs

Dams

Water transport by ships

Other own water resources (e.g. wells)

In fact the model can accommodate any type of water supply. The information that is required is the
cost, capacity and any existing operational constraints. The supply limits are determined from the
capacity of each specific source that possibly varies with time.

The supply costs may simply be considered as linear terms multiplying the corresponding water
quantity or may follow more complicated economic functions. For example, the desalted water cost
may be calculated as the sum of a fixed term, expressing the depreciation of the unit and a variable
cost term or be expressed with a more complicated economic function, taking aso into account
various parameters of the unit's operation!”; the same is valid for the ground reservoir and the dam.
On the contrary, the water transported by ships has only a rather high variable cost term that is
multiplied by the corresponding transported quantity.

Water demand

The most common water users are:

e Theagriculture (irrigation).

e The urban use (including permanent and seasonal domestic and commercia use).

e Theindustry and, possibly, some other secondary uses.

e Other surrounding places that have serious water shortage and need to be supplied by the water
supply sources under consideration and can be considered as discrete users with their own
demand.

The upper limits of the quantities being delivered to the various users are the corresponding time-
varying demands. In case the total water demand exceeds the available quantities, not all the
requirements will be satisfied. This will definitely have some impacts to the users (e.g. cancellation or
limitation of expansion plans, direct economic losses, decreased agricultural production etc.).
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The allocation of the available water to users will be indicated by the optimization, following the
priorities that will be set to the model. It should be emphasized that the model will alow the water
demands to exceed the total availability, and, therefore, some users demands to be partially satisfied,
since the water alocation will be done following certain and predetermined priorities. In fact, thisis
one of the most interesting parts of the work, sine the priorities that are set follow the value or the
expected benefit from the corresponding use of the water and these ‘benefits' are the parameters that
multiply the quantities allocated to each user in the optimization criterion.

In any case, the discrepancy between the allocated quantity and the demand should be penalised.
Actually these penalties are expressed as ‘cost terms’ in the objective function, caused by the water
shortage for a certain user at atime period. The penalties reflect in some way the losses caused by the
water shortage and must be time varying, since the consequences of the water shortage are not all the
times the same for auser.

4. Mathematical M odel Development

System parametersand variables

The variables and the parameters of the system are shown in Tables Il and |1l respectively. The
optimal planning problem will be solved in a predetermined time horizon. The length of the time
horizon depends on the specific problem under consideration, the time period of the year and the
desired use of the results™.

Tablell: Model Parameters

Parameter Magnitude

Index i Supply source, i.e. dam, ground reservoir, desalination unit, water transport
Index j User, i.e. irrigation, urban sector, industry, other adjacent places

t Time step in the horizon under consideration

Bit Benefit for the use of the water from user j at timeinterval t (in €/m°)
Dj Demand of water from user j at timeinterval t (m°)

Q.M Minimum water flow to user j at timeinterval t (m°)

Sit Capacity of the supply sourcei (m®) at timeinterval t

P, Penalty for not satisfying the demand of user j at timeinterval t (€/m°)
Cit Cost of water from supply sourcei at timeinterval t (€/m3)

V max Maximum volume of water that can be stored in the storage tank (m®)

V min Minimum volume of water that should be stored in the storage tank (m3)

Tablelll: Model Variables

Variable Magnitude
Fit Flow of water from supply sourcei at thetimeinterval t (m°)
Qit Water flow allocated to user j at timeinterval t (m°)
V, Water volume stored in the reservoir at timeinterval t (m°)

Optimisation Criterion

The optimisation criterion that expresses the efficiency of the water system is the maximisation of the
total water value, taking into account all the benefits from the water use, including environmental
benefit and costs:

Maximize Total Value of Water = Maximize (Total Benefit — Total Cost)
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Total Benefit= ), >'B;-Q;,
toj
Total Cost = Supply Cost + Penalties for the discrepancy between demand and real supply to the users.

Hence, the Total Cost term in the objective function is expressed as:

Total Cost = Zt‘, 2CF+ Zt: 2P (D —Qy)
i J

Therefore, the optimality criterion that maximises the total benefits and, at the same time, attempts to
minimise as much as possible the costs and the differences between the quantities supplied to the users
with their real requirements, is expressed as follows:

Max . 23jt'th‘[ X XC R+ XY ij-(Djt—th)] (1)
tj t i t J

As shown in the objective function (1), the Benefits from the allocation of a water quantity in user j

vary with time. For example, the Benefits for the allocation of water in the urban sector (e.g. tourism)

may be much more significant during summer, while the irrigation water will have a larger Benefit in
another time interval. Therefore, the values of the Benefits for each user at each time period should
accommodate the following issues/ concepts:

e The potential results / impacts from the water use, either as revenues or profits from this specific
use (e.g. income increase attributed to the water availability from the tourism sector or from the
increase in agricultural production).

o A quantification of the regiona development and welfare of the local community attributed to the
water availability.

e Anenvironmental benefit resulted from the water waste and the resource depletion elimination.

On the other hand, the Penalties for not satisfying part or all the demand should accommodate:
e The priorities among various competing users.
e Thelosses caused by the corresponding water shortage.

It may be emphasized that the Penalties caused by the water shortage do not express the same concept
with the corresponding Benefits from the water use. Due to the acute character of water shortage, in
many cases the supply cost is not seriously considered. Although the price of water usage is
respectively high, its financial price does not reflect its worth neither it's real cost, because it is
considered as a renewable natural resource and a commodity. However, it is believed that a rational
approach of this problem will effectively contribute into the sustainability of any implemented
solution concerning the water shortage problem. The water price reaching the final consumers has to
reflect its real cost and its usage value.The proper and rational quantification of the Benefits, Penalties
and Costs could comprise the basis of rational water pricing.

Model Constraints
The model constraints impose limits on the problem variables and include:

The continuity equation in the water storage tank: V; =V; 1+ ZF“ - ZQ jt

, )
i j

Upper and lower bounds of the water in the reservoir: Vinin <= Vi <=Vmax )

Capacity limitations of each supply scheme: Fj; <= §; (4
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Flows alocated to each user should not exceed the corresponding Demands. Furthermore, it may be
desirable to assign a minimum water quantity to some users.

QjtM" <= Qj; <= Dj ©)

5.  Decision Support System Operation

The need for a Decision Support System for the optimal water allocation in the islands originates from
the fact that the availability ailmost never is able to satisfy demands, especially during summer. In
practice, in most Greek areas, the responsibility for the allocation of water quantities to various users
lies in the Municipalities. In periods when the users put competitive demands on the available water
resources, the authorities are called to solve a complex and urgent problem of resolving these
conflicts, possibly on a daily basis. Therefore, there is a need for a system that will support the
solution of the problem in a rational and well justified way and will also protect the sustainability of
the resource.

The problem that the system will be called to solve is defined as follows:
e For acertain geographical areathat the system has been designed for
e For acertain planning horizon
o For given water supply (per source) and demand (per user)
o which are the optimal quantities that should be supplied from each different source of
water?
o which are the optimal quantities of water that should be distributed to each of the users
(water system response)?

In order to:
o satisfy the demand according to a certain set of priorities
o respect all operational and environmental constraints
o maximize the expected total benefit from the use of the water
o minimize the total operational cost of the system.

The architecture of the system consists of the following components:

e Data measurement and collection,

o Data processing — the tasks involved in registration of measurements into databases and their
subsequent processing, retrieval, and storage;

e Theoptimisation model that has been previously described and isthe core of the system

e A mathematical library / optimiser for the solution of the optimisation problem (LP, MILP,
MINLP solver)

e Aninteractive graphical user interface for the interaction with the users, data input and gathering
of the conclusions from the optimisation.

e Decision implementation — the formulation of actions to be implemented in solving a specific
problem.

The design and the operation of the proposed DSS are determined by the area that will be
implemented in many facets. For example, the number and type of users, the supply sources, the
priorities that should be followed are area depended. Therefore, it is much preferable to develop a
simple system adapted to the needs of a certain area rather than making it very generic, that it not
going to be of any use.

Definitely, the implementation of the system’s results is a much more complicated issue and is
affected by the water policy and strategy followed in a place. However, the assessment of various
scenariosis facilitated with the use of the DSS.
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6.  Application Results

The mathematical model is applied in an island complex belonging to the Cyclades islands, in order to
highlight the type of problems that can be solved and the type of the results that could be expected
from thiswork. The basic problem parameters are shown in Table | V.

More specifically, the case study under consideration is the island complex of Naxos province. Naxos
is the largest of the Cyclades islands, with a population of almost 20,000 inhabitants and an area of
448 km* Naxos is surrounded by a number of smaller islands, called Mikres Cyclades that belong in
the same province, namely the islands Heraklia, Schinousa, Donousa, Koufonisi, Amorgos. A map of
the areais shown in Figures 3 and 4 and their water demands per user are shown in Figures 5 and 6.
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Figure 3: Cycladesislands Figure 4: The area under consideration

Naxos water supply sources are a dam with a capacity of 3 million m® water and a water ground
reservoir with a capacity of 1,500,000m®. There is no water transport by boats and there is no water
desalination unit on the island.

Naxos has a significant agricultural sector as well as stock raising activities. The total water demand
for irrigation and stock raising is amost 10 million m® per year. In addition, Naxos has significant
tourism and some industrial activities. The total water demand of the domestic /urban users of the
island is almost 2 million m®, while the distribution of the demand in the agricultural and the urban
sector are shown in Figure 5.

Table IV: Case study data
Time horizon 12 months, time step 1 month

Water Users Urban Use- Naxos, Irrigation Use-Naxos, Small Cyclades (Heraklia-
Schinousa, Koufonisi, Donousa, Amorgos)

Water Demand (Figure 5, Figure 6)

Water supply cost Cu= 3€/m®, Cx= 4,4 €/m°, Cy= 7 €£/m°
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The type of results that the system will give are shown in Figure 7.

Depending on the relative values of the Benefits and Penalties for each of the users, the DSS may
choose to satisfy fully the small surrounding islands needs and only partially the needs of the large
island, at least as far asirrigation is concerned. Actually, this seems more rational, since the needs of
the small islands are rather small and the water availability very critical for their development.

However, in other circumstances, there may be a partial and uniform satisfaction of water needs for all
the users. In the results of the case study, al the demands of the Small Cyclades have been satisfied, as
well as all the demands in the urban users of Naxos (Figure 7) and the irrigation demand has been
partially satisfied, mainly because of the relative values of the Benefits and Penatlties that have been
set in this particular problem.
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Figure 7. Results of water allocation in Naxos compared to demand

7. Conclusionsand Significance

In the present paper a Decision Support System is proposed for the optimal allocation of water
quantities in Aegean islands with limited water resources. The core of the DSS is an optimisation
model that takes into account complex water systems with multiple supply sources and multiple users
and the possibility of total demand exceeding water availability. The water allocation is based on the
new idea of assigning benefits to the water use, expressing the value that the water has to each user in
acertain area and time period.

This approach of water systems planning provides the capability of an integrated study and
investigation of the role of al the system parameters and gives a better insight to the problem of the
optimal allocation of water resources, considering the value and priorities of the water usage.

Critical success factors for the implementation of the proposed DSS for water resources management
are its simplicity, easiness to be used, its clear and unambiguous results and its ability to evaluate area
and time specific alternative scenario. Furthermore, the most important aspect may be the reliability of
the data provided and, in conflict resolution cases, their ability to embed criteriaand priority rules. The
usefulness of these systems is obvious, since they will recommend sustainable use of the water, or, at
least, they will facilitate the decision making process by providing quantitative performance measures
for the significance of each alternative solution.

REFERENCES:

[1] Voivontas D., Arampatzis G., Manoli E., Karavitis C., Assmakopoulos D., 2003, "Water
Supply Modeling towards Sustainable Environmental Management in Small Islands. The Case
of Paros, Greece", Desdlination, Vol.156, pp.127-135.

[2] Jacovkis P.M., Gradowczyk H., Freisztav A.M. Tabak E.G., 1989, "A Linear Programming
Approach to Water-Resources Optimization", ZOR-Methods and Models of Operations
Research, Vol.33, pp.341-362.

[3] Froukh M., 2001, "Decision-Support System for Domestic Water Demand Forecasting and
Management", Water Resources Management, Vol.15, pp.363-382.



164

Kondili E.M., Kaldellis J.K. 14™ MESAEP, Seville, Spain

[4]

(3]

[6]
[7]
(8]

Mysiaka J., Giupponib C., Rosatoc P., 2005, "Towards the Development of a Decision
Support System for Water Resource Management”, Environmental Modelling & Software,
Vol.20, pp.203-214.

McKinney D.C., 2007, "Technical Report, International Survey of Decision Support Systems
for Integrated Water Management”, http://www.ce.utexas.edu/prof/mckinney/Romanial
DSSReport.pdf.

KaldelisJ.K., Kondili E., 2007, "The Water Shortage Problem in Aegean Archipelago Idands.
The Cost-Effective Desalination Prospects’, Desalination, Vol.216(1-3), pp.123-138.

KalddlisJ.K., Kavadias K.A., Kondili E., 2004, "Renewable Energy Desdlination Plants for the
Greek Idands—Technical and Economic Considerations', Desalination, Vol.170, pp.187-203.

Kondili E., Kalddlis J.K., 2006, "Model Development for the Optimal Water Systems
Planning, Computer Aided Chemical Engineering”, Vol.21(2), pp.1851-1856.



TechnoLocicaL Epucarion Instirute or PIRAEU
L

U

DEPT OF MECHANICAL ENGINEERING

PART FOUR

AIR POLLUTION






TRANSBOUNDARY AIR POLLUTION BALANCE IN THE NEW INTEGRATED
EUROPEAN ENVIRONMENT

JK. Kadellis, K.J. Chalvatzis, G.C. Spyropoulos
Laboratory of Soft Energy Applications & Environmental Protection
Mechanical Eng. Dept., Technological Education Institute of Piraeus

Abstract

Ten out of the twelve new EU members, used to belong to the so-called "former eastern block”, with a
post WWII environmental policy radically different from the tendencies followed in Western Europe.
The lack of conservation regulations has resulted in a rather harmful industrialization, regarding
natural resources and environmental quality. While air pollution transfer is a phenomenon of
transboundary level, there is a particular interest in examining the contribution of the new EU
member-states to the environmental pressure faced by the older member-states and vice-versa. The
current study utilises the official data for almost 20 years published by the European Monitoring and
Evaluation Program concerning the transboundary transfer of NO, and SO, in order to analyse the
situation and discuss the present and future environmental policy regarding air pollution.

Keywords: Sulphur Dioxide; Nitrogen Oxides; Old EU Member; New EU Member; EMEP

1. I ntroduction

Since May 2004, twelve more countries have joined the European Union (EU), in its greatest
expansion historically. Ten out of the twelve new members used to belong to the so called "former
eastern block™", with a post WWII history significantly different than that of the Central and Western
Europe. These countries, having been politically isolated during the last decades, have been left behind
in the implementation of any environmental protection policies.

The steadily growing agricultural and industrial production in Western Europe significantly improved
the material standard of living since 1945. The high oil prices and the first signs of severe
environmental degradation resulted in the development of environmental protection and energy saving
policies that proved beneficial in local and regional level. At the same time the centraly planned
economies of Eastern Europe realised their development in means of physical production growth
especially in the industrial and energy sectors. This has resulted in widespread resources exploitation
and environmental degradation!.

While the struggle to improve the economic indicators was rising, Europe experienced the threatening
consequences of the transboundary transfer of dangerous air pollutants. Up to that time problems
caused by the rising production of acidifying and eutrophying gaseous pollutants have been identified
but it has been thought that their effects were only local around the area into which they were
produced. In contradiction to that belief numerous lakes and hectares of forests in Scandinavia were
found to be exposed in very high acidity, which was not produced in the nearby ared®®. Acid
compounds that have been emitted in central Europe degradated forest and aguatic ecosystems of the
Scandinavian Peninsul @,

The recognition of the problem of certain air pollutants transboundary transfer throughout the
European continent led in 1979 to the initiation of "The Convention of Long-Range Transboundary
Air Pollution” (CLRTAP)®, which had set a clear framework not only for the environmental and
health consequences but also for the internationally cooperative approach needed for their abatement.
The Convention was signed by the European Community, while 34 governments established the
European Monitoring and Evaluating Programme”), for the promotion of scientific research and

Kaldellis J.K., Chalvatzis K.J., Spyropoulos G.C., 2007, "Transbhoundary Air Pollution Balance in the New
Integrated European Environment", Journal of Environmental Science and Policy, vol.10 (7-8), pp.725-733.
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intensive monitoring of the Transboundary Air Pollution Transfer (TAPT) effect, funded by the
Organization for Economic Cooperation and Development®.

By 1985 the 1% Sulphur Protocol has been issued and signed. Its agreements emphasized in the
reduction of the sulphuric air pollutants produced in the signatory countries. More precisely the parties
were expected to reduce their sulphur dioxide (SO,) emissions by 30% relatively to their emission
levels of 1980, in a period of 8 years, i.e. until 1993. That protocol was the main motivation for major
investments -especially among the Western European counties- which promoted the massive
installation of desulphurization units in the large-scale industrial plants. Furthermore, natural gas,
containing only traces of sulphur, became the new environmental friendly option for al the energy
consuming sectors athough in the past it had only been utilized in the tertiary sector'.

Nevertheless, the increase of road transport as well as the lack of any abatement measures resulted in
the steady amplification of the nitrogen oxides production*®. While in Western Europe it was mostly
the extensive growth of the private vehicles fleet that was causing the problem, in the centrally
planned economies it was the extreme industrial specialization which heavily demanded cargo
overland transfer for raw materials and products. The United Nations Economic Commission for
Europe (UNECE) implemented the 1% Nitrogen Protocol in year 1988, asking the signatory parties to
keep their nitrogen oxides emissions below the 1987 levels until the year 1994.

During the same time the Regiona Air Pollution Information and Simulation (RAINS) model has been
developed by the International Institute for Applied Systems Analysis (IIASA). The model makes use
of data about economic and energy development in order to identify the threats for the ecosystems and
the human health that the air pollution causes. Most important is the integration of the model in a
multi-pollutant approach including the assessment of emissions of sulphur dioxide, nitrogen oxides,
ammonia, non-methane volatile organic compounds (VOC), and primary emissions of fine (PM,s) and
coarse (PM1-PM, ) particled™.

Particularly the RAINS model has been applied on data regarding several European countries and its
usability in terms of cost and environmental damage evaluation is prooved beyond any doubts™?. The
present paper is making use of EMEP data to provide figures that present the time evolution of the
transfer of air pollutants from and to predefined country groups, in an origina way. The study in the
time-variable framework combined with grouped analysis provides a completely new dimension to the
EMEP matrices. These data if used with the RAINS model may offer interesting estimations for the
environmenta and cost performance of the EU environmenta policy. Finally, it is noteworthy that the
latest version of I|ASA modelsis GAINS which facilitates ajoint approach concerning the greenhouse
gases and air pollutants™.

Although the "first generation” protocols contributed alot in the emissions control, still the monitoring
procedures were reporting high acidity in several ecosystems. This fact put forward the need for a
different approach, as scientific research should answer the question of how much acidity were the
ecosystems able to receive and still maintain their balance™. Data from all the participating countries
were collected in order to sort out solutions for minimizing the environmental damage with the lowest
economica cost™. The second sulphur protocol was drawn under this perspective. Taking into
account the transboundary transport of air pollution as well as the ecosystems limits, each country was
examined individually and advised to lower its emissions at an adequate level. Subsequently the
Gothenburg Protocol has been adopted in 1999 to abate acidification, eutrophication and ground-level
ozone by cutting down the emissions of sulphur, NOx, VOCs and ammonid™®. The most recent
evolution of the legal and policy framework for the abatement of acidification and eutrophication is set
in the EU by the emission ceiling directives (e.g. Directive 2001/80/EC). In the same context the
Clean Air For Europe (CAFE) programme has been established aiming to develop a long-term,
strategic and integrated policy advice to protect against significant negative effects of air pollution on
human health and the environment!*”.
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2. A Brief Spatial Analysisof the New Integrated EU Area

The EMEP network, utilizing data for the national air pollutants emissions, the local meteorological
phenomena as well as the local land
surface of each region, results in data
about the transboundary transfer of
air pollution among the countries that
participate in the monitoring and
evaluating program™@*.  For the
time period from 1985 until 2003 the
development and wuse of the
Lagrangian and the Eulerian models
offered data matrixes presenting the
annual masses of air pollutants being
transferred across the European
continent!?I24,

The new integrated European area
consists of the old EU members as
well as the new countries, eight of B :

which are located in the central and Bl OERMANY Zprague
north-east Europe. Comparing the O REFUBLE -
main parameters of the economies of {
the old and the new EU members
states (Table I) one may state the
following:

v" The population of the new EU
members is amost the one fourth
of the EU-15 population, while
the corresponding area increase
after the integration of the twelve
(12) new membersis 36.4%.

v The  corresponding  Gross  Figure 1: New mtegrated EU areainvolved in Transboundary
Domestic Product (GDP) of the gair pollution transfer
new EU members is dightly
higher than 10% of the GDP of
the EU-15, hence the per capita GDP vaue of the new members is less than the half of the one of
the EU-15 average.

v" The primary energy consumption of the new EU members is less than the 16% of the EU-15
corresponding value, therefore the per capita primary energy consumption is less than the 60% of
the one of the EU-15 average.

Table I: Comparison between the (15) Old and the (12) New EU members

Population Area Pop. GDP  GDP per Prim. Prim. Energy
(in (k) Density (BUS$)  capita Energy per Capita
millions) (US$/cap) (10" Btu) (MBtu/cap)
EU-15 370.1 3,208,182 115 9824.5 26546 62438.4 168.7
New 104.4 1,167,563 89 1012.5 9698 10074 96.5

Members

Taking into consideration the above information, the present study is based on defining an
hypothetical border line between the old and the new member states, figure (1). In this way we are
examining the air pollutants exchanged towards each direction.
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Beginning with a north towards south analysis one may notice (figure (1)) that the neighbouring
countries in the Baltic Sea region are Estonia, Latvia, Lithuania and Poland from the new member
states and Finland, Sweden and Germany from the old member states. It is obvious that while Finland
is closer to Estonia and Latvia, Sweden interacts mostly with Lithuania and Poland. The latter is also
heavily influenced by Germany. However, SW Poland together with the SE part of Germany (former
German Democratic Republic - GDR) and the Czech Republic (western part of the former
Czechoslovakia) were forming the area which was well known as the "Black Triangle'. The heavy
industrialisation of this region in combination with the early exploitation of its high quality brown coal
resulted in the utilisation of poor quality fuels with a high sulphur content. Serious damages have been
reported in the ecosystems of this region® and these were directly correlated to the high
concentrations and deposition of airborne sulphur compounds and acidity!*?. It has been the aftermath
of the dramatic increase of the sulphur dioxide emissions in this region by afactor of ten in the 1960-
1985 period®. Moving to the South, the former Czechoslovakia, Hungary and Slovenia are
surrounding the eastern Austria. Finally northern Italy neighbours on Slovenia.

One may notice that from the present study are excluded severa countries along the Western Europe
as well as countries which are at the East of the aforementioned new member states. As regards to the
Western European countries like United Kingdom, Netherlands, Belgium, Luxembourg, France, Spain
and Portugal, the distance from the hypothetical border line is significantly large resulting in minor air
pollution transfer to the new members and vice versa.

Same as above is the situation considering the Eastern European countries of Belarus, Moldova,
Ukraine and the western part of Russian Federation. Moreover these countries are not member states
of the EU therefore there is little interest in complying with EU-wide environmental policies. While
Romania and Bulgaria have only recently joined the EU, there is a particularly increased interest in
their interaction with Greece as the closer neighbouring old member state at the southern Balkan
Peninsula. However, thisissue has been extensively studied in a previous work of the authors?,

Finally very little data is available for the western Balkan countries, which used to form the ex-
Yugoslavia. In the light of this fact and their way into the EU being heavily questioned, those
countries have also been excluded from the current study.

3. Methodology Presentation

The transferred air pollutant mass "*“P,;(t)" depends on the air pollutant "k", the year "t", the receiving

country "i" and the emitting country

[TH1]

]

More precisely, in the present analysis "k" stands for nitrogen oxides (NO,) and sulphur dioxide (SO,).
Additionally the years "t" examined begin from 1985 and finish in 2003. Finally, countries "i, " are
chosen among: Austria (AT, i=1,j=1), Czech Republic (CZ, i=6,j=6), Estonia (EE, i=7,j=7), Finland
(FI, i=2,j=2), Germany (DE, i=3,j=3), Hungary (HU, i=8,j=8), ltay (IT, i=4,j=4), Latvia (LV,
i=9,j=9), Lithuania (LT, i=10,j=10), Poland (PL, i=11,j=11), Slovakia (SK, i=12,j=12), Slovenia (SL,
i=13,j=13), Sweden (SE, i=5,j=5). The aforementioned countries are usualy found in two separate
groups (Table I1).

In an attempt to define the total air pollutant masses imported to the country "i" from each member
state of the other group of countries we may use the following equations:

Emission transferred from all new EU membersto the old country "i"
j=13

“RM=2“R,t) (=15 (13

j=6
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Emission transferred from all old EU members to the new country "i"

j=5
“WR®M=2“R,0) (=613 (1b)
j=1
Tablell: The two country groups involved
Examined Group Country Symbols Used
EU old members(i=1, 5, j=1,5) Austria (AT,i=1,j=1)
Finland (Fl,i=2, j=2)
Germany (DE, i=3, j=3)
[taly (IT, i=4, j=4)
Sweden (SE, i=5, j=5)
EU new members (i=6, 13, j=6, Czech Republic (CZ,i=6, |=6)
13) Estonia (EE, i=7, j=7)
Hungary (HU, i=8, j=8)
Latvia (LV,i=9,]=9)
Lithuania (LT, i=10, j=10)
Poland (PL,i=11, j=11)
Slovakia (SK, =12, j=12)
Slovenia (SL,i=13, j=13)

In this study we examine the total contribution of the old member states to every new member
individually and vice versa. Therefore it isimportant here to notice that the suggested equations can be
used to describe air pollutant transfer towards both directions. Given the case of one old member state
receiving air pollution from the new members, "i" takes a specific value describing the receiving
country, while "j" takes the corresponding values referring to al the emitting countries of the other
group. It is noteworthy that if country "i" belongs to the old member states then as countries "j" one
may use al the new members, i.e. j=6,13. For example the total amount of nitrogen oxides transferred

from the new EU members towards Austria (AT, i=1) in 2003 can be estimated as follows:

j=13

No0p,(2003) = Y| P, (2003)="P,; (2003)+ "R, ; (2003) + ...+ "R, ,(2003) )
j=6
Subsequently the estimation of the total air pollutant masses exported from country "j" to each
Seq y p p y ')

member state of the other group is described by the equation below:

Emission transferred from each old EU member "j" to all new countries
i=13

“PH=2"R;® (i=15 (39)
i=6

Emission transferred from each new EU member "j" to all old EU members.
i=5

“PH=> YR (i=613 (30)
i=1

Bear in mind that equations (3a) and (3b), similarly to equations (1a) and (1b), make use of the
country groups presented in Table I. However, the former two equations refer to air polluting imports,
while the latter group to exports. Given the case of one old member state exporting air pollution to the
new members, "j" takes a specific value describing the emitting country, while "i" takes the
corresponding values referring to all the receiving countries of the other group. For example, the total
amount of oxidized sulphur transferred from Lithuania (LT, j=10) towards the old European Union

members in 2003 can be estimated as follows:
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i=5
()P} (2003)="""R;,(2003) = )R, (2003) =P, | (2003)+*)P, ,, (2003) + ...+ >R, ,, (2003) (4)

i=1

In this way one may create for each air pollutant two two-dimensiona (2-D) matrices including the
time-evolution of the transferred air pollution from and towards each country member of the two
subgroups interacting, see for example equations (5a) and (5b).

Mk i=1,13 (AT,DE,IT,FI ,.SE,.CZ...SL)
P(t)

“P(t+1) (52)

_;‘Pi(t+n)

[k i=1,13 (AT ,DE,IT,FI ,SE,CZ....9
P'(t) e )

“Plt+1) &)

| “Rt+n)

Finally, one has the possibility to estimate -for each pollutant investigated- the net balance between the
air pollutant mass exported to the other subgroup and the corresponding mass imported by al the
countries members of this subgroup, i.e.:

S“RMO="RO-"R1) (=113 6)

4.  Transfer of Oxidised Sulphur Air Pollutants

SO, Transfer from and to the New EU States

Exports

kt
o

4984

Imports

Figure 2: Transboundary SO, transfer from and to the New EU member States

Sulphur oxides are some of the major pollutants emitted mainly by the coal and heavy-oil combustion
processes. Thus the basic polluters are the large-scale electricity generation stations as well as some
forms of transport like overseas and heavy-duty road transport®. |n the present study reference is
only made to sulphur dioxide as it represents more than 99% of the emitted sulphur oxides. Mainly
due to the collapse of the former centrally planed economies in the late eighties and early nineties the
air pollutants emissions from the new EU member states present a declining trend, which reaches for
the entire 1985-2003 period the 30% of the initial value. More precisely, regarding the sulphur dioxide
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emissions exported from the new to the old member states (figure (2)) one may notice that Poland has
been the mgjor exporter emitting 102kt and 63kt, in the beginning and the end of the time period
analysed, respectively. It is noteworthy that in the figures 2, 3, 4, 5, 6, 8 the reader will find symbols
of the form “Country Code/10". In these cases the correct amount of air pollutant transfered occurs
from the multiplication of the presented figure by ten (10).

Hungary being one of the most industrialised countries of this region comes second in the sulphur
dioxide emissions exportation, despite its relatively small size. While very little is known for the
individual contribution of the Czech Republic in the emissions transferred to the old EU member
states in the time period before the 1996 one may consider them as high due to the heavy
industrialization of the country. As part of the ex-Yugosavia, Slovenia provides minimum reported
information about its individual contribution to the total exportation of sulphur dioxide to the western
European countries, before 1991. However, the reported data after this year show that Sloveniais one
of the key exporters of sulphur dioxide mainly to the neighbouring Austria and Italy. Finaly the
countries of the Baltic region appear to have minor exports of sulphur dioxide emissions to the old EU
states. Thisis not only due to the fact that none of the Baltic States has land borders on any of the old
EU members but also due to their relatively small economies together with the extensive dependence
on nuclear energy.

SO, Transfer from and to the Old EU States
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Figure 3: Transboundary SO, transfer from and to the Old EU member States

Having aready analysed the oxidised sulphur emissions exported from the new EU members, it is of
crucia importance to focus on their allocation to the neighbouring old member states. One may notice
in figure (3) that the oxidised sulphur received by the old member states in 1985 was allocated to
quantities ranging from 18kt for Finland to 30kt for Sweden and West Germany. In the following
time-period and until 1998 the received amount of sulphur dioxide in each one of the examined
countries presents a variation within the aforementioned limits. While this is the case for Finland,
Austria and Italy, Sweden and mostly Germany present significantly different results. Although
Sweden’s peak receiving 46kt in 1986 may be considered as a spontaneous event, Germany seems to
be heavily overburdened when compared to the other old members, especidly in the time period that
follows year 1990, receiving in 1997 more than 82kt. The presented situation, with Germany being the
major SO, importing country, can be explained taking under consideration the extensive long border
line shared with Poland, which has already found to be a key exporter of the air pollutant examined.
Finaly, during the period 1999 to 2003 one may notice a declining trend in the oxidised sulphur
received from Germany and Sweden, although during 2000 Sweden imports present a significant local
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minimum (=40Kkt). At the same time Italy and Austria SO, imports present a variable behaviour, with a
noteworthy minimum during 2002. On the other hand Finland receives ailmost constant SO, quantity
from the new EU members during the 1998-2003 period.

Baring in mind the data presented regarding the sulphur dioxide transferred from the eastern to
western countries, special emphasis should be also placed on the vice versa approach. In figure (3) the
data for the exported sulphur dioxide from the old member states are presented. Although Germany is
the major exporting country already from 1985, it is interesting to notice that in year 1991 the exported
quantities are severely increased and again gradually falling to the initial levels by year 2000. Note
that in 1990 the unification of Western and Eastern Germany had taken place and as a result the data
given for the sulphur dioxide exportations are summarised. As the German Democratic Republic has
been emitting significant quantities of sulphur dioxide one may understand the evolution of the
German emissions. However, in the time period 1992 to 2000 the economic transition of the eastern
part of Germany resulted in the gradual shutdown of several of the heavy polluting industries or the
major improvement of their environmental behaviour, therefore in 2000 the exported sulphur dioxide
from Germany to the new EU members has declined to the level of 1985 and remain low for the next
years. At the same time period Austria, Sweden and Finland -sorted by their emissions significance-
have minor contribution to the total sulphur dioxide exported to the new member states. Thisis not the
case for Italy, which during 1990 and 2000 exported significant SO, quantities towards the new EU
members.

While the unified Germany has been the major sulphur dioxide exporter, in figure (2) one may notice
that Poland is by far the major importer. Similar behaviour is also encountered for Czech Republic. As
the major oxidised sulphur exchange between the old and the new EU members takes place between
Germany and Poland it is obvious that the rest of the new member states (excluding Czech Republic)
share a percentage not higher than 20% of the total new EU members imports, see also Section 6.

5.  Transfer of Oxidised Nitrogen Air Pollutants

NO, Transfer from and to the New EU States
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Figure 4: Transboundary NO, transfer from and to the New EU member States

Oxidised nitrogen air pollutants are mostly produced by the transport sector due to the wide utilization
of internal combustion engines’™. Therefore the emitting sources are mainly non-stationary and are
found spread throughout the urban areas as well as in the national road networks@?I%  Bearing in
mind the results presented for the oxidized sulphur exported by the new EU members, one may realize
that the situation is not very similar regarding the nitrogen oxides exports (figure (4)). Poland is
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obviously playing the key role on the oxidized nitrogen emissions, transferred to the old EU members
and only the contribution of the Czech Republic may be considered as comparable. Although the
available data for Czech Republic begin from 1997, the heavy industrialization together with the close
neighbouring to Germany and Austria are the magjor reasons for the high significance of the Czech
emissions, despite its relatively small size. The rest of the new member states present only a minor
contribution and only Slovenia exceedsin 1997 the 5kt of NO, exported.
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Figure 5: Transboundary NOy transfer from and to the Old EU member States

In the light of the data presented concerning the oxidized nitrogen exports from the new EU states, an
attempt to study their alocation to the old EU members follows. Hence, one may observe (figure (5))
that despite the fact that Germany is the main nitrogen oxides importer from the eastern EU members,
other countries like Sweden and Finland are also receiving considerably high quantities, presenting an
increasing trend during the end of the previous decade. However, after 2000 this situation is inversed
and the NO, imports of ailmost al old EU members involved is decreasing. Finally, it is important to
note that aremarkable NO, imports increase is observed for all five countries examined during 2003.

As the transboundary transfer of the nitrogen oxides from the new member states to the old ones has
been presented, this part of the study focuses on the vice versa route of the air pollutants under
investigation. In figure (5), the evolution of the exported oxidised nitrogen quantities from the old EU
members is presented. In this context one may realise that Germany is the major exporter not only of
sulphur, but also of nitrogen oxides. Moreover, the increasing trend of the Italian emissions can be
also considered as remarkable, resulting in year 2000 in a percentage of 25% of the total western
oxidised nitrogen exported. The Scandinavian countries of Sweden and Finland present no significant
changes during the examined time period, and never exceed the 9% of the total emissions. Finaly,
Austria, exporting after 1996 to the new EU members more than 10kt of nitrogen oxides, presents a
noteworthy contribution during the last decade.

Studying the allocation of the West Europe originated nitrogen oxides air pollutants, one may refer to
figure (4) out of which becomes obvious that Poland is not only the major receiver of oxidised sulphur
but also of oxidised nitrogen. Czech Republic, being inside the "black triangl€" region is also receiving
a considerably high amount of the NO, emitted by the old EU members, while similar is the situation
for Hungary which neighbours to Austria. The rest of the countries under investigation receive
individually quantities less than 10kt without any considerable variation during the period examined.
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6. Discussion of the Results

Having aready examined the evolution of the air pollutant quantities, which have been exchanged
among the old and new EU members, one may try to assess whether the transboundary transfer of the
oxidised sulphur and nitrogen is beneficial or not to every individual country. In this context, one may
compare the net SO, and NO, balance for 1993 and 2003. More specificaly, the new EU states of
Estonia, Czech Republic, Hungary and Slovenia have been exporting more SO, quantities than they
import, figure (6). On the other hand, Poland has been the country harmed the most from the
transboundary transfer of oxidised sulphur receiving amost 100kt of SO, during 1993. The situation is
inversed in 2003, since Poland presented positive (by 50kt SO,) net balance with the old EU members,
see also figure (7). Finally, from the group of the new EU states also Latvia, Lithuania and Slovakia
are harmed but their balance is remarkably improved in 2003. As a general conclusion concerning the
SO, balance of the new EU members, one may underline the fact that during the last decade all
countries, excluding Slovenia have ameliorated their net balance.

Net Balance of SO, (1993-2003)
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Figure 6: Net transboundary SO, balance for the Old and the New EU member States
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Concerning the group of the old EU members (figure (6)), one may notice that apart from Germany all
the rest countries are harmed from the transboundary transfer of SO,. More precisely Finland, Sweden
and Austria are receiving in average (15-23kt)/year more oxidised sulphur than what they export. The
situation is much more severe for Italy, which although in 1993 is not remarkably influenced by the
SO, TAPT phenomenon, in 2003 received almost three times higher SO, than 1993. Findly, as
aready mentioned, Germany during the period examined is largely benefited from the SO, exports.
However, it is worthwhile to mention that Germany gradually decreases its SO, exports, hence during
2003 the net SO, balance is zeroed. This is also the case concerning the SO, balance between
Germany and Poland and Czech Republic, figure (7).

Net Balance of NO, (1993-2003)
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Figure 8: Net transboundary NO, balance for the Old and the New EU member States
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Figure 9: Transboundary NO, transfer between Germany and Poland-Czech Republic

Regarding the transboundary transfer of the oxidised nitrogen (figure (8)) the situation is different for
the new EU members as all of them (excluding Czech Republic) appear to have received bigger NOy
guantities than those exported. Among the least harmed countries one may find Estonia, Latvia and
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Lithuania together with Slovakia and Slovenia. According to the calculation results Poland and
Hungary are by far the biggest NO, importers for the entire period examined, presenting however a
decreasing trend, figure (9). In fact, like oxidised sulphur, Poland is the country harmed in major
(especially from Germany, figure (9)), receiving 466kt more emissions than those exported, while
Hungary isfollowing with 165kt, for the entire 1985-2003 period analyzed.

As regards to the status of the old EU states towards the transboundary transfer of oxidised nitrogen
(figure (8)), the study shows that only the Scandinavian countries of Sweden and Finland are harmed
in average by not more than 5kt per year each. Austria is dightly benefited exporting less than 3kt of
NOyx more than its imports, while the relevant quantity for Italy is barely exceeding the 10kt. Finally,
Germany is in this case as well the mgjor benefited country exporting annually 50kt more oxidised
nitrogen emissions than its imports, 50% of which is exported to Poland, figure (9).

7. Conclusion

Recapitulating one may notice that the TAPT effect is harmful for most of the countries included in
the present paper. While Germany is the only country benefited by large scale exports of both oxidised
sulphur and nitrogen, some of the other countries are benefited regarding one of the studied air
pollutants. As such may be considered Estonia, Hungary, Slovenia as far as SO, is concerned and
Austria and Italy for the NOy emissions. However, al the rest of the countries analyzed have been
harmed severely regarding both of the examined pollutants. Quite interesting is the case of Poland,
which changes from SO, importer in 1993 to SO, exporter in 2003, while its NO, imports are also
reduced by 60% during the aforementioned period.

Transboundary transfer of pollution is a phenomenon not strictly bound to air pollution but also
relevant to cases of water contamination when neighbouring countries share the same rivers or lakes.
The air pollutants in question are considered to be responsible for various environmental hazards such
as the eutrophication of aquatic ecosystems, the acidification of forests and the significant degradation
of the urban air quality and the historical monuments.

The analysis presented in the current paper refers to existing official data until year 2003 taking into
consideration available information for almost twenty (20) years. In this context, the authors believe
that there is a certain reasoning supporting the usefulness of this study. Out of the parameters resulting
in the TAPT effect, the climatic phenomena together with the land surface characteristics are not
changing significantly in the course of time. Therefore the only factor which can be considered as
variable in the short term examination is the air pollution emissions of every country. Thus this paper,
making use of the analytical data of EMEP for almost 20 years can provide for a comprehensive
outlook of the tendencies of the TAPT effect on either sides of the hypothetical border line of the
integrated European continent.

While the environmental problems caused are severe, the TAPT effect seriously questions the
applicability and adequacy of the "Polluter Pays' principle. Thus the need for a framework providing
for a steady ground which will better improve the environmental quality by allocating the funds and
efforts more efficiently is emerging. It is the authors' belief that the Integrated Europe with the old,
new and forthcoming member states can meet these needs sufficiently. For the near future the authors
are preparing a study combining the results of the present paper with the use of the powerful RAINS
model in order to assess the TAPT conseguences at the economic and environmental sectors of the
countries involved.
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Abstract

It iswell known that atmospheric emissions of various pollutants, from stationary and mobile sources,
affect air quality and public health. The impact of these emissions can be of a small (urban smog) or
regional scale (tropospheric ozone, acid deposition), as a result of the transportation of pollutants in
the atmosphere. The objective of this work is to adapt an ambient air quality index, for the assessment
of the air quality in Greater Athens Area (GAA), Greece. For this purpose, concentration
measurements of SO,, NO,, Oz, CO, and PMy, for a five-year period are used. Air quality data
obtained by the Athens air pollution-monitoring network. Using a methodological framework of
measuring air pollution levels and consequently by using the Air Quality Index (AQI) we focus on the
analysis of the measurements on the assessment of air quality levels. Furthermore, by using the
proposed framework a comparison of air quality in these five yearsis attempted.

Keywords: Air Quality Assessment; Public Health; Air Quality Index; Athens

1. I ntroduction

Air quality degradation in megacities is one of the most important problems inherited from the mid
70's. The increased industrialization and the simultaneous growth of the metropolitan areas are
strongly related with the environmental problems. Since early 80's have become clear that
atmospheric emissions of various pollutants affect the health of human beings and animals, damage
vegetation, soils and deteriorate materials, and generally affect not only the large metropolitan areas
but also the medium-size urban areas. Y et measuring environmental quality remains a difficult task as
it lies at the interface of epidemiology, public health, and economics. Providing emissions or
concentration information aone, is insufficient. Not only is it meaningless to the non-expert, but it
also does not facilitate an easy comparison of different pollutants which might have very different
impacts on population health and quality of materials.

Athens, acity of about 4 million inhabitants, faces serious air pollution problems like the vast majority
of megacities worldwide. In that instance human activities play an enormous impact on its quality of
life and public health. Concerning the air quality there are many sources and types such as
photochemical smog, ozone and its precursors and suspended aerosol particles. The concentrations of
ambient air pollutants, which prevail in GAA, are sufficiently high to cause increased frequency to the
hospital admissions for cardiovascular and respiratory problems™ 3, More specificaly, several
studies indicated that ambient air pollution correlated with children’s respiratory morbidity“™18 |n
recent years, European Union's (EU) air quality standards are frequently exceeded in the GAA,
especially concerning Oz and PM 0 These findings in combination with human health adverse
effects make clear that availability of reliable environmental information is crucial.

Air is the prime resource, in addition to the land and water, for sustenance of life. Air pollution
problems can be defined as the increase of the concentration of air pollutants in the ambient air, which
adversely affect the human health and other exposed to these pollutants. The correct measure of air
pollution is a very important parameter that qualifies the possibility of a reply to queries such as

Paliatsos A.G., Kaldellis J.K., Nastos P.T., 2007, " Application of an Ambient Index for Air Quality Management
in Greater Athens Area, Greece",1¥ Conference on Environmental Management, Engineering, Planning and
Economics (CEMEPE), June 2007,Skiathos, Greece.
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whether a region is polluted or not, or how high the pollution level is. One way of assessing the air
quality in an area is the use of environmental indices. The main objective of these indices is to
measure air quality with respect to its effects on human health. Development of proper index and a
mechanism to disseminate the index values to general public are essential for successful index system.
Such an environmental index is the so-caled Air Quality Index (AQN". In this way a
characterization of the pollution level apart from the pollutant taken into account is obtained.

2. Materials and M ethods

2.1. Areaof Interest-Data

The GAA, like most metropolitan areas in the world, has significant air pollution problems. These
problems are the result of high population density and the accumulation of major economic activities
in this region, while the intense sunshine contributes to the high levels of photochemical air pollution
especially during the summer months. The air pollution problems are often exacerbated by factors that
favour the accumulation of air pollutants over the city, such as, topography (basin surrounded by
mountains), narrow and deep street canyons and adverse meteorological conditions such as
temperature inversions, low wind speed, high temperature, extensive periods of dryness™.

The objective of this work is the use of AQI, as atool, to provide information on GAA’s air quality
and associated health concerns for public. For this reason, the air pollution data used in the research
consist of the hourly concentrations of ambient air pollutants: CO, NO,, SO,, Os;and PM 4 recorded by
the network of the Greek Ministry of the Environment, Physica Planning and Public Works
(MEPPPW). A detailed description of the MEPPPW network is found in relevant publication™. In the
current work the hourly concentrations of ambient air pollutants in 7 of the MEPPPW’s network
stations are examined, during the 5-year period 2001-2005. The 7 stations can be classified into two
categories. a) The urban station (Patission (PAT)), located close to the centre of the city of Athens and
b) the peripheral stations, which are located at the north to east edge of the urban area: (Agia Paraskevi
(AGP) 10km to the NE, Thrakomakedones (THR) 12km to the N, Galats (GAL) 3km to the NNE,
Liossia (L1O) 10km to the NW, Lykovrissi (LYK) 8km to the NNE and Maroussi (MAR) 7km to the
NNE of the Athens centre).

2.2. Description of air Quality Index

The AQI is a complex index and is calculated by compounding appropriately the concentrations of
ozone (Os), nitrogen dioxide (NO,), sulphur dioxide (SO,), carbon monoxide (CO) and particles with
aerodynamic diameter less than 10 um (PM ). It converts the air pollutant concentrations into simple
arithmetic values on a scale of 0 to 500. These arithmetic values correspond to various air quality
categories. Intervals on the AQI scale are related to the potentia health effects of the daily measured
concentrations of the above mentioned air pollutants. The AQI numerical ranges of 0-50, 51-100, 101-
150, 151-200, 201-300 and 301-500 are assigned verbal descriptors of “good”, “moderate”, “ unhealthy

for sensitive groups’, “unhealthy”, “very unhealthy” and “hazardous’, respectively. Each category

corresponds to a different level of health concern*.

Deductively, the AQI constitutes an improvement of the air pollution index PSIPAMIMIS gng
includes an additional intermediate category described as “unhealthy for sensitive groups’ as well as
individual index for PM,, concentrations™®. In the interests of this additional intermediate category,
when AQI values are between 101 and 150, members of sensitive groups may experience health
effects. This means they are likely to be affected at lower levels than the general public. For example,
people with lung disease are at greater risk from exposure to ozone, while people with either lung
disease or heart disease are at greater risk from exposure to particle pollution. The general public is not
likely to be affected when the AQI isin this range’.

The values of the individual indices together with the corresponding concentrations of air pollutants
that form them are shown in Table I. In Table I, for each pollutant the breakpoint concentrations,
corresponding to each category, are not on alinear scale. Breakpoint concentrations have been defined
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by EPAM™ on the basis National Ambient Air Quality Standards and on the results of epidemiological
studies of the effects of single air pollutant on human health™™®. Serious problem is that the evaluation
of the AQI referred to a measuring site and not to a single air pollutant. In the atmosphere several air
pollutants are present simultaneously and the effects on human health due to the simultaneous
presence of different pollutants in the atmosphere should be considered. In the evaluation of the AQI
corresponding to a measuring site, where more than one pollutant is monitored, the used procedure
assumes the maximum individual index among those for the air pollutants monitored™®. Actually, the
category corresponding to the pollutants with the highest individual index value would be assumed at
least as that corresponding to that location. Triantafyllou et al.*" gave a detailed description of the
developed AQI.

Table I: Breakpoints for the AQI individual indices®

Index 03 03 (*) PM o SOQ CcO N02
value 8 hr lhr 24 hr 24 hr 8 hr 1lhr
ugr/m? ugr/m? ugr/m? ugr/m? mgr/m® ugr/m?
0-50 0-125 - 0-54 0-89 0-4.4 (**)
51-100 126-165 - 55-154 90-377 45-94 (**)
101-150  166-204 245-322  155-254  378-586 9.5-124 (**)
151-200  205-244  323-400 255-354  587-815 125154  (**)
201-300  245-735  401-794  355-424 816-1580  15.5-30.4  1225-2350
301-500  (***) 795-1186 425-604  1581-2628 30.5-50.4  2351-3837
(*) TheAQI for ozone is based on the 8-hr average ozone concentrations. However, there are some
regions where an AQI based on 1-hr ozone concentrations may be more helpful.
(**) Dueto the absence of national standards for NO, concentration levels, the determination of AQI

isonly alowed for values greater than 200.
(***) When the 8-hr average ozone concentrations exceed the value of 735ugr/m®, then the AQI
determination should be based on 1-hr concentrations.

3. Resultsand Discussion
The AQI values are calculated for the selected 7 representative monitoring sites, located in the GAA.
Figure (1) shows how the percentage of incidence of each air quality category changes during the

examined period over each measuring site.
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Figure 1: AQI-based percentages of air quality categories through the years over seven measuring sites
inthe GAA

Station AGP: The five air quality categories are observed to some percentage. Air quality category |
(or differently named “Good”) is rather the prevailing one and its percentage is ranged between 44%
and about 56%. The percentages of air quality category |l (“Moderate”) are ranged between 43% and
53%, while those of category Il (“Unhealthy for sensitive groups’) are in between 0.5% and about
2%. The percentages of air quality category 1V (“Unhealthy”) are ranged between 0% and 0.3%, while
those of category V (“Very Unhealthy”) are in between 0% and about 1%).

Station GAL: Only three air quality categories are observed to some percentage. Air quality category |
(“Good") is the prevailing one and its percentage is ranged between 65% and about 80%. The
percentages of air quality category Il (“Moderate”’) are ranged between 20% and 32%, while those of
category 11l (“Unhealthy for sensitive groups’) are ranged between about 1% and 3%. During 2005
(the last year of measuring) the percentage of “Unhealthy for sensitive groups’ category was reduced
to 0%.

Station THR: The “Good” air quality category (Category 1) is the prevailing one and its percentages
ranged between 53% and 64%. The percentages of air quality category |l (“Moderate”) are ranged
between 33% and 45%, while those of category Il (“Unhealthy for sensitive groups’) are ranged
between 1% and 4%. The percentages of air quality category IV (“Unhealthy”) are ranged between
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0.3% and 2%. During the last year of measuring (2005), a 0.3% of “Hazardous’ air quality category
(or Category VI) was observed.

Station LI1O: Only three air quality categories are observed to some percentage. Air quality category |
(*Good") is the prevailing one and its percentage is ranged between 58% and about 76%. The
percentages of air quality category Il (“Moderate”) are ranged between 24% and about 40%, while
those of category I11 (“Unheathy for sensitive groups’) are ranged between about 1% and about 3%.
Sation LYK: The percentages of air quality category | (“*Good”) are ranged between 35% and about
46%. The air quality category |l (“Moderate”’) is the prevailing one and its percentages ranged
between 52% and about 64%, while those of category Ill (“Unhealthy for sensitive groups’) are
ranged between about 1% and about 3%. During 2004 a 0.3% of air quality category IV (“Unhealthy”)
was observed, but this was reduced to 0% in the next year.

Station MAR: More or less, three air quality categories are observed to some percentage. Air quality
category | (*Good”) is the prevailing one and its percentage is ranged between 43% and about 81%.
The percentages of air quality category Il (“Moderate”’) are ranged between 19% and about 55%,
while those of category Ill (“Unhealthy for sensitive groups’) are ranged between 0.3% and 2.5%.
During 2002 a 0.3% of air quality category 1V (“Unhealthy”) was observed but no other air quality
incidents of “Unhealthy” air quality levels appeared in the following years.

Station PAT: Only three air quality categories are observed to some percentage. Air quality category |
(“Good”) is rather the prevailing one and its percentage is ranged between 38% and about 68%. The
percentages of air quality category Il (“Moderate”’) are ranged between 32% and 60%, while those of
category 111 (“Unhealthy for sensitive groups’) are ranged between 0.3% and about 2%.

Comparing the percentages of incidence for each one of the air quality categories over all the
measuring sites through the examined 5-year period, more or less it becomes clear that there is a small
increase or at least a stabilisation of the air quality category | (“Good”). A different behaviour is
noticed in measuring site LYK, where there is an increase in the percentages of air quality category 11
(“Moderate”), while the percentages of air quality category | (“Good") decrease.

4, Conclusions

In the present work an assessment of the air quality in the greater Athens area is attempted by the use
of air quality index. Data about the air pollutants concentrations measured over this area through the
years are used for the calculation of the Air Quality Index (AQI). The temporal variation of the AQI is
studied and the results are analyzed in terms of air pollution daily levelsin the area.
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Abstract

The Greek electricity generation system, mainly based on the use of local lignite and imported heavy-
oil, is assumed responsible for more than one half of CO,, for amost 80% of SO, and for
approximately one third of NO, national emissions. This fact, along with the considerable energy
consumption increase during the last 25 years, results in serious difficulties on fulfilling the EU
Directives concerning the Large Combustion Plants and the reduction of the greenhouse gas emissions
for Greece. On the other hand, renewable energy resources -like hydro, wind and solar energy- used
extensively for electricity production throughout the world, are practically air-pollution free on a life
cycle base analysis. In this context, the objective of the present work is to quantify the pollution
caused from the Greek electricity generation system as per now and that avoided with the exploitation
of RES. More precisely, the present work investigates the specific air pollution emission factors
related with the electricity production from fossil fuels in Greece, estimate the air pollution avoided
due to the exploitation of the available hydro and wind potential on annual basis since 1990 and the
corresponding potential contribution of the renewable energy sources on significantly reducing the
above mentioned pollutants. The results of the work indicate that the renewable energy sources may,
in the near future, contribute significantly on minimizing the environmental impacts of the electricity
generation sector, including the emissions of carbon dioxide and other various harmful gases, at
rational investment cost.

Keywords: Carbon Dioxide; Sulphur Oxides; Nitrogen Oxides; Greenhouse Gas Emissions;, Wind
Energy; Hydropower; Qil Imports; Investment

1. I ntroduction

The Greek electricity generation sector is based -as far back as the early 60's- on the usage of local
lignite and imported heavy ail. In fact, the mainland’s electrical grid is mainly supported by 15 major
thermal power stations rated at 8200 MW. More specifically, the existing electricity generation units
are mainly based on the local lignite reserves -eight (8) power stations with 5300 MW of installed
capacity- while the corresponding capacity share for the oil and natural gas along with the operating
combined cycle stations reaches 2900 MW™!?. The second sub-sector includes the non-interconnected
Aegean Archipelago islands, where the approximately 250 therma power units® comprise 13
Autonomous and 19 Local Power Stations on top of the Crete island autonomous power network, all
operating on the basis of imported amounts of diesel and heavy oil. In the interconnected electrical
system one may aso find fifteen (15) large hydropower stations in conjunction with several (100)
other small ones with total capacity 3100MW™. Apart from the hydro power units, additional RES
contribution derives mainly from the existing wind parks, installed power 750 MW",

In figure (1), one may first configure the increasing rate of nationa electricity consumption demand
during the time period examined, as well as the dominant share of fossil fuels (up to 90%) in the local
electricity generation fuel mix. Accordingly, the electrical demand time evolution described by a mean
annual increase rate of 4.0%, well represents the last 25 years under study. The corresponding

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, Vol.17,
No 7/8/9.
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percentage for the coming decade is estimated at an annual increase between 3% and 4% since the
authors expect an average value of 3.5%.

Time Evolution of National Electricity Generation Fuel Mix
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Figure 1: Greek electricity generation fuel mix time evolution
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Taking into consideration the significant contribution of lignite and oil in the local electricity
generation, the electricity production process is assumed responsible for more than one half of CO,,
for almost 80% of SO, and for approximately one third of NO, national emissiond®®! More
specificaly, the above mentioned fossil fuels utilization is accused (see figures (2) and (3)) of serious
environmental damage caused by air emissions (i.e over 55 Mtons of CO, and approximately 360
ktons of SO, and 75 ktons of NO, annually), water and land resources use, water discharges and solid
waste generation.

Electricity Sector CO2 Emissions Vs
National CO2 Generation
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Figure 2: Contribution of electricity sector in the national CO, emissions

Taking also into consideration that during the last 25 years considerable energy consumption increase
has taken place in view of the local economy development and standard of living improvement,
Greece faces serious difficulties on fulfilling the EU Directives concerning the reduction of the
greenhouse gas emissions and the protection of the local population from the dangerous toxic effects
of various harmful gases and particles release, like nitrogen oxides, sulphur dioxide etc., e.g. the
commitment of the local electricity generation sector to accomplish the Large Combustion Plants
Directive (2001/80/EC). Additionally, the +25% CO, emissions' target set for the period 2008-2012,
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aways with regards to the 1990 levels, is currently expected to finally reach the levels of 40% during
the remaining time, figure (4).

Electricity Sector SO2 & NOx Emissions Time Evolution
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Figure 3: Electricity sector SO, and NO, emissions time-evolution
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Figure 4: National GHG emissions time-evolution

On the other hand, renewable energy resources -like hydro, wind and solar energy- used extensively
for electricity production throughout the world, are practically air-pollution free on a life cycle base
analysis. In this context, the present work investigates first the specific air pollution emission factors
related with the electricity production from fossil fuels in Greece. Next, the air pollution avoided due
to the exploitation of the available hydro and wind potential is predicted on an annual basis for the last
fifteen years. Finally, the potential contribution of the renewable energy sources on significantly
reducing the above mentioned pollutants is estimated on the basis of the corresponding EU targets
included in the relevant EU-Directives (e.g. 2001/77/EC). Finally, a macroeconomic cost-benefit
analysis concerning the remarkable RES contribution in the local electricity balance, substituting
imported oil, is carried out.
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2. Emission Coefficients Related to Electricity Generation

One of the main inputs of the present study is the estimation of the specific air pollution emission
factors related with the electricity production from fossil fuels in Greece. The analysis is based on
recent long-term official data concerning the operation of the existing thermal power stations.

In order to get a clear-cut picture of the electricity related air pollution burden on every consumer, an
attempt is made to express the main flue gases (CO,, SO, and NO,) production as a function of the
amount of electrical energy reaching the consumers, i.e. electricity delivered to the consumption. The
present analysis includes the total efficiency of the corresponding thermal power stations and line
transmission losses (1%-5%) from the power stations to the main consumption centers. Thus, the
coefficients given are expressed in gr (or kg) of air pollutant released per kWh consumed. For this
purpose one may use measurements concerning the annual flue gas emissions of every thermal power
unit of Greek electricity generation system along with the corresponding net electricity generation,
modified in order to estimate energy line transmission losses. In this context, the CO,, SO, and NO,
emissions factors (eco2, €so2, Enox) Of the entire fossil fuel based electricity generation in Greece are
defined as:

(M)
o, = @
L (mg) )
0= @
(mN x)
€nox = E: (©))

where "Mcoz, Msop and myey" are the annual mass (equivalent) production of the above mentioned air
pollutants and "E¢" is the annual energy yield of the local thermal power stations, including line
transmission losses. For the accurate estimation of the corresponding numerical values, the statistically
weighted average values based on detailed previous work by the authors®*% gre taken into
consideration. Actually, one may use the corresponding emission factors for every Greek thermal
power station for aten-years time period investigated.
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Figure 5: Electricity generation CO, emission factors
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The present analysis results are summarized in figures (5) and (6), where one may find the time-
evolution of the (ecoz, €s02, Enox) €Mission factors., Using official data for the last fifteen years it is
concluded that the CO, emission factor presents a steady gradual decrease from 1.23kgr/kWhe to
1.03kgr/kWh,, mainly due to the substitution of local lignite by imported natural gas. Similarly, the
SO, emission factor time-evolution shows initially a dight decrease, while after 2000 the
corresponding value is stabilized around 6.5gr/kWh.. This is aso the case for NO, emission factor
time-evolution, where an average value of 1.5gr/kWh, is encountered.

Electricity Sector SO2-NOx Emissions:
Emission Coefficients

12

N ——S02 (kg/MWh)

10
\\‘\/_\ -e— NOXx (kg/MWh)
8 \——_‘/

Emission Coefficients
(kg/Mwher)
(o]

2
———— o —o o ° —e

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

Figure 6: Electricity generation SO, and NO, emission factors

In order to present a fair comparison, one should also take into consideration the corresponding
emission factors, resulting from the existence of hydro power stations and wind parks. Since the
operation of these power stations is air pollutants free, their main air pollution impact (on the basis of
an LCA) comes from the equipment construction and the erection and decommissioning of the relative
power stations ™I ysing available data from the international literature one may use the values
suggested in Table I. As it is obvious from the data available, the hydro and wind related emission
factors are redly very small justifying their omission during afirst approximation analysis.

Table|: Air Pollution Emission Coefficients from Hydropower stations and Wind Parkg?/2127(28]

Study CO, (gr/kWhe) SO, (gr/kWh) NOy (gr/kWhe)

Wind Hydro Wind Hydro Wind Hydro
E.U. (Thefacts) 7 4 0.087 - 0.036 -
Externe Project 8.2 - 0.079 - 0.032 -

An overview of

) 10-17 7-8 0.01-0.032 0.018-0.021 0.014-0.043 0.034-0.040
wind energy status

Life-cycle
assessment in the
renewabl e energy
sector

6.1 4.6 0.033 0.006 0.031 0.037

3. RESContribution on Reducing Air Pollution

Renewable energy resources -like hydro, wind and solar energy- are used extensively for electricity
production throughout the world, due to their limited environmental impacts™ ORI | this
context, the air pollution avoided due to the exploitation of the available hydro and wind potential in
Greeceis predicted on an annual basis for the last fifteen years.
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In Greece, up today, exist fifteen (15) large hydro power (LHP) stations of total capacity of 2950MW
and almost one hundred (100) small hydro power (SHP) stations, total rated power 120MW!?,
According to the official data concerning the energy yield of the existing hydro power stations
considerable variation is encountered, since in 1990 the hydro electricity was 1.9TWh and in 2005
approached the 5TWh. Unfortunately the hydro electricity contribution to the local electricity
consumption, figure (7), is limited, since the 25-year average value is only 9.5%. In fact, the hydro-
electricity contribution after 1990 has been always less than 11%, taking into consideration the almost
constant hydro power stations capacity and the continuously increasing network electricity demand.

Time Evolution of RES Contribution to the
National Gross Electricity Generation
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Figure 7: RES contribution to the national electricity generation

Additionally, according to the existing official data (end of 2006) in Greece, there exist approximately
1050 commercial wind turbines, while their corresponding rated power is 750MW. It is important to
mention that the Greek wind energy programme®® started in 1982, when the Greek PPC installed the
first wind turbines 5x20kW (M.A.N.) on a research wind park on the island of Kythnos. Since then,
wind energy applications showed a very unsteady development history and only after 2000 wind
energy started to remarkably contribute to the national electricity consumption. Since then, the new
wind parks erection is encouraging; however the entire wind parks contribution is hardly 2% of the
national electricity consumption, figure (7).

Thus, using the official data, see also figures (1) and (7) the average annual contribution of existing
RES-based power stations, mainly large hydro and recently wind parks, in the local electricity
consumption is approximately 10%, while in specific years hardly surpasses the 12%.

However, even this moderate contribution saves annually (e.g. 2005) almost 10Mt of CO,, 30kt of SO,
and 7kt of NOy, on top of al the other environmental benefits related with the replacement of fossil
fuels by the exploitation of the available renewable potential. In fact, one may find in figures (8a) and
(8b) the estimated annual air pollution avoided distribution during the last fifteen years time period.
For practical purposes one may assume that the operation of the RES-based power stations does not
replace a specific type of thermal power stations, hence the results obtained are representative of the
national fuel mix.

Additionally, in order to fulfill the 2010 targets dictated by the corresponding E.U. directives and the
approved international agreements (e.g. Kyoto protocol) the installation of approximately 7GW of
cumulative RES power (mainly supported by wind energy and small hydro units, ex-works cost
(Prwr=) 600€/kW and (Prsy=) 1100€/kW respectively), is required. The corresponding annual increase
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of the RES share (base year 2005) in the national electricity generation should approach the 10%, a
very ambitious value not expected to be accomplished. In any case, in the next section one should
estimate the expected air pollution reduction as well as the corresponding capital required.

Annually Avoided CO2 Emissions due to RES Contribution
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Figure 8a: CO, emissions avoided due to the RES electricity generation
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Figure 8b: SO,, NO, emissions avoided due to the RES electricity generation

4.  Evaluation of Increased RES Penetration Strategies

In order for the 2010 national target to be achieved (20.1% of gross electricity generation covered by
RES) various scenarios and strategies concerning the future RES penetration are evaluated on the basis
of air pollution reduction, investment requirements and exchange losses avoided. More specifically,
the implementation of the basic scenario proposed by Greek Staté® requires the installation (figure
(9)) of (Nwr=) 3000MW of wind parks, (Nsy=) 200MW small and (N x=) 150MW large hydro as well
as some MWs of biomass powered thermal power stations and photovoltaic parks. In this context the
initial capital required "ICy" is expressed by the following relation, i.e.:

ICtot = Nwr : Prwr'(1+ fwr) + NSH 'PrSH ' (1+ fSH)+ NLH 'PrLH : (1"' fLH)+ Noth 'Proth'(l"' foth) (4)
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where "f" expresses (f~15-30%) the first installation cost coefficient™” and the subscripts "WT",
"SH" "LH" and "oth" are used for wind turbines, small and large hydro and other RES-based power
stations, respectively. The corresponding total investment required is approximately 3.5 billion euros,
or equivalently 700-1000 (M€) million euros per year. Note that athough the mgjority of the
equipment required is imported, a remarkable (~30%) part of the initial capital invested is absorbed by
the local economy, contributing thus to an increase of the national GDP.

Achieving the 2010 Target:
Installations and Investments Required.
(Optimistic State Scenario)
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Figure 9: RES-based power stations required to achieve the 2010 E.U. target for Greece

Achieving the 2010 Target: Emissions Avoided Annually
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Figure 10: Expected annual emissions avoided up to 2010 due to RES utilization

In case that the above mentioned (State supported) scenario is realized, one may also estimate, using
the analysis of Section 3, the corresponding emissions avoided. In fact, in figure (10) one may find the
annual emissions avoided due to the new and the already operating RES-based power stations for
every year between 2006 and 2010. According to the calculation results the enhanced RES
participation is expected to save for example during 2010 more than 15.5Mtn of CO, (see aso figure
(8a)) and almost 100ktn and 18ktn of SO, and NO, (see aso figure (8b)) respectively, contributing on
the reduction of the above mentioned electricity generation air pollutants of the order of 2% per
annum. On the basis of the proposed scenario, the quantity of avoided air pollutants by the end of 2010
represents almost the 25% of the corresponding air pollutants quantities, contributing significantly in
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the compliance with the national Kyoto commitments and the Large Combustion Plants Directive
(2001/80/EC).

Achieving the 2010 Target: Air Pollution Reduction Cost
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Figure 11: Annual emissions avoided cost analysis

Achieving the 2010 Target: Annual RES Investments
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Figure 12: Comparing the macroeconomic data related with the expected
RES penetration (assumed oil price 65€/bbl)

Taking into consideration the initial capital required and the air pollution avoided due to the
implementation of RES-based power stations, the corresponding air pollution reduction cost (figure
(11)) varies between 2.8€/kg of SO, up to 14.2€/kg of NO, avoided. Also for every tone of CO, not
released to the environment the corresponding cost is amost 17€/tn. On the other hand, emphasis
should be laid on the European Union Emission Trading Scheme implying serious financial surcharge
in case of increased CO, emissions. 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?? concerni ng the future CO, alowance
price converge at a range of 20€/t -30€/t up to the year 2012. In this context, one may also mention
that the price to pay for avoiding 1 tonne of CO, emitted by a conventional thermal power station
(such as combined cycle units operating on natural gas) with mechanisms for capturing CO, is
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suggesting a cost of 25-40€/t of CO, avoided. Any case given, to both considerably and economically
efficiently reduce the air pollution levels, alarge scale integration of RES is necessary!11?4.

On the other hand one should not disregard the annual exchange loss avoided, in case that the new
RES-based power stations substitute oil-fired or natural gas based thermal power stations, figure (12).
As it is obvious, the money spent to import the necessary equipment is less than the macroeconomic
cost resulting from the corresponding oil-imports during two successive years, while the service period
of these RES-based power stations exceeds the twenty (20) years. Note also that the above mentioned
power stations have also limited maintenance and operational cost®”), which is less than 2% of the
initial capital invested on annual basis. On top of this, the imported energy exchange loss is strongly
depending on the unstable and continuous increasing prices of oil and natural gas in the international
market.

5. Conclusions

The interaction between the main air pollution (CO,, SO, and NO,) emission factors caused by the
fossil fuels based electricity generation and the amount of electrical energy reaching the consumers,
i.e. electricity delivered to the consumption, has been modelled in the present work. In addition, the
annual air pollution avoided with the use of RES during the last fifteen years time period has been
estimated.

Accordingly, the air pollution reduction, due to the expected faster penetration of the renewable
energy sources in the local electricity market, on the basis of the national Kyoto commitments and the
Large Combustion Plants Directive is estimated. Finally, the investment cost for the penetration of
RES in the Greek energy system has been calculated for the selected percentages of RES contribution
and the resulting values have been used to estimate the corresponding specific cost (€/kg) of the
avoided air pollutants.

According to the results obtained, despite the up to now fair participation of the existing hydro power
stations and wind parks on reducing the air pollutants, the renewable energy sources may, in the near
future, contribute significantly on minimizing the environmental impacts of the electricity generation
sector, including the emissions of carbon dioxide and other various harmful gases, at rational
investment cost.
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Abstract

During the last decade, wind energy has been the fastest growing energy sector for electricity
production in various European countries. In previous studies extended public opinion surveys
highlight a remarkable negative public attitude of local people against wind power stations, based on
visual and noise impact. However, in most areas analyzed the general public attitude is in favour of
new wind parks. The present work analyzes the social impact of existing wind parks on the nearby
communities according to the opinion of the people living in their proximity. According to the data
analyzed, there is a serious contradiction between the general belief of positive macroeconomic and
environmental impacts of wind parks and the increased visual intrusion and noise pollution mentioned.
This serious inconsistency may explain the firm social acceptance of wind energy applications in
Greece, although in severa cases an important portion of local people claims remarkable visua and
noise annoyance from existing wind turbines.

Keywords: Wind Energy; Environmental Impacts, Macroeconomic Impacts; Social Attitude; Public
Opinion Survey

1. I ntroduction

During the last decade, wind energy has been the fastest growing electricity production sector in
various European countries, achieving annual expansion rates in the order of 30%™. In this context,
the installed wind power in Greece has also been significantly increased from 40MW to 300MW
during the period 1999-2002?. At the same period, requests for new wind parks above 11000MW
exist in the Ministry of Development, so as to take advantage of the project total cost subsidization by
30% up to 50%. Unfortunately, during the last five years, the new wind parks erection has been
remarkably decelerated, despite the requirements of the E.U. 2001/77/EC Directive, dictating 20.1%
contribution of renewable energy sources to the national electricity consumption by 2010

In excess of severa technical problems, like limited local electrical network capacity and serious
infrastructure problems, one of the main reasons delaying the wind energy applications in some areas,
is the serious local population reaction claiming important environmental impacts®. In previous
studies extended public opinion surveys highlight a remarkable negative public attitude of local people
against wind power stations, based on visual and noise impact. However, in most areas analyzed, the
general public attitude is in favour of new wind parks®, taking into consideration the positive
environmental and macroeconomic impact of wind power installations on the local societies.

Thus, the present work analyzes the social impact of existing wind parks on the nearby communities
according to the opinion of the people living in their proximity. For this purpose, the last part of the
public opinion survey carried out all over Greece during the last five years, concerning the local
habitants' attitude towards existing wind parks is presented. The results collected are analyzed in view
of the machines general acceptability. One of the major targets of the present analysisisto explain the
inconsistency encountered between the firm social acceptance of wind energy applications and the
remarkable visual and noise annoyance reported™® from existing wind turbines.

Kaldellis J.K., Kavadias K.A., 2007, "Macroeconomic and Environmental |mpacts of Wind Energy Applications
in Greece. The Public Opinion", 1% Conference on Environmental Management, Engineering, Planning and
Economics (CEMEPE), June 2007, Skiathos, Greece.
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2. Position of the Problem

In order to systematically investigate the public attitude towards wind energy applications in Greece,
the Soft Energy Applications and Environmental Protection Laboratory of TEIl Piraeus has first
scheduled and subsequently conducted™® a public survey in several representative Greek territories,
presenting wind energy development interest. During the entire investigation, emphasisis laid on the
following topics:

v The degree of public knowledge on wind energy applications

v" The public awareness about the environmental and macro-economic impacts of wind energy

v" The public attitude towards existing and new wind parks

For the implementation of this research one has examined the established ways of conducting similar
studies. For increasing reliability and due to the country idiosyncrasy the technique based on personal
named or unnamed interviews was selected. More specifically, during this survey the questionnaires
were completed in the interviewer's sight, while most respondents filled in their name and phone, for
confirmation purposes. It is also important to note that all the respondents were living near the existing
wind parks (maximum distance 20km), they belonged to groups of various professions and educational
status, while the 45% of them were men. The public response was encouraging, since almost one out
of two of the persons asked answered the questions eagerly.

The last point to be arranged was the number of interviews needed to draw safe conclusions”. Asit is
obvious, the reliability of the results derived is strongly depended on the size of the approved sample
used, since the outcome uncertainty is normally decreasing with the square root of the sample size'“.
Due to the geographical diversity of the study and the manpower needed, a sample number in the
range of 100 to 150 questionnaires was assumed acceptable, while 50 interviews were set as the lower
limit.

Table I: Demonstration of the questionnaire used (Part C) in the present public opinion survey

Questionl  Thewind convertersor wind turbines;

o)

protect the environment and reduce the quantity of imported oil
destroy the environment

consume large quantities of fuel

worsen the environment but economize on energy

| am not aware of their effect on the environment and the oil import

he wind convertersor wind turbines of your territory:

are visually annoying

have no visual impact on me

are not aesthetically right

| have no opinion on their aesthetic impact
make the area attractive

he noise of the wind turbinesin your territory:

istoo loud

istoo annoying

does not actually disturb me

is covered by the surroundings

is pleasantly heard, in relation to their valuable energy

o you actually agree with theinstallation of wind turbinesin your territory?

YES, | do

NO, | don't

| would agree if only | had proof of their usefulness
| am not interested in this matter

| have no formed opinion

O
i
o
>
w
OO OT QPO TOQHDOAO TO|HDAOT
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For the preparation of the questionnaire a large number of scientists have collaborated, including
statistics experts, sociologists and market survey experts. The questions relative to the subject
investigated are summarized in (Table I), along with the possible answers. The first two introductory
questions (not included in Table 1) asked, guarantee that the people being interviewed are familiar with
the subject examined. According to the entire sample analyzed (665 questionnaires) 96% of the people
interviewed are familiar with the basic wind energy principles. Recapitulating, one may clearly state
that the samples used have the necessary size to be statistically sound and credible, hence only the 4%
is excluded from further analysis.

3. Results Presentation

As aready mentioned, in the current analysis emphasisis set in investigating the public opinion on the
macroeconomic and environmental impact of existing wind power stations in representative Greek
locations. For this purpose, two specific regions have been selected, presenting a quite different
attitude towards wind turbines. Hence, the first areainvestigated is the S. Euboea island, where in the
past serious conflicts between the wind park developers and the local citizens have been
encountered™. The sample used includes 128 respondents, while the survey was carried out during
2001-2003. The second area analysed is Chios island. Chios is a medium-sized island of the NE
Aegean Sea, possessing very high wind potential. In this island, since 1991 exist several private,
municipality or PPC-owned medium-sized wind parks. Local habitants genera attitude (sample of
248 interviews, survey period 2003-2004) towards wind turbines is quite different from the S. Euboea

one®.

Public Opinion Towards Existing Wind Parks Public Opinion Towards Existing Wind Parks
in S. Euboea in Chios Island

. Not Interested .
No Opinion B Positive under 13% No 25’/'”'0"
Not Interested 16% Positive Conditions °
3% 22% 2%

Negative
2%

Positive under
Conditions

Negati Positive
egative 80%
19% 40% ’

Figure 1: Public opinion towards wind parks Figure 2: Public opinion towards wind parks

More precisely, there is a great diversity of the acceptability degree of existing wind parks among the
windiest territories of the country. In fact, according to the results obtained for the S. Euboea case, the
public opinion is actually divided, figure (1). Thus, aimost 4 out of 10 (40%) of the respondents
clearly disagree with the operation of the wind parks in their region, while 22% definitely accept the
wind turbines in their neighborhood. An extra 19% of the habitants tolerate them under the
precondition of their proved usefulness. A sound explanation of the public attitude towards wind
turbines encountered in S. Euboea may be the remarkabl e concentration (x120MW) of numerous large
wind converters, in arelatively short time. On the contrary, in the Chios island local habitants general
attitude towards wind turbines is completely different from the S. Euboea one. More specifically, the
respondents' vast majority (80%) is positive to the development of wind power stations, figure (2).
Only a very small minority (2%) was expressed negatively for the existing wind converters, while
another 2% supported wind farms under the precondition of proper operation.

The genera socia attitude of local people towards existing wind parksin S. Euboea is also supported
by the answers given in the first question concerning the macroeconomic and environmental impact of
the corresponding wind energy applications. As it is obvious from figure (3) almost the 50% of the
respondents mention negative impact of the wind parks on the local environment. However, more than
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two thirds of them (34% of the total sample) accept the contribution of wind turbines on fossil fuels
saving. In fact, aimost seven out of ten (34%+34%) of the local habitants mention that wind energy
reduces the oil imports. At the same time almost the entire sample of Chiosidand (figure (4)) accepts
that the existing wind parks contribute on reducing oil imports and only a small minority notes that
existing wind turbines worsen the environment. The opinion expressed by the Chios island habitants is
in accordance with the information of figure (2), describing their general attitude towards existing
wind power stations.

Macroeconomic and Environmental Impacts of Existing Wind Macroeconomic and Environmental Impacts of Existing Wind

Parks in S. Euboea Protect Parks in Chios Island

environment &

lam r}.%tn/aware Reduce imported envi:lgg:r?::t but | am not aware Protect

o oil Economize on 8% environment &
34% 1z Reduce imported
energy

5%

Destroy the
environment
0%

Worsen

Consume large

environm_ent but Consume large Destroy the quantities of fuel
Economize on quantities of fuel environment 0%
energy 0% 16%
34%
Figure 3: Macroeconomic and environmental Figure 4: Macroeconomic and environmental
impacts of wind parks, the public opinion impacts of wind parks, the public opinion

It is also worthwhile to mention that according to the results of the public survey carried out in S.
Euboea the majority (46%) of the inhabitants expresses negative visual impact of wind turbines, while
another 16% believe that the existing machines are not in harmony with the landscape, figure (5). On
the other hand, only 6% likes the sight of these machines whereas 19% do not mention any visual
intrusion. Subsequently, it is interesting to mention that the portion of the respondents supporting that
the noise of the wind turbines is either too loud or too annoying is 25%, while one should not
disregard that almost the 30% of the sample (figure (6)) declares that any wind turbine noise is
covered by the surroundings.

Visual Acceptance of Wind Parks in S. Euboea Noise Impact of Wind Parks in S. Euboea
No Opinion Positive Effect Pleasanzly Heard Too Loud )
13% 6% 6% 11% Too Annoying

Negative Opinion Covered by
Surroundings
30%

14%

Not in Harmonization
with Landscape

Negligible Effects
39%

Negligible Effects
19%

Figure 5: Wind turbines visual impact Figure 6: Wind turbines noise impact

In this context one should also take into consideration that the situation is quite different in Chios
island, where the vast mgjority of the respondents do not point out any visual intrusion, while 3 out of
10 are fond of wind energy installations in their neighbourhood. Only 8% of the sample mentions
negative visual impact of wind turbines, while another 6% declares that these machines are not in
harmony with the landscape. Similarly, the vast mgjority (60%) is not bothered by the wind turbines
operation, while only 8% of the sample finds wind turbine noise too annoying. On the other hand, two
out of ten of the respondents state that the wind parks sound emissions can be characterized as
pleasant in view of their useful energy production.
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4. Discussion of the Results

Wind turbines are man-made devices that produce useful electrical energy exploiting the wind
potential of an area. In this context, modern wind turbines -with a hub height of 60+100 meters and a
blade length of 30+-60 meters- constitute an artificial addition on the local scenery!*?. However, in any
case that man places new structures in a terrain, the character of the terrain immediately changes.
Thus, it is a matter of taste -to a large extent- how people perceive that wind turbines fit into the
landscape. Similarly, annoyance by wind turbines noise emissions is also a highly psychological
phenomenon. Generally speaking, no landscape is ever completely quiet, since birds, animals and
human activities create sound. In fact, when the wind hits different objects at a certain speed, it will
start making a sound. More precisely, during the last twenty years, serious effort has been devoted for
the creation of more quiet machines, paying detailed attention to both the design of the blades to avoid
boundary layer separation and to mechanical parts of the machine. As a result, noise is characterized
as a minor problem for modern carefully sited wind turbines. Of course in specific cases, sound
reflection or absorption from terrain and building surfaces may change the sound picture in different
locations, imposing increased annoyance to local habitants.

On the other hand, a wind turbine of rated power "N,", produces during its service life ("n"-years)
considerable useful energy amounts, thus contributing on reducing the fossil fuels consumption
(mainly locally extracted low quality lignite in Greek mainland and imported oil in Greek islands) as
well as eliminating the emission™* of several air pollutants, like CO,, SO,, NO,, TSP etc.

More specifically, one may estimate the expected annual specific wind-based electricity production
"E," per kW installed (kwWh/(kW.year)) of awind turbine using the following relation:

E, = CF -8760 1)

where "CF" is the capacity factor of the installation taking™ long-term values between 25% and 35%.
The corresponding specific oil quantity "M¢" (kg/(kW.year)) replaced may be estimated as:

E, CF-8760
nH,  nH,

M, = )

where "n" is the efficiency of a typical therma power plant (approximately 30%) and "H," the
corresponding specific calorific value of the fuel used, e.g. H,=40,000kJkg of diesel-ail.

Finally, the exchange loss saved from the operation of 1kW of wind power in Greece, expressed as a
ratio "&" in relation with the initial specific cost "Pr" (€/kW) of the imported equipment used, is
written as:

©)

where "¢ is the specific cost of the imported oil (e.g. 50€/bbl). Recapitulating, by combining the
equations (1) to (3) and using typical values for the parameters involved, "&" takes values between 5.5
and 8.0, thus the exchange savings are between five and eight times the money spent for the purchase
of the necessary machines.

On top of this, one should also take into consideration the significant air pollutants avoided "M;" due
to the operation of wind parks replacing existing thermal power stations. In fact one may write:

M, =n-E, ¢ (i=C0,, XO,, NO,, ...) (4)
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The numerical values of the corresponding emission coefficients "g" may be based on the existing
published™ ™ information, e.g. eco~1kg/kWhe, es0,~60/kWhe, enox4g/kWh,, etc. At this point one
should underline the fact that in most cases the public opinion is in full accordance with the outcome
of comprehensive scientific studies, explaining in this way the general positive socia attitude towards
wind power applications. However, in specific extreme cases increased effort and attention during the
wind turbines siting would remarkably contribute on avoiding unnecessary annoyance of human
societies and local ecosystems.

5. Conclusions

An extensive study is conducted concerning the public attitude towards wind energy applications, in
several Greek territories possessing high wind potential and investment interest. According to the data
analyzed -sample of 665 respondents in several representative Greek territories-, there is a serious
contradiction between the genera belief of positive macroeconomic and environmental impacts of
wind parks and the increased visua intrusion and noise pollution mentioned. This serious
inconsistency may explain the firm social acceptance of wind energy applications in Greece, although
in several cases an important portion of local people claims remarkable visual and noise annoyance
from existing wind turbines.

In authors opinion, wind industry should continue placing the same effort on reducing the
environmental impacts of new wind power installations as on being techno-economic attractive, in
order to increase the public acceptance of wind energy applications. In this context, local habitants, if
properly informed, recognize that the gradual wind energy penetration in the local fuel-mix is going to
ameliorate the existing macro-economic situation without invoking the long and short-term hazards of
thermal and nuclear power stations.
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Abstract

On the numerous small and medium-sized islands of the Aegean and lonian Archipelagos one may
encounter several thousands of remote consumers unable to appreciate a direct electricity utility
supply. In this context, the utilization of photovoltaic driven stand aone systems instead (e.g. PV-
battery system), comprises an appreciable alternative to be considered. Managing to dimension a PV-
battery stand aone configuration shall ensure the coincidence of energy production and energy
demand, thus improving the PV plant’'s electricity generation profile. Apart from the appropriate
selection and dimensioning of such a system, the determination of its actual contribution in terms of
sustainability is thought to be of equal concern. More precisely, in the present study, an investigation
concerning the ratio of energy required during the construction, installation, maintenance and final
decommissioning of such schemes to the useful energy output guaranteed on a life-cycle scale, shall
revea the real energy balance effectiveness of the configurations considered. For this purpose,
combinations of commercial photovoltaic panels in collaboration with selected battery storage systems
examined shall designate the most attractive of the solutions in terms of energy payback.

Keywords: Photovoltaic; Battery; Stand Alone; Energy Payback Period

1. I ntroduction

Official statistics estimate that almost two billion people have no direct access to electrical networks,
500,000 of them living in European Union and more than one tenth of them in Greecé™!?. In fact, on
the numerous small and medium-sized islands of the Aegean and lonian Archipelagos one may
encounter several thousands of remote consumers unable to appreciate a direct electricity utility
supply, this often leading to the use of small diesel-generator sets, delegated to cover the
electrification needs at very high cost.

On the other hand, in all these Hellenic areas the available solar potentia is very high, approaching
annual values of 1800kWh/m? In this context, the utilization of photovoltaic driven stand alone
systems instead of diesel-electric generators (e.g. PV-battery system), comprises an appreciable
aternative to be considered®®. On top of this, increased interest has been demonstrated in the Greek
region in concern to the instalation and utilization of photovoltaic systems due to the recent
governmental moativations, strongly subsidizing the PV-instalations especidly in the non-
interconnected islands’ area.

Managing to dimension a PV-battery stand alone configuration shall ensure the coincidence of energy
production and energy demand, thus improving the PV plant’s electricity generation profile. Apart
from the appropriate selection and dimensioning of such a system, the determination of its actual
contribution in terms of sustainability is thought to be of equal concern. For this purpose one should
first determine the optimum dimensions of an appropriate stand alone photovoltaic system, able to
guarantee the coverage of remote consumers energy demand located in typical Greek territories using
long-term measurements™, under the restriction of minimum initial cost'®. Accordingly, special
emphasis is laid on the detailed energy balance analysis of the selected configurations”, since the

Zafirakis D., Fragos P., Kavadias K.A., Kaldellis J.K., 2007, "Determining the Energy Pay-Back Period of PV-
Battery Sand Alone Systems: Case Sudy Greece", 2™ International Conference " The Case of Energy Autonomy:
Soring Renewable Energies', IRES 1, Eurosolar, November 2007, Bonn, Germany.
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proposed methodology has the ability to investigate the energy behaviour of any stand-alone
photovoltaic system on an hourly basis at least.

Finally, the primary objective of this current study, isto investigate the ratio of energy required during
the construction, installation, maintenance and final decommissioning of the proposed installation to
the useful energy output guaranteed on a life-cycle scale. More precisely, the proposed analysis shall
reveal the real energy balance effectiveness of the configurations considered. In this context,
combinations of commercial photovoltaic panels (e.g. Si-based, cadmium telluride etc.) in
collaboration with selected battery storage systems examined shall designate the most attractive of the
solutions in terms of energy payback.

2. Proposed Configuration

As aready mentioned an autonomous photovoltaic-battery based system is one of the most interesting
and environmental friendly technological solutions for the electrification of remote consumers or
entirerural aress.

Charge
Controller

Inverter AC Load

PV Array

Energy
Surplus
noyeq
ABiauz

Battery Bank

Figure 1: Typical PV Stand-Alone Configuration
More precisely, the proposed (figure (1)) stand-alone photovoltaic system is based on:

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

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

iii. A DC/AC charge controller of "N." rated power, charge rate "R.," and charging voltage "Ucc"
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iv. A DC/DC inverter of maximum power "N," able to meet the consumption peak load demand
where "N," is the maximum load demand of the consumption, including a future increase margin (e.g.
30% and N,<5kW). For the complete simulation of the proposed system one needs, apart from the
electricity demand profile (e.g. figure (2)), the solar radiation and ambient temperature at the
installation site (figure (3)) as well as the operational characteristics of all the components (e.g.
photovoltaic panels power curve at standard day conditions, inverter efficiency, battery bank
characteristic etc.) composing the stand-alone system under investigation.

Typical Weekly Electricity Demand Profile
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Figure 2: Typical Electricity Demand Profile of the Remote Consumer Analyzed
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Figure 3: Measured Solar Energy Potential for Rhodes Island

As mentioned above, the first step of the present analysisis to estimate the appropriate dimensions of a
stand-alone photovoltaic system (PVS) for every remote consumer examined and subsequently to
evaluate the complete system energy behaviour. The two governing parameters used during the sizing
procedure are the number "z" and the rated power "N," of each photovoltaic panel used and the battery
maximum necessary capacity "Qma'. ToO confront similar problems, a computational algorithm
"PHOTOV-III" is developed, figure (4). This specific numerical code is used to carry out the necessary
parametrical analysis on a given time step (e.g. on an hourly) energy production-demand basis.
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The parameters involved in the sizing procedure include the system annual electricity consumption
"Et" (E=BMWhlyear), the storage branch efficiency "ns", used to feed the consumption (including
inverter efficiency and power line loss) and the maximum permitted depth of batteries discharge
"DOD_.". In the present case the battery operation voltage "Uy" is taken equal to 24Volt.

Subsequently, for each "z" and "Qna" pair the "PHOTOV-I11" agorithm is executed for all the time-
period selected (e.g. one month, six-months, one year or more) and emphasis is laid on obtaining the
desired reliability level operation. More precisely, for every time point investigated, the system energy
demand is compared to the photovoltaic generator energy production, including the inverter and the
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). Thus, during the long-
lasting operation of the proposed stand-alone system, the following situations may appear:

a. The power demand "Np" is less than the power output "Np," of the photovoltaic generator,
(Npv>Np). In this case the energy surplus (AN=Npy,-Np) is stored via the battery charge controller.
If the battery isfull (Q=Qma), the residual energy isforwarded to low priority loads.

b. The power demand is greater than the photovoltaic generator power output (Npy<Np), which is not
zero, i.e. Npy=0. In similar situations, the energy deficit (AN=Np-Npy) is covered by the batteries
viathe battery charge controller and the DC/AC inverter.

c. Thereisno solar energy production (e.g. zero solar radiation, system not available), i.e. Npy=0. In
this case the entire energy demand is fulfilled by the battery charge controller -DC/AC inverter
subsystem, under the condition that Q>Qyin.

Autonomous PVS Configuration for Rhodes Island (DOD =75%)
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Figure 5: Optimum Autonomous PV-ESS Configuration for Rhodes |dland

In cases (b) and (c) -when the battery maximum depth of discharge is exceeded- load rejection takes
place, hence the battery size is increased and the calculation is re-evaluated up to the case that the
desired reliability level is fulfilled for the complete time period examined. Next, the number of
photovoltaic panels is increased and the calculations are repeated. Thus, after the integration of the
analysisa (z-Q") curveis predicted (figure (5)) under a specified reliability level restriction?®.
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Finaly, for every (z-Q") pair ensuring the energy autonomy of the remote system, a detailed energy
production and demand balance is available™ along with the corresponding time-depending battery
depth of discharge, "DOD".

3. Best Configuration Choice

Using the "PHOTOV-111" numerical algorithm one may calculate the energy production of the stand-
aone photovoltaic systems for a selected time period. 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 preselected "hy" hours per annum. Finaly, the optimum
pair may be selected from every (z-Q) curve, on the basis of the minimum first installation cost
criterion, figure (5).

In this context, the initial cost "I1C," of a photovoltaic stand-alone system includes® the photovoltaic
modules ex works cost, the battery bank buy-cost and the cost of the major electronic devices. Finaly,
the BOS (balance of system) cost should also be taken into consideration, using the local market
values. Recapitulating, theinitial installation cost of a stand-al one photovoltaic-battery based system is
afunction of "Z" and "Qma" if "No" is defined. Hence, by using the initial cost data it is possible to
estimate for any (z-Q’) curve the minimum initial cost solution, which guarantees a specific acceptable
number "hy," of hourly load rejection per annum of the remote consumer for the time-period
examined. On top of this, it isimportant to note that the Greek State and the European Union strongly
subsidize small photovoltaic systems, with the subsidization percentage "y" varying between 40% and
70%.

Energy Balance of a (105x51W) Stand-Alone PV-Battery System
for Rhodes Island on Monthly Basis
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Figure 6: Monthly Energy Balance of Rhodes Island Photovoltaic Stand-Alone System

Using the above analysis one may present in figure (5) several combinations of (z-Q’) values that
guarantee the remote consumer energy autonomy for a large range of PV-panels tilt angle "p". In the
same figure one may also find the constant initial cost curves, based on the local market financial data.
More specifically, the optimum configuration may be achieved using one hundred-five panels (z=105,
N,=51W) at a pand tilt angle of 60° and battery capacity of 2190Ah. At this point it is important to
note that for amost all constant "B" energy autonomy curves, two distinct parts can be defined. In the
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first part the battery capacity is significantly reduced as the photovoltaic number is slightly increased.
This rapid change is more evident for "" angles greater than 50 degrees. In the second part the battery
capacity remains almost constant, not depending on the photovoltaic panels number, achieving an
asymptotic value of Qnx=1000Ah, for all "p" values examined.

Accordingly, the energy balance of the optimum PV-energy storage system (PV-ESS) configuration is
presented in figure (6) on a monthly basis. According to the detailed data obtained the annual energy
production of the installation is aimost 7.2MWh. Taking into consideration that the total annual energy
consumption of the specific remote consumer under investigation is 4.7MWh and the corresponding
total system loss is 0.7MWHh, there is a remarkable energy surplus of the installation (1.7MWh/year)
that may be used in additional energy intensive applications (e.g. water pumping, desalination etc.).

4.  Energy Included in a PV-Battery System

Managing to determine the optimum size of a PV-stand alone system in terms of both economic and
energy yield performance does not allow the investigation of the system’s energy performance on a
life cycle basis (i.e. dso considering the embodied energy of the system components). By considering
the net energy yield, the feasibility of an acceptable cost/performance ratio may be more or less
predicted®.

Construction

PV Module

Installation

Battery
Component

BOS
(excl. batteries)

Decommissioning

Figure 7: Energy Requirements of aPV Stand-Alone System: Stages and Components

In order to evauate the proposed system’'s potentia lifecycle effectiveness, an analysis regarding
various combinations of photovoltaic modules and battery types will be carried out in order to
designate the best solution. More specifically, the life-cycle analysis should involve the stages of
construction, installation, maintenance and final decommissioning of the plant. On the other leg of the
PV stand-alone requirements (figure (7)), the components comprising the system include the PV
modul e selected, the balance of the system (BOS) parts and the battery component, currently excluded
from the BOS and examined separately. A review of several studies®'” regarding the energy
requirements met in the LCA stages for each of the under examination system’s components was
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carried out. Note that apart from a great deal of uncertainty concerning most of the information and
data gathered, even at the levels of 40%™®, the different manufacturing techniques along with the
special features describing each installation’s type (roof, ground, facade, etc.), aso imply strong
variations among the results provided. Moreover, in the majority of studies, a quantification of the
decommissioning stage is not available due to the lack of trustworthy data. In this context, from the
range of data collected the ones suiting the autonomous destination of the system (with specia
concern ascribed to the BOS parts and the installation stage) may be illustrated in Tables I-111.
Accordingly, the different components (PV, BOS and batteries) and technologies presently
investigated are discussed on the basis of their energy requirements.

Table |: Crystalline and thin film PV modules embodied energy®*?

sc-Si mc-Si a-Si CdTe
Efficiency nev (%) 14-15 12-14 5-7 7-9
Embodied Energy (MJm?) 4000-4500 3000-3500 1100-1600 700-1200
Service Period (Y ears) 20 20 20 20

Table |I: Frame's and BOS components’_embodied energy'®™?

Frame Array Support Cabling, Charger  Inverter
installation etc.
MJ/m? 300-500 600-900 90-120 - -
MJIW - - - 0.5-1 0.5-1
Sevice Period 5, 20 20 10 10
(Years)

Table I11: Energy characteristics of the battery technol ogies examined™* !

Embodied Energy  Energy Density Energy Energy Ratio Service Period

(KWhing /kQ) (KWhgu/kg)  Efficiency  (KWhipa/KWhpy) (Years)
Li-ion 58-63 0.20 0.90 274.05 10
NaS 50-55 0.17 0.85 259.70 15
PbA 10-15 0.05 0.74 176.95 55
NiCd 35-40 0.08 0.70 324.63 10

4.1. Photovoltaics

Photovoltaic systems are gradually becoming a quite interesting investment opportunity, combining
attractive financial performance and environmental protection™. Taking into consideration the
improved energy efficiency and the significant cost reduction of PV modules in combination with the
remarkable subsidization opportunities offered recently (law 3468/06) by the Greek State, numerous
grid connected PV based applications are expected throughout Greece in the near future, this
motivating remote consumers to adopt similar based autonomous systems. Referring to the
technological advancement in the field, during the last years two new PV technologies have begun to
be progressively utilized along with the traditional Si-based systems. These two technologies (i.e.
cadmium telluride and copper indium diselenide) are the basis for thin film PV modules, which
present increased attractiveness due to their low cost and improved applicability. However, due to the
lack of a respectable amount of information concerning the CIS technology, in the current study the
CdTe along with the aSi modules will be investigated as far as the thin film production is concerned.
Concerning crystalline modules, both the single-crystalline and the multicrystalline PV will be
examined.

Based on the present-day production technology, the energy requirements of constructing a typical
crystaline module (either sc-Si or mc-Si) involve the processes regarding the silicon winning and
purification, the silicon wafer production (two major sources are recognized: the semiconductor
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industry off-grade silicon and the direct solar grade silicon production)!?, the cell/module processing,
the module encapsulation, and additional operations and services (e.g. manufacturing of the special
manufacturing equipment used). Note that the more demanding crystallization process of sc-Si wafers
is the main reason for the latter increased value of embodied energy!®.

On the other hand, the philosophy of thin films production is based on the deposition of a thin
semiconductor layer on a certain substrate, this being achieved by several techniques applied, also
involving the deposition of contact layers (chemical vapor and evaporation methods). Overal, the
manufacturing of thin film photovoltaics includes the processing of the cell material, the module
encapsulation material, the cell/module processing and the additional operations and services required,
similar to the crystalline modules case. What must be underlined is that during the manufacturing of a
thin film PV, the latter is treated as an entire module throughout the various stages, opposite to the
individual wafer processing concerning crystalline modules®.

Energy Requirements of Crystalline and Thin Film
PV Modules Manufacturing
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Figure 8: Energy Requirements of Crystalline and Thin-Film PV Modules
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In this context, in Table | and figure (8) one may obtain two different expressions of the energy
requirements for the manufacturing of crystalline and thin film PV modules presently examined, always
in accordance with the autonomous destination of the PV-battery configuration. What becomes clear
from figure (8) is that thin film technologies present a certain advantage not only in terms of module
area (see Table |) but also in terms of power output, despite the comparatively lower efficiency rates
when compared to the corresponding crystalline technologies. The specific argument is aso illustrated
in figures (9) and (10) where the breakdown of energy requirements for the non-refit parts of the
installation is presented for the two extreme cases, i.e. the sc-Si and CdTe modules respectively.

4.2. Balance of System (excluding the batteries)

Apart from the PV modules employed, the entire PV-battery installation includes additional
components -necessary for the configuration’s operation- referred to as balance of the system (BOS).
More specifically, the BOS includes cabling and electronic components (namely an inverter and a
charge controller), foundation, array support structures, installation etc. Although batteries are also
granted as a BOS component, they will be presently treated as a separate system part in order to
emphasize on the latter energy footprint. Additionally, although the frame is usually incorporated in
the module part it will be currently treated as a BOS component. In Table Il one may obtain the
embodied energy of the BOS components.
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Breakdown of Energy Requirements for the
Components of aPV (sc-Si) Stand-Alone Configuration
(exluding the batteries and el ectronic equipment)
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Figure 9: Energy Requirements Shares of Non-Refit Components (Module Intensive Case)

Breakdown of Energy Requirements for the
Components of aPV (CdTe) Stand-Alone Configuration
(exluding the batteries and el ectronic equipment)
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Figure 10: Energy Requirements Shares of Non-Refit Components (Faint Modul e Effect)

As it may be concluded, the array support comprises the most energy intensive part, even tending to
higher rates for open field installations due to the need for cement, concrete, etc. On the other hand the
expression of the electronic equipment energy requirements being dependent on the load demand and
presenting a useful lifetime lower than the corresponding of the installation (ng«en=20 years), does not
alow for a straightforward comparison. As already mentioned, in figures (9) and (10) one may
observe the contribution share of non refit components of the PV-battery configuration with special
attention paid in figure (10) where the CdTe module and the array support are more or less described
by an equal embodied energy share. The value range provided for the cabling and installation
(between 2% and 5%) and the corresponding for the module frame (between 5% and 16%) illustrate
the latter less demanding character.
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4.3. Battery Energy Storage

Batteries are the most popular storage system. As far as their application range is concerned, battery
energy storage systems show almost no restrictions, also serving for the operation of PV stand-alone
systems*. The technologies currently examined (see also Table I11) are the "mature” lead-acid along
with the advanced sodium-sulphur, the lithium-ion batteries lately beginning to commercialize, and the
nickel-cadmium type accused of the cadmium deposition environmental impacts*®.

In brief, lead-acid batteries are defined as a mature technology with known performance
characteristics and a reliable market background@1% The |ow self discharge value, the proven
standby capability and the low maintenance requirements are some of the main advantages. On the
other hand, the low energy density, the limited service period, the environmentally unfriendly content
and the recommended low depth of discharge are the drawbacks of the particular technology™®.

Subsequently, NaS batteries demonstrate increased energy densities, both gravimetric and volumetric
in comparison with the lead-acid ones®. Due to the existence of beta alumina (it has zero electron
conductivity) there is no self discharge phenomenon. In addition, the energy efficiency of such
batteries is kept quite high and may reach a value of 85%. At the same time the cost is thought to be
low, the maintenance needs appear insignificant, and the service period is very satisfying. However,
the use of Na-S may not be able to satisfy certain systems’ requirements as the need to maintain the
temperature high levels (320-360 °C) sets a serious obstacle.

The main advantages of lithium-ion technology are the high energy density with a potential for yet
higher capacities, the high efficiency value (>90%), and the respectable lifetime combined with deep
discharges’®!. Additional advantages include the low self discharge rate, the low maintenance needed,
and the ability for the provision of very high currents’®. The limitations set at present are the required
protection circuits to maintain voltage and current within safety limits, the technology not yet
sufficiently developed and the high cost for the batteries’ manufacture.

Contribution of the Batteries Energy Requirements
(Rhodes, sc-Si, Lifecycle Approach)
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Figure 11: Battery Contribution on the LCA Energy Requirements (Module Intensive Case)

Finally, NiCd batteries although accused of their environmental impacts due to the cadmium
deposition™® comprise -along with lead acid batteries- the two most common battery technologies
involved in PV applications. The specific type of batteries may be described by comparatively low
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rates of both energy efficiency and energy density, this opposing to the modest production energy
requirements, second lowest after the PbA batteries.

To obtain the embodied energy for each type of battery, gravimetric values of the former along with
the corresponding gravimetric energy density!® and the battery energy efficiency may result to the
ratio of energy included in the battery to the amount of the PV energy surplus the battery is capable of
storing and providing (KWhing/kWhpy). Subsequently, based on the optimum sizing of the battery
component, the embodied amount of energy may be available. In this context, in figures (11) and (12)
one may obtain the contribution share of each battery technology examined on the basis of the former
lifecycle energy requirements. In the two extreme cases presented (sc-Si and CdTe) the contribution
percentage varies from 38% to 65% of the entire plant requirements, this value being largely
dependent, apart from the amount of embodied energy, on the service period of each battery (for
example PbA batteries need to be changed three times over the entire configuration’s life period).

Contribution of the Batteries Energy Requirements
(Rhodes, CdTe, Lifecycle Approach)
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Figure 12: Battery Contribution on the LCA Energy requirements (Battery Intensive Case)
5. Energy Pay-Back Period

Provided the optimum sizing of the PV stand-alone system and having determined the energy
requirements of the various components comprising the entire plant, a summation of the latter on a
lifecycle basis, aso accounting for each component’s service period, will designate the most attractive
PV -battery combination in terms of energy required during the LCA stages previously discussed. In
this context, in figure (13) the final results of LCA energy requirements for the various PV-battery
combinations examined are presented.

As it may be configured, sc-Si crystalline modules on the one hand and PbA batteries on the other
suggest the most energy intensive solutions. Note that although described by the lowest energy ratio,
PbA batteries are “injured” by their moderate service period. The opposite is valid for NaS batteries
and thin film modules, especialy the CdTe technology. Li-ion batteries, although defined by the
highest embodied energy value (kWhino/kg) eventually comprise the second best choice that may even
prevail over the NaS solution due to the latter high temperature operation. Regarding NiCd
combinations, the corresponding results seem to approach the PbA rates, mainly due to their
respectably high energy ratio.
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L CA Energy Requirements for Various
PV Stand-Alone Configurations, Rhodes Island
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Figure 13: LCA Energy Requirements of Various PV Stand-Alone Configurations

Energy Payback Period of Different PV Modules
Technologies & BOS (lifecycle approach)
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Figure 14: Energy Payback Period Excluding the Battery Part

Based on the results of figure (13) and the annual energy yield of the optimum configuration (figure
(6)) the energy payback period (EPBP) for each of the examined combinations may be estimated. In
order to disengage the battery part from the overall energy payback period estimated, two figures
provided illustrate the results obtained with and without the battery component (figures (14) and (15)).
More specificaly, in figure (14), the results demonstrated refer to the PV module employed and the
balance of the system (BOS) components alone, without including the battery part, whilein figure (15)
the entire plant EPBP is given. By comparing the two figures results, it becomes clear that depending
on the combination examined the batteries add another 3.5 to 5 years in comparison with the EPBP
regarding only the PV modules and the BOS components.
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Following the results of figure (13) concerning the LCA energy requirements, thin film technologies
demonstrate a clear advantage over the corresponding crystalline with the CdTe combinations even
achieving EPBP shorter than 7 years. PbA batteries comprise the least attractive solution with EPBP
reaching the maximum of approximately 12 years. However, combinations of thin film modules with
PbA batteries imply EPBP rates that are shorter than the respective of crystalline modules with NiCd,
or even Li-ion batteries in the case of sc-Si. It isinteresting to note that for the optimum combination
(CdTe and NaS) the EPBP estimated is even less than the corresponding of sc-Si and BOS aone.
Finally, what must be underlined is that any case given, the EPBP remains shorter than the entire
configuration lifetime (i.e. 20 years), in most cases also not exceeding the installation’ s half life-period
(i.e. 10 years), thisillustrating the sustainable character of crystalline modules as well.

Energy Payback Period for Various
PV Stand-Alone Configurations, Rhodes Island

g ONaS EmLi-ion
12 ;
?__’ O NiCd W PbA
.8 10 A
& s
g
£
a4
3
o 2
C
L

0

sc-Si mc-Si aS CdTe

Figure 15: Energy Payback Period of Various PV Stand-Alone Configurations
6. Conclusions

Recapitulating, an integrated evaluation methodology developed in the present study is able to provide
both the optimum sizing of an autonomous PV-battery configuration in terms of economic efficiency
and also ensure the system’s minimum energy pay-back period. In order to designate the best solution
(i.e. the one implying the shortest time of energy payback) various combinations of photovoltaic
technologies and battery types are investigated. From the results obtained, new thin film technologies
along with NaS and Li-ion batteries suggest the most attractive solutions, although crystalline PbA and
crystalline NiCd combinations comprise the most common configurations in PV stand alone systems.
What is also evident is that batteries comprise a magjor factor influencing the final EPBP and may in
certain cases suggest the main energy input of the installation energy requirements, even reaching
contribution shares of 68% (in the case of CdTe).

Whatever the impact of either the battery type selected or the PV technology employed, the restriction
for the EPBP to remain shorter than the entire installation lifetime is always validated. Besides, the
constant research and development in the field of PV modules promising for greater output
efficiencies and more energy efficient production methods implies further reduction rates of the
energy pay-back period. Overall, the PV-battery stand alone configurations do not only comprise a
potential cost-effective solution for remote consumers but also demonstrate satisfying periods of
energy pay-back with respectable improvement opportunities in the year to come, this illustrating the
latter sustainability commitment.
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