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a b s t r a c t

The electrification of autonomous electrical networks is in most cases described by low quality of elec-
tricity available at very high production cost. Furthermore, autonomous electrical networks are subject
to strict constraints posing serious limitations on the absorption of RES-based electricity generation.
To by-pass these constraints and also secure a more sustainable electricity supply status, the concept
of combining photovoltaic power stations and energy storage systems comprises a promising solution
for small scaled autonomous electrical networks, increasing the reliability of the local network as well.
In this context, the present study is devoted to develop a complete methodology, able to define the
dimensions of an autonomous electricity generation system based on the maximum available solar
potential exploitation at minimum electricity generation cost. In addition special emphasis is given in
order to select the most cost-efficient energy storage configuration available. According to the calculation
results obtained, one may clearly state that an optimum sizing combination of a PV generator along with
an appropriate energy storage system may significantly contribute on reducing the electricity generation
cost in several island electrical systems, providing also abundant and high quality electricity without the
environmental and macroeconomic impacts of the oil-based thermal power stations.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The electrification of autonomous electrical networks, princi-
pally undertaken by the use of thermal power stations [1,2] and
being responsible for the cause of considerable environmental deg-
radation impacts [3,4], is in most cases described by low quality of
electricity available at very high production cost with limited op-
tions of control [5], therefore setting some serious barriers to the
local community’s development [6]. The specific electrical systems
are determined by considerably low capacity factors that reveal the
frequently intense variations of the local demand profile and the
low utilization of the existing power stations [2]. Besides, issues
concerning the security of supply arising often (for example Ae-
gean Archipelagos islands), further underline the need for the
installation of auxiliary power units or the adaptation of alterna-
tive generation methods to be considered.

Furthermore, autonomous electrical networks are subject to
additional constraints posed by the operation of diesel and heavy
oil units used, as well as the systems’ nature itself [7–9]. The im-
pacts of these constraints are illustrated on the maximum penetra-
tion limits of renewable energy sources (RES) in the local energy
ll rights reserved.

: +30 210 5381467.
balance [10]. More specifically, the need to protect the operating
machines from fast wear and also ensure the dynamic stability of
the network requires the establishment of technical minima and
dynamic penetration limits, respectively, both posing serious lim-
itations on the absorption of RES-based electricity, primarily qual-
ified by the corresponding sources’ variable or even stochastic
behavior.

To by-pass these constraints and also secure a more sustainable
electricity supply status [11] for small autonomous electrical net-
works, the concept of combining RES and energy storage systems
(ESSs) comprises a promising solution, increasing the reliability
of the local network as well [6]. Regarding small scaled autono-
mous electrical networks, where moderate peak load demand
and energy consumption throughout the year should be taken into
account, the implementation of combined photovoltaic-energy
storage electricity generation systems (PV-ESS) able to meet the lo-
cal electricity needs, must be appraised [12].

In this context, the present study is devoted to develop a com-
plete methodology, able to define the dimensions of an autono-
mous electricity generation system based on the maximum
available solar potential exploitation at minimum electricity
generation cost [12,13]. In addition special emphasis is given to
the selection of the most cost-efficient energy storage configura-
tion available [14,15]. Note that an ESS, when sized appropriately
[16–18], not only can match a variable solar-based energy
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Nomenclature

Symbols
CAPS cost of keeping the existing thermal power stations as a

back up station (€)
ce specific energy capacity cost of the ESS (€/kW h)
CESS total cost of the energy storage system (in present values)

(€)
CFgrid capacity factor of the under study electrical network
CFPV capacity factor of the PV installation
cp specific power cost of the ESS (€/kW)
CPV-ESS life-cycle total cost of the PV-ESS configuration (in pres-

ent values) (€)
cPV-ESS electricity generation cost of the PV-ESS configuration (in

present values) (€/kWh)
ctps current electricity production cost of the existing thermal

power stations (€/kW h)
cw specific input energy cost (€/kW h)
do energy autonomy of the ESS (h)
DOD instantaneous depth of discharge of the ESS
DODL maximum permitted depth of discharge of the ESS
e mean annual escalation rate of the produced electricity

price
EC cost of input energy utilized to charge the energy storage

system (€)
Edir energy demand covered directly by the existing power

stations (kW h)
EESS energy storage capacity of the ESS (kW h)
Eh average hourly load of the electrical network under study

per annum (kW)
EPV energy production of the PV installation (kW h)
EPVdir energy yield of the PV installation absorbed directly by

the local network (kW h)
EPVmin minimum annual energy production of the PV installa-

tion (kW h)
EPVrej rejected amounts of energy produced by the PV installa-

tion (kW h)
Estor energy demand covered directly by the ESS (kW h)
Estor1 energy contribution of the ESS during daytime (kW h)
Et1 energy demand of the local electricity network during

sunlight periods (kW h)
Et2 energy demand of the local electricity network during

sunlight absence (kW h)
Etot energy demand of the local electricity network (kW h)
f balance of the plant coefficient
FCPV-ESS fixed M and O cost of the entire PV-ESS configuration (€)
FCESS fixed M and O cost of the ESS (€)
FCPV fixed M and O cost of the PV installation (€)
G solar irradiance (k Wh/m2)
gESS mean annual change of cost for the ESS
gj mean annual change of cost for the ESS major parts to be

replaced
gk mean annual change of cost for the PV installation’s ma-

jor parts to be replaced
gPV mean annual increase of cost for the PV installation
I electrical current of the PV module
i capital cost of the local market
ICESS initial cost of the ESS (€)
ICPV initial cost of the PV installation (€)
ICPV-ESS initial cost of the entire PV-ESS configuration (€)
jmax number of time-steps for the under study period
jth major components of the ESS
ko major parts to be replaced during the system’s service

period for the PV installation
ks major parts to be replaced during the system’s service

period for the ESS

kth major components of the PV installation
lj times of replacement for the ESS major parts being re-

placed (integer number)
lk replacement times for the PV installation’s major parts

(integer number)
mESS ratio of annual M and O cost to the total initial invest-

ment for the ESS
mPV ratio of annual M and O cost to the total initial invest-

ment for the PV installation
n years of operation for the PV-ESS configuration (years)
NAPS rated power of the existing autonomous power stations

(kW)
NESS nominal output power of the ESS (kW)
nESS service period of the ESS (years)
Nin maximum input power of the ESS (kW)
n

j
lifetime of the ESS major parts to be replaced

nk lifetime of the PV installation’s major parts to be replaced
Np1 peak load demand of the local electricity network during

the noon (kW)
Np2 peak load demand of the local electricity network during

the evening (kW)
Np-grid peak load demand of the local electricity network (kW)
NPV rated power of the PV installation (kW)
nPV-ESS lifetime of the entire PV-ESS configuration (years)
Pr specific price of the PV installation (€/kW)
rj replacement cost coefficient for the ESS major parts to be

replaced
rk replacement cost coefficient for the PV installation’s ma-

jor parts to be replaced
s ratio of energy demand during sunlight to energy de-

mand during sunlight absence
SF safety factor considering the electrical network and the

PV installation
U electrical voltage of the PV module
VCPV-ESS variable maintenance cost of the entire PV-ESS installa-

tion (€)
w mean annual escalation rate of the input energy price
x3 ratio of the PV installation contribution during daytime

Greek symbols
c ratio of state subsidy to the total investment cost
Dt duration of each time step
dT energy contribution of the local APS (kW h)
dT1 energy contribution of the local APS during daytime

(kW h)
e energy demand ratio covered directly by the ESS
f peak load demand ratio covered by the ESS
gESS energy transformation efficiency of the ESS (round-trip)
gp power efficiency of the ESS
h ambient temperature (�C)
k ratio of the maximum ESS input power to the corre-

sponding rated output power
n ratio of the ESS contribution during daytime
qj mean annual technological progress change for the PV

installation’s major parts
qk mean annual change of technological progress for the ESS

major components
Yn residual value of the PV (€)

Abbreviations
APS autonomous power station
ESS energy storage system
FC fuel cells
M and O maintenance and operation
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Na–S sodium–sulphur batteries
PHS pumped hydro storage
PV photovoltaic

PV-ESS photovoltaic-energy storage system configuration
RES renewable energy sources
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production to a generally variable and hardly predictable system
demand, but also improves the system reliability and contributes
in the reduction of the energy production cost. Besides, one of
the main targets of the proposed solution is to minimize the partic-
ipation of the oil-based thermal power stations in the local elec-
tricity balance in order not only to reduce the electricity
generation cost but also to eliminate the environmental and mac-
roeconomic impacts related with the their operation [3,4].

2. Main inputs of the problem

For the complete energy analysis of a typical autonomous small
electrical network, its annual electrical consumption hardly reach-
ing or even exceeding 2 GW h and its peak load demand being in
the range of 1 MW, one needs the following information.

2.1. Electrical load demand

For most remote islands (constituting a representative small
tourist autonomous electrical network, similar to several Greek is-
lands) there is a serious seasonal electricity consumption variation,
Fig. 1, since during the summer period the electricity consumption
is more than twice the corresponding spring demand due to the
visiting tourists. In addition, there is an important daily load de-
mand variation, usually presenting two distinct maxima, one
around noon ‘‘Np1” and the other (which is normally the biggest
Typical Hourly Load Variation for Very Small Remote Islands
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Fig. 2. Daily electricity consumption variation for small remote islands.

Monthly Electricity Generation Variation (2005)
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Fig. 1. Seasonal electricity consumption variation for small remote islands.
one) during late evening ‘‘Np2”, Fig. 2. Due to the specific character
of the PV production one should separate the electricity consump-
tion in two distinct day periods, i.e., one during sunlight periods
‘‘Et1” and the other during the rest of the day ‘‘Et2” [19]. According
to the analysis of the available data [19,20] ‘‘Et1” ranges between
15% and 45% of the total annual consumption ‘‘Etot”, while it is
interesting to see the ‘‘s = Et1/Etot” variation during a year, Fig. 3.
Note also that:

Etot ¼ Et1 þ Et2 ð1Þ

and

Np ¼maxfNp1; Np2g ð2Þ

where ‘‘Np” is the peak load demand of the electrical network under
investigation.

2.2. Solar potential of the area

At this point it is worthwhile mentioning that the entire Greek
island territory is characterized by high solar irradiance, hence the
annual solar energy at horizontal plane varies [21] between
1500 kW h/m2 and 1700 kW h/m2, Fig. 4. In this context, the
exploitation of the available solar potential may significantly con-
tribute to the fulfillment of the local societies’ energy needs at min-
imum environmental and macroeconomic cost [3,4]. Another
interesting characteristic of the available solar potential is that
its annual variation almost coincides with the corresponding load
demand distribution of the local network, see for example Fig. 5.
Thus, more solar energy is available when increased electricity
consumption is encountered, i.e., during summer. Therefore, sea-
sonal energy storage techniques are not necessary, thus one may
use various types of ESSs.

2.3. Energy storage techniques

An ESS is utilized in order to store energy during high electricity
production periods and deliver it to the consumption at low solar
irradiance periods or at nights. This system is characterized by
the energy storage capacity ‘‘EESS” and the nominal input ‘‘Nin”
and output power ‘‘NESS” of the entire energy storage subsystem.
One should also take into account some system parameters, and,
more specifically, the desired hours of energy autonomy ‘‘do” of
the installation, the maximum permitted depth of discharge
Electricity Consumption Monthly Variation for 
a Typical Small Island
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Fig. 3. Daytime electricity consumption ration vs. total electricity consumption of
very small remote islands on a monthly basis variation.
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Relation Between Solar Potential and Load Demand 
during Sunlight Period for a Typical Small Island
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Fig. 5. Solar potential and load demand seasonal distribution for a typical small
island.
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‘‘DODL”, the energy transformation efficiency of the ESS ‘‘gESS”, the
power efficiency ‘‘gp”, as well as its two initial cost components,
‘‘ce” and ‘‘cp”. In fact, ‘‘ce” (€/kW h) is related to the storage capacity
and type of the system, while the second parameter ‘‘cp” (€/kW) re-
fers to the nominal power and type of the storage system. Note
that the contribution of the ESS to the operation of the proposed
Table 1
Major characteristics of the energy storage systems examined [22–25].

Storage system Service period nESS

(years)
DoDL (%) Power efficiency

gp (%)
En
gE

PHS 30–50 95 85 65
Flywheels 15–20 75–80 90–95 80
Regenesys 10–15 100 75–85 60
FC 10–20 90 40–70 35
Lead–acid 5–8 60–70 85 75
Na–S 10–15 60–80 86–90 75
integrated solution is expressed via the energy contribution
parameter ‘‘e”, defined as

e ¼ Estor

Etot
¼ 1� Edir

Etot
ð3Þ

where ‘‘Estor” is the total energy contribution of the ESS to the an-
nual electricity demand and ‘‘Edir” is the energy demand covered di-
rectly by the existing power stations, mainly PV generators and
complementarily by thermal power stations.

In order to obtain a first idea of the numerical values of the
above mentioned parameters (i.e., DODL, gESS, gp, ce, and cp) the
data of Table 1 can be used, based on the available information
in the international literature, see for example [22–25]. In the same
Table 1, the service period ‘‘nESS” and the corresponding annual
maintenance and operation (M and O) factor ‘‘mESS” for every ESS
are also included. As it is obvious from Table 1, a wide range of val-
ues have been found for most ESSs under investigation, neverthe-
less it should be noted that real life values may differ from what is
currently assumed. Finally, in Fig. 6 one may find the most com-
mon application range of all available energy storage technologies.
Taking into consideration the size and the infrastructure of the
examined islands as well as the target to minimize the fossil fuel
contribution, one may select the lead–acid, the sodium–sulphur
(Na–S) and the flow batteries (Regenesys) as well as the
ergy efficiency
SS (%)

Specific energy
cost ce (€/kW h)

Specific power
cost cp (€/kW)

M and O mESS (%)

–75 10–20 500–1500 0.25–0.5
–86 250–350 150–400 1–1.5
–70 125–150 250–300 0.7–1.3
–45 2–15 300–1000 0.5–1
–80 210–270 140–200 0.5–1
–85 210–250 125–150 0.5–1



Fig. 6. Energy storage systems applications’ range (based on material by electricity
storage association).
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pumped-hydro (PHS), the fuel cells (FC) and the flywheels as the
most appropriate energy storage configurations to be tested, Table
1 and Fig. 6.

3. Proposed PV-ESS energy solution

In order to face the pressing electricity requirements of all these
autonomous electrical networks on the basis of the available solar
potential, an integrated solution comprising a PV generator – able
to meet the electricity demand of the network – as well as an
appropriate energy storage facility that guarantees the local com-
munity energy autonomy for a desired time period, is evaluated.
Besides, the existing (usually outmoded) thermal power stations
may be also used either as a back up solution or in order to cover
unexpected high load demand.
Fig. 7. Proposed electricity generation config
3.1. Main components of the system

More precisely the proposed configuration (Fig. 7) includes:

a. One or more PV generators based on the exploitation of the
available solar potential. The rated power of the proposed
installation is ‘‘NPV”.

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.,
charge controllers, inverters, small hydro-turbines, etc.).
The energy storage capacity of the installation is equal to
‘‘EESS” and the input and output rated power values are ‘‘Nin”
and ‘‘NESS”, respectively. Note that ‘‘Nin” and ‘‘NESS” are
directly dependent on the charging and discharging features
of the ESS (e.g., charging and discharging current, opera-
tional voltage, charging and discharging rate) while in any
case given the discharge period under power output equal
to ‘‘NESS” cannot violate the condition of maximum depth
of discharge, i.e., discharge takes place until ‘‘DOD � DODL”.
The selected ESS should be able to cover the local network
electricity requirements for ‘‘do” typical hours without the
contribution of any other electricity generation device.

c. The existing thermal power units of the already operating
autonomous power station (APS), with rated power equal
to ‘‘NAPS”, may contribute on covering the local system elec-
tricity consumption under specific circumstances by ‘‘dE”.
The main target of the proposed solution is to minimize
the contribution of the local APS to the local system electric-
ity consumption (dE ? 0).

3.2. Operational states of the system

During the long-term operation of the proposed system several
operational situations may appear, i.e.:
uration for small autonomous networks.
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i. During daytime, if the energy production of the PV-based
power station is greater than the local community consump-
tion, the energy surplus is stored at the existing ESS. In case
that the ESS is full the excess energy is forwarded to low pri-
ority loads, such as a desalination plant for the production of
clean water [26].

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

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

iv. At nights, if the ESS is not empty (i.e., DOD < DODL), the elec-
tricity demand is covered via the ESS.

v. At nights, if the ESS is practically empty (i.e., DOD � DODL),
the electricity demand is covered by the existing thermal
power units, using diesel or heavy oil. Note that unless the
rated power of the available oil-engines is adjusted to the
appearing energy deficit, operation off the optimum point
will entail increased fuel consumption and fast wear. As a
result, priority should be given to the operation of the ther-
mal unit that is each time better adjusted, while determining
the probability density of the energy deficit would be advis-
able in order to either properly schedule the existing units or
install new ones. An interesting alternative option calls for
the investigation of introducing wind energy as well [27],
expected to further reduce the participation of local thermal
units, although the rationale of using an extra RES power
source is much dependent on the complementarity of the
local solar and wind energy potential.

vi. Finally, for practical reasons, the utilization of all available
power units may be required in order to face unexpected
energy production/demand problems or situations related
to ‘‘Force Majeure” events, e.g., unforeseen extreme weather
conditions that may result to equipment destruction, ran-
dom system malfunctions, unpredicted peak demand, etc.
Besides, in case that the available power production is not
sufficient to cover the demand, an electricity demand man-
agement plan should be applied, otherwise the load should
be rejected. In this context, one should emphasize on the fact
that increased reliability is an additional advantage accruing
from the utilization of ESSs while the possibility of using
wind energy as well could further safeguard the system
security of supply.

In the following, one should initially define the major dimen-
sions of the proposed integrated electricity production system
and accordingly estimate the corresponding life-cycle electricity
generation cost.
4. Sizing PV-ESS configurations

As already described in Section 2, the present analysis concerns
an autonomous small electrical network with annual energy con-
sumption equal to ‘‘Etot” and peak load demand equal to ‘‘Np-grid”,
respectively. In fact, taking into consideration that the PV energy
production is available only during daytime, one may distinguish
the load demand of the island in two parts, see also Eq. (1) and Figs.
2 and 3. More specifically, one may use the symbols ‘‘Et1” and ‘‘Et2”
in order to describe the energy consumption during days (sunlight
period) and nights, as well as the symbols ‘‘Np1” and ‘‘Np2” in order
to describe the peak load demand of the local network during the
same periods, respectively, see also Eq. (2).
In this context, one may also assume that the total night de-
mand ‘‘Et2” is mainly covered by the ESS, while the ESS contributes
also during daytime (parameter ‘‘n”), in case that the PV production
is inferior to the load demand (cloudy days, very high load de-
mand). Accordingly, in order to describe the contribution of the
storage system to the total energy consumption we define
the parameter ‘‘e” using Eq. (3). Taking into consideration that
the PV-based power station should cover the major part of ‘‘Edir”
and provide also the necessary energy to the ESS (total energy effi-
ciency gESS), the corresponding minimum annual energy produc-
tion ‘‘EPVmin” should be expressed as

EPVmin ¼ Edir � dEð Þ þ Estor

gESS
¼ 1� eð Þ � Etot � dEþ e � Etot

gESS
ð4Þ

At the same time the energy yield of the PV installation ‘‘EPV” is
given by the following relation:

EPV ¼ CFPV � 8760 � NPV ð5Þ

resulting by the combination of the available solar potential and
the operational characteristics of the PV panels in use. Typical val-
ues of the corresponding capacity factor ‘‘CFPV” on an annual basis,
i.e., 8760 h, vary for the area under investigation between 13% and
21% [28]. Note that by using the ‘‘CFPV”, the PV generator may be
treated as an engine of constant power output equal to ‘‘CFPV�NPV”,
considering the variability of solar irradiance during a year’s peri-
od (cloudy days, night periods, etc.) due to which the actual power
output of a PV panel does not match ‘‘NPV”. In cases that the PV
electricity production is greater than the minimum demanded,
an amount of energy ‘‘EPVrej” will be rejected. In fact one may
write:

EPVrej ¼ EPV � EPVmin ð6Þ

Accordingly, defining the capacity factor of the local electrical
network ‘‘CFgrid” using Eq. (7), i.e.:

CFgrid ¼
Etot

8760 � Np�grid
ð7Þ

one may calculate the required nominal power of the proposed PV-
based power station as

NPV ¼max ð1þSFÞ �Np1 ;
EPV

8760 �CFPV

� �
)

NPV ¼Np�grid �max ð1þSFÞ � Np1

Np�grid
;

CFp

CFPV
� ð1� eÞ� dE

Etot
þ e

gESS

� �� �
ð8Þ

where ‘‘SF P 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 Eq. (7).

Using the energy balance equation during the daytime one gets:

Et1 ¼ EPVdir þ Estor1 þ dE1 ð9Þ

where ‘‘Estor1” is the contribution of the ESS during daytime and
‘‘dE1” is the APS participation during the same period. In the same
equation ‘‘EPVdir” is the energy yield of the PV installation absorbed
directly by the local network. This parameter may be estimated
using the following equation:

EPVdir ¼ x3 � Et1 ð10Þ

where ‘‘x3” results by the combination of the solar irradiance and
ambient temperature with the corresponding load demand of the
local network during daytime [13,28]. More specifically, taking into
account the distribution of solar irradiance and ambient tempera-
ture along with the operational characteristics of the PV panels em-
ployed, in the form of I = I(U;G;h), one may result to the detailed
energy yield distribution of the PV power plant, determined for a gi-
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ven time step. Comparing the energy yield distribution with the
respective daytime energy consumption requirements may lead to
the determination of ‘‘x3”, providing the proportion of the PV plant
energy production used to directly cover the daytime energy
demand.

Subsequently, defining the parameter ‘‘n”, describing the contri-
bution of the ESS in the daytime energy demand fulfillment, as

n ¼ Estor1

Et1
ð11Þ

and using the definitions of Eqs. (10) and (11), Eq. (9) yields:

x3 ¼ 1� nð Þ � 1
s
� dE1

Etot
6 1� nð Þ ð12Þ

Note, that in most cases, especially when NPV P Np, the ‘‘dE1/
Etot” term is very small, thus the inequality (12) may be treated
as an equality.

Subsequently, the ESS is characterized by the energy storage
capacity ‘‘EESS” and the nominal input ‘‘Nin” and output power
‘‘NESS” of the entire energy storage subsystem. More precisely,
the energy storage capacity of ESS may be estimated by the follow-
ing relation:

EESS ¼ do
Etot

8760

� �
1

gESS
� 1
DODL

¼ do �
Eh

gESS
� 1
DODL

ð13Þ

where one should take into account the desired typical hours of en-
ergy autonomy ‘‘do”, the maximum depth of discharge ‘‘DODL” and
the energy transformation efficiency of the ESS ‘‘gESS”. Note that
‘‘Eh” is the average hourly load of the electrical network under
investigation defined as

Eh ¼
Etot

8760
ð14Þ

For the estimation of the ESS contribution to the fulfillment of
the local electricity consumption, one may use Eq. (3) and the cor-
responding energy storage capacity, hence one may write:

e¼
Xjmax

j¼1

�min
Dtj

EPVðDtjÞ�EPVdirðDtjÞ
Etot

;
do

8760 �gESS
� 1

DODL
� 1

DODðDtjÞ

� �� �
ð15Þ

where ‘‘jmax” is the number of time-steps of ‘‘Dt” duration that the
entire period (e.g., 1 year) under investigation is divided. According
to Eq. (15) the PV energy production is stored in the ESS, excluding
cases that the ESS is almost full.

Equivalently, for the prediction of the ‘‘e” value one may use the
energy balance of the local network for the entire time period
examined. Thus one may write:

Etot ¼ EPVdir þ Estor þ dE ð16Þ

Introducing Eqs. (3) and (10) in Eq. (16) one gets:

e ¼ ð1� s � x3Þ �
dE
Etot
6 1� s � x3ð Þ ð17Þ

hence, for a given electricity demand profile and a specific solar po-
tential case the ‘‘e” distribution varies inversely with the local APS
contribution ‘‘dE/Etot”.

In regard to the nominal output power ‘‘NESS” of the storage
unit, it is the power efficiency ‘‘gp” that must be considered as well,
i.e.:

NESS ¼ f � Np�grid

gp
¼ f � Eh

CFgrid
� 1
gp

ð18Þ
where ‘‘f” is the peak power percentage of the local network that
the energy storage branch should be able to cover, see also Eq. (7).

Accordingly, the input nominal power ‘‘Nin” 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:

Nin ¼ k � NESS 6 NPV ð19Þ

where ‘‘k” 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 ‘‘k” takes values
in the range of 1.5–3.0.

Having determined the main dimensions of the proposed PV-
ESS-based configuration one may also estimate the electricity gen-
eration cost of the power stations under investigation. Hence,
using the analysis of Appendix 1 the present value of the electricity
production cost of the proposed solution ‘‘cPV-ESS” is expressed by
the following relation:

cPV�ESS ¼
CPV�ESS

Etot �
Pj¼n

j¼1
ð1þeÞ
ð1þiÞ

� 	j
ð20Þ

where ‘‘CPV-ESS” is the life-cycle total cost of the installation (Eq.
(A.10)), ‘‘i” is the capital cost of the local market and ‘‘e” is the pro-
duced electricity price mean annual escalation rate.

In order for the proposed PV and ESS-based configuration to be
financially attractive in comparison with the up to now adopted
solution-based on the utilization of the existing thermal power sta-
tions-one should compare the value of Eq. (20) with the current
electricity production cost ‘‘ctps”. In case that cPV-ESS < ctps the PV-
based solution is more cost efficient than the utilization of the
existing APS, while the opposite is valid if cPV-ESS > ctps.
5. Main calculation steps

For the implementation of the above described methodology in
a small, representative autonomous island network and for a spe-
cific ESS technology used to guarantee the energy autonomy of the
consumption for ‘‘do” successive hours without the contribution of
any other power station, a number of calculation steps should be
executed:

i. Select the peak (rated) power of the PV generator ‘‘NPV”, Eq.
(8). For daytime peak-load demand coverage the subsequent
initial value may be used:
NPV P ð1þ SFÞ � Np1 ð21Þ
ii. Calculate the dimensions of the ESS using Eqs. (13) and (18)
on the basis of the desired energy autonomy of the installa-
tion ‘‘do” and the peak load coefficient ‘‘f”.

iii. Using the solar irradiance and ambient temperature time-
series along with the characteristics of the PV panels
adopted, estimate the energy yield of the installation ‘‘EPV”
via its capacity factor ‘‘CFPV”, Eq. (5).

iv. On the basis of the local network electricity demand during
daytime and the corresponding energy production of the PV-
generator estimate the PV production absorbed by the local
network ‘‘x3” and ‘‘EPVdir”.

v. Estimate the PV-energy surplus stored at the existing ESS.
The exact value depends on the difference between the
PV-generator energy production and the energy absorbed
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by the local network as well as on the storage capacity of the
energy storage configuration. Accordingly, calculate the
value of the parameter ‘‘e”, using Eqs. (3), (15) and (17).

vi. Calculate the contribution ‘‘dE” of the local APS on the cover-
age of the annual electricity consumption.

vii. Estimate the initial investment cost of the entire installation,
taking into consideration (Appendix 1) the initial cost of the
PV power station and the ESS as well as the corresponding
balance of the plant.

viii. Estimate the M and O cost of the entire installation, includ-
ing the PV-based power station and the ESS. Besides, the cost
of the input energy ‘‘dE” absorbed from the existing thermal
power station is also included.

ix. Calculate the electricity generation cost of the proposed PV-
ESS-based installation using Eq. (20).

The above calculation algorithm may be repeated for various PV
generator peak power and energy autonomy ‘‘do” values, in order
to examine the ‘‘NPV” and ‘‘do” impact on the autonomous network
energy balance as well as on the corresponding electricity produc-
tion cost value.

6. Application results

The developed methodology is then applied to one representa-
tive autonomous electrical network, e.g., a small island case, with
annual energy consumption (Etot) equal to 2000 MW h and peak
load demand (Np-grid) equal to 600 kW. The seasonal and daily load
energy demand distribution may be described by (Figs. 1–3), while
the corresponding solar potential is given in Fig. 8. In the presenta-
tion of the calculation results emphasis has been given to some
critical issues, such as the contribution of the various electricity
production subsystems to the coverage of the total annual con-
sumption, the estimation of the expected life-cycle electricity gen-
eration cost distribution as a function of the PV generator rated
power and the ESS energy autonomy hours. The results presented
are compared with the existing electrification solution based on
the operation of the local APS. In this context, the target of the
analysis described is to define the optimum configuration of the
integrated PV and ESS-based electricity generation solution that
maximizes the penetration of the available solar energy in the local
electricity market and minimizes the corresponding energy pro-
duction cost. In the present analysis the well-known lead–acid bat-
teries are adopted as a representative mature energy storage
technology [29], see also Table 1 for the numerical values of the
parameters involved. In addition, a realistic range of energy auton-
omy values has been currently selected (i.e., from do = 2–24 h), able
to both reflect the effect of increasing the energy storage capacity
Variation of Solar Potential at Horizontal Plane 
for a Typical Remote Small Island
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Fig. 8. Solar potential monthly distribution for a typical small island.
up to a point where one can distinguish the trend exhibited by
each ESS and also retain a relatively common comparison basis
for all ESSs examined, i.e., if stretching the energy autonomy fur-
ther, only bulk technologies should be considered since energy
density and other constraints do not allow an examination of smal-
ler-scale systems. Finally, in the second section of the application
results one should concentrate on investigating the impact of all
available energy storage technologies on the optimum configura-
tion definition of the proposed PV-ESS electricity generation
system.

6.1. PV peak power vs. energy autonomy results

More precisely, in Fig. 9 one may observe the considerable con-
tribution of the PV electricity generation to the local consumption,
which increases almost linearly with the PV generator’s rated
power and is bounded only by the ESS storage capacity. In fact, if
the desired energy autonomy is only do = 2 h (EESS = 0.9MW h),
the maximum PV contribution is less than 40%, achieved for
NPV = 600 kW. In case that additional PV power is installed a con-
siderable PV energy surplus is encountered (Fig. 10), which may
exceed 60% of the PV generator annual yield. Only for do = 24 h
no PV energy surplus is observed. Hence, if 100% coverage of the
local consumption needs is the target of a similar solution one
should use an electricity generation configuration based on a PV
generator of 1800 kWp and an ESS of do = 24 h (EESS = 11.2MW h)
typical hours of energy autonomy. However, the electricity produc-
tion cost of a similar solution should also be taken into account.

On the other hand, the contribution of the existing APS is signif-
icantly decreasing as the PV generator rated power is increasing,
Fig. 11. The minimum APS participation percentage is accordingly
PV Energy Surplus 
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defined by the storage capacity of the ESS. For example, if do = 12
(EESS = 5.6MW h) the minimum APS participation percentage is al-
most 20%. Only for do = 24 h, there is a possibility to eliminate the
fossil fuel (oil) consumption, see also Fig. 11, realizing an exclusive
RES based (zero oil) electrification solution. Finally, in Fig. 12 one
may find the contribution of the ESS on the proposed system en-
ergy management. As it results from Fig. 12 the ESS contribution
is mainly controlled by the hours of energy autonomy of the ESS,
while values up to 75% may be realized, see also Eq. (17).

Subsequently, in Fig. 13 one may observe the energy balance
analysis of the PV-ESS-based installation for representative combi-
nations of the proposed configuration (i.e., low PV rated power-
high ESS storage capacity, high PV rated power-high ESS storage
capacity, low PV rated power-low ESS storage capacity, high PV
rated power-low ESS storage capacity). It is worthwhile mention-
ing that for do = 24 h there is no PV energy surplus even for
NPV = 1700 kW, while the direct contribution of the PV generator
to the consumption fulfillment is practically constant. On the con-
trary, the APS participation is considerably decreasing as NPV in-
creases in favor of the ESS (using exclusively PV energy)
participation. Similar to the do = 24 h case, the do = 6 h energy bal-
ance analysis for NPV = 600 kW confirms the dominant APS contri-
bution, while the direct PV generator participation remains around
30%. In cases of limited PV electricity production (600 kWp) the
contribution of the ESS is low, non-depending on the storage
capacity of the ESS. Lastly, one cannot disregard the considerable
APS contribution for do = 6 h and NPV = 1700 kW, which is almost
equivalent to the PV energy surplus, not absorbed due to the lim-
ited storage capacity of the installation. The result of this unfavor-
able configuration is the low direct PV contribution as well as the
fair participation of the selected ESS.

The conclusions of Fig. 13 are validated by the information of
Fig. 14, where one may find the electricity generation cost of the
proposed installations as a function of the rated power of the PV-
generator and the storage capacity of the ESS. More specifically,
for all ‘‘do” values analyzed there is a minimum electricity produc-
tion cost configuration which corresponds to approximately
1800 kWp for do = 24 h, 1400 kWp for do = 12 h, 900 kWp for
do = 6 h and 600 kWp for do = 2 h. Note also that almost all the
PV-ESS configurations tested are more cost-effective than the solu-
tion based on the existing APS. Finally, the minimum electricity
production cost solution is realized for medium energy autonomy
of the system, i.e., do = 12 h, while the corresponding electricity
generation cost value (in present values) is 0.22€/kW h in compar-
ison with the 0.31€/kW h imposed by the operation of the local
APS. However, if this solution is selected one should accept an an-
nual contribution of the local APS equal to almost 19.5% of the an-
nual energy consumption of the island. In the case that one
requires minimum (zero) fossil fuel contribution the 1800 kWp

and do = 24 h solution is the best alternative. In this case the life-
cycle electricity production cost (in present values) is 0.24€/
kW h, slightly higher (�7%) than the minimum cost value (0.22€/
kW h), not including the elimination of the environmental and
the macroeconomic impacts related to the oil consumption.

6.2. The energy storage technology impact

In order to designate the most appropriate PV-ESS configura-
tion, the impact of the energy storage technology selected should
be evaluated. In this context, the parameters of employed PV rated
power ‘‘NPV” and energy autonomy period ‘‘do” selected must be in-
volved, while the results concerning the energy contribution of the
PV units, the local APS and the ESS should be also calculated.
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Accordingly the determination of minimum cost configurations for
a range of PV rated power and selected energy autonomy, also aim-
ing at the minimum APS utilization, will provide the optimum PV-
ESS solutions.

In Fig. 15 one may notice the effect of various combinations
involving different energy storage technologies and values of em-
ployed PVs’ power on the resulting annual energy contribution of
the local APS. The case study refers to 12 h (do = 12 h) of autonomy
provided by the ESS. It is evident from this Fig. that by increasing
the PV unit’s rated power a steep decrease of the APS contribution
should be expected up to a certain point of PV power installed, also
depending on the ESS utilized. Exceeding that point, the contribu-
tion of the local APS stabilizes regardless the additional PV power
in mind.

More specifically, two different groups of ESSs are demon-
strated. The first including flywheels, Na–S and lead–acid batteries
and the second referring to PHS and Regenesys. Fuel cells on the
other hand should be examined separately. As far as the first group
is concerned, a fast decrease of the APS contribution share is
encountered (40% decrease for 800 kW of additional PV power).
On the other hand, Regenesys and PHS meet the same minimum
APS contribution (19%) for a comparatively greater PV power
(NPV > 1550 kW). Finally, for the Fuel Cells to achieve analogous
minimization of the local APS operation, PVs with a rated power
greater than 2300 kW must be utilized.

The results and conclusions obtained from Fig. 15 are further
validated by the complementary Fig. 16. In Fig. 16, the PV genera-
tors’ energy contribution, either directly fed to the grid or supplied
PV Generator Contribution, PV-ESS Configuration 
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by means of the collaborating ESS, is examined in respect of the
PV-ESS power combinations. As expected, an inverse (to Fig. 15)
behavior is noted. More precisely, by increasing the PV power used,
an analogous contribution results from the PV units during the
year, thus the corresponding participation tends to increase as
well. The increase encountered meets the maximum share of 81%
and then remains constant. In fact it is the combinations previously
showing the minimum APS contribution that provide the maxi-
mum PV utilization. Besides, if a certain value of PV contribution
is to be achieved, for example 70%, the first group of flywheels,
Na–S and lead–acid batteries will require PV power from 1100 to
1200 kW. On the contrary, for the fuel cells, a PV power of
1900 kW is necessary. Between these two extreme cases, more
moderate values, in the range of 1300 kW, are required by PHS
and Regenesys.

The next set of figures deal with the amounts of PV energy re-
jected by the local network and the corresponding ESS contribu-
tion. In Fig. 17 one may notice the amounts of rejected PV
energy, owed to the disharmony between electricity generation
and local load demand. As one may observe, zero rejection should
be expected for all the ESSs examined in the early stage of low PV
power penetration. From the point that maximum participation of
PVs is achieved (Fig. 16) for each of the ESS, energy rejection is to
be expected. For all the systems examined, values of energy rejec-
tion reaching or even exceeding 30% are encountered.

Accordingly, in Fig. 18 one may note the PV-ESS configurations’
effect on the contribution of the ESS on the fulfillment of the local
system energy demand. By increasing the rated power of PVs, an
ESS Contribution, PV-ESS Configuration 
for a Small Autonomous Electrical Network (do=12) 
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analogous increase of the energy storage contribution is obvious.
Since the energy production of PVs meets an upper limit to its an-
nual contribution, a similar behavior is ascribed to the ESS system
as well. The value to consider supports that half the annual elec-
tricity demands may be covered via the PV-ESS system. The results
obtained validate the conclusions previously made and also favor
the first group of storage technologies (flywheels, Na–S and lead–
acid batteries).

Applying Eq. (20), one may find in Fig. 19, the most beneficial
(optimum) PV-ESS combinations arising for each technology in
relation to the desired energy autonomy time-periods examined.
The corresponding generation cost ascribed to the operation of
the existing thermal power station is also included, thus the pro-
posed PV-ESS-based solutions’ clear advantage is revealed.

In particular, for the case of minimum energy autonomy pro-
vided (do = 2 h), the cost of the PV-ESS configurations presents a
quite narrow variation margin, almost independent from the en-
ergy storage technology employed. In fact only 7% difference is
encountered between the minimum and maximum values appear-
ing, corresponding to the systems of flywheels and fuel cells,
respectively. Flywheels, Na–S batteries and Regenesys systems
comprise the most favorable solutions presenting almost 20% low-
er electricity generation cost than the existing APS.

With regards to the case of do = 6 h energy autonomy, although
most of the systems present a significant cost-decrease tendency,
fuel cells remain relatively unaffected, still comprising the most
unfavorable of the technologies, for such small scale applications.
Flywheels (if applicable) along with PHS (in case that the local
topography is supportive) and Na–S on the other hand demon-
strate a slight advantage over the rest of the systems. Accordingly,
if suggesting 12 h of energy autonomy, it is the PHS systems that
present the lowest generation cost, followed by Na–S batteries
and Regenesys flow batteries. Note that flywheels cannot be used
for such a long-time period and are included here only for pure
theoretical comparison purposes. The above mentioned technolo-
gies present cost values under 0.2€/kW h, while the existing ther-
mal power station electricity production cost is by 40% higher.
Finally, concerning the do = 24 h case, the following may be no-
ticed. The advantage of the PHS systems being evident (half the
generation cost of the APS) strongly supports the bulk character
of the specific technology. Next, the second most attractive solu-
tions are supported by Regenesys flow batteries. In comparison
with the 12 h case, Na–S batteries and fuel cells do not show a sig-
nificant cost reduction.

Recapitulating, from the results obtained for the selected auton-
omy range one may note that for low autonomy cases, especially
for do = 2 h, an important variation among the various PV-ESS con-
figurations’ resulting costs is not to consider. However, flywheels
and Na–S batteries are the systems suggesting the lowest values.
For more hours of autonomy provided, PHS is the most cost effec-
tive technology (especially for do = 24 h) while Na–S batteries still
remain competitive. In all cases examined, fuel cells and lead–acid
batteries comprise the least attractive electricity generation costs,
however significantly lower than the corresponding value of the
local APS. Besides, from the examination of all the minimum cost
PV-ESS configurations, it is clear that the adoption of such a system
on the typical island under investigation may ensure the reduction
of the current electricity production cost, also promising a sustain-
able energy supply status to mind.

Next, what is interesting to investigate is the variation of the
electricity generation cost in relation with the rated power of the
PV power station employed. In Fig. 20, one may observe the impact
of the PV power station’s rated power for the ESSs examined and
for a specific autonomy value given (do = 12 h). The APS generation
cost is also included. The examined range of PV rated power varies
between 600 kW and 3000 kW. For the lower values of rated
power, one may note that the electricity generation cost ascribed
to all the ESSs is described by relatively high prices. As the rated
power of the PV station increases, a cost reduction trend must be
considered. In fact, a minimum generation cost value must be ex-
pected in the area between 1300 and 1600 kW for the majority of
the PV-ESS optimum configurations arising. Concerning fuel cells
however, the comparatively lower efficiency rates defining the sys-
tem’s operation requires the employment of a greater scale PV sta-
tion. The optimum PV-fuel cells configuration resulting for
2200 kW is also the least attractive PV-ESS solution available (see
also Fig. 19).

After reaching a minimum cost value, the PV power increase is
followed by a corresponding augmentation of the generation cost,
therefore disapproving the corresponding combinations in terms of
costs. As previously mentioned, after a certain point of PV rated
power the contribution of the PV power station remains stable,
however entailing greater values of rejected PV energy and there-
fore objecting to the adoption of a greater scale PV generator (see
also Figs. 16 and 17).

Regarding how the energy storage technology influences the
cost results obtained, one may observe that regardless the PV sta-
tion’s rated power, fuel cells primarily and lead–acid batteries sec-
ondly, comprise the least favorable solutions. Besides, fuel cells not
presenting any significant variation in terms of cost up to the rated
power of 2200 kW tend to exceed the electricity generation cost of
the local APS for greater scale PV power stations.

On the contrary, lead–acid batteries present the highest elec-
tricity generation costs for low PV power penetration in the local
network. However, in the current area of low PV power rates one
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cannot easily distinguish the impact of the energy storage technol-
ogy on the resulting cost (apart from the lead–acid batteries and
fuel cells cases).

By increasing the PVs’ power and isolating lead–acid batteries
and fuel cells, one may locate ‘‘early” and ‘‘later” minimum cost
(optimum) configurations, respectively, not however determined
by a significant PV-power difference. Stepping to the PV power
range where the electricity generation cost tends to increase (high-
er than 1500 kW), it is the Regenesys that along with PHS suggest
the most attractive solutions.

In conclusion, the most cost effective PV-ESS configurations
may be concentrated in the PV power range from 1300 kW to
1600 kW. On the basis of the minimum cost results previously pre-
sented, PHS and Na–S are the most competitive solutions for most
practical combinations encountered. Finally, in all cases examined,
the proposed PV-ESS configurations may be described by moderate
electricity generation costs, clearly supporting the adoption of such
systems instead of the outmoded and high-cost thermal power sta-
tions employed up to now.

7. Conclusions

In the present study one has analyzed the urgent electrification
problem of autonomous electrical networks. For this purpose, an
optimum sizing methodology able to define the basic parameters
of a combined PV-ESS electricity generation configuration is devel-
oped from basic principles. More precisely, the main parameters of
the proposed solution, including the PV rated power and the ESS
storage capacity, are calculated first. Accordingly, one may esti-
mate the contribution of the PV generator and the local APS on
the local network energy balance as well as the ESS participation
and the PV energy production surplus. Finally, the electricity pro-
duction cost of the proposed PV-ESS-based configuration is esti-
mated and favorably compared with the marginal production
cost of the existing thermal power station.

According to the calculation results obtained, there is an opti-
mum combination of the PV generator rated power and ESS storage
capacity that minimizes the electricity generation cost as well as
the corresponding APS contribution. On top of this, several available
energy storage technologies have been evaluated in view of their
applicability and cost-effectiveness for small scale applications.

Recapitulating, one may clearly state that an optimum sizing
combination of a PV generator along with an appropriate energy
storage configuration may significantly contribute on reducing
the electricity generation cost in several island autonomous elec-
trical systems, providing also abundant and high quality electricity
for the local remote communities without the environmental and
macroeconomic impacts of the oil-based-thermal power stations.
Appendix 1. Calculation of the PV-ESS-based electricity
generation cost

The total investment cost (after n years of operation) of the pro-
posed solution [13,14] is a combination of the initial installation
cost and the corresponding M and O cost, both quantities expressed
in present values. In this context the initial investment cost ‘‘ICPV-

ESS” takes into account the initial cost of the PV power station and
the ESS as well as the balance of the plant cost, expressed as a func-
tion ‘‘f” of the initial cost of the PV power station, i.e.:

ICPV�ESS ¼ ICPV þ f � ICPV þ ICESS ðA:1Þ

According to the available information ([13,28,30,31]) the pur-
chase cost of the PV-based station can be expressed by the follow-
ing relation:
ICPV ¼ Pr � NPV ðA:2Þ
where ‘‘Pr” is the specific price (€/kW) of the PV power station, de-
scribed by the following semi-empirical formulae [28] for installa-
tions up to 2 MW and the Greek socio-economic environment.

Pr ¼ 6186:1 � N�0:0437
PV ð1kW 6 NPV 6 2000kWÞ ðA:3Þ

Accordingly, the initial cost ‘‘ICESS” of an ESS can be expressed
[13,22–25] as a function of two coefficients. The first ‘‘ce” (€/
kW h) related to the storage capacity and type of the system, and
the second ‘‘cp” (€/kW) referring to the nominal power and type
of the storage system in view of Eq. (19). Hence one may use the
following relation:

ICESS ¼ ce � EESS þ cp � NESS ¼ Eh �
ce � do

gESS � DODL
þ cp � f

CFgrid � gp

" #
ðA:4Þ

see also Table 1.
According to the existing legislation [32] 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 corre-
sponding National Operational Competitiveness Program. Actually
the subsidy percentage ‘‘c” equals to 45–55% of the total invest-
ment cost.

In addition to the initial investment cost one should also take
into consideration the M and O cost of the entire installation,
including the PV-based power station and the ESS. The M and O cost
can be split [33] into the fixed maintenance cost ‘‘FCPV-ESS” and the
variable one ‘‘VCPV-ESS”. Expressing the annual fixed M and O cost as
a fraction ‘‘mPV” and ‘‘mESS” (see [13,14] and Table 1) of the initial
capital invested and assuming a mean annual increase of the cost
equal to ‘‘gPV” and ‘‘gESS”, respectively, the present value of ‘‘FCPV-

ESS” is given as

FCPV�ESS ¼ FCPV þ FCESS ¼ mPV � ICPV �
Xj¼n

j¼1

ð1þ gPVÞ
ð1þ iÞ

� �j

þmESS � ICESS �
Xj¼n

j¼1

ð1þ gESSÞ
ð1þ iÞ

� �j

ðA:5Þ

where ‘‘i” is the capital cost of the local market.
Subsequently, the variable M and O cost mainly depends on the

replacement of ‘‘ko” and ‘‘ks” major parts of the PV-based power
station and the energy storage facility, respectively, which have a
shorter lifetime ‘‘nk” or ‘‘nj” compared to the complete installation
‘‘nPV-ESS”. Using the symbol ‘‘rk” or ‘‘rj” for the replacement cost
coefficient of each one of the ‘‘ko” and ‘‘ks” major parts of the entire
installation, the ‘‘VCPV-ESS” term can be expressed as

VCPV�ESS ¼ ICPV �
Xk¼ko

k¼1

rk�
Xl¼lk

l¼0

ð1þ gkÞð1� qkÞ
ð1þ iÞ

� �l�nk
( )

þ ICESS �
Xj¼ks

j¼1

rj�
Xl¼lj

l¼0

ð1þ gjÞð1� qjÞ
ð1þ iÞ

� �l�nj
( )

ðA:6Þ

with ‘‘lk” and ‘‘lj” being the integer part of the following Eq. (A.7), i.e.

lk ¼
n� 1

nk

� �
and lj ¼

n� 1
nj

� �
ðA:7Þ

while ‘‘gk” or ‘‘gj” and ‘‘qk” or ‘‘qj” describe the mean annual change
of the price and the corresponding level of technological improve-
ments for the ‘‘kth” major component of the PV-based power sta-
tion or the ‘‘jth” major component of the energy storage
installation, respectively.

Recapitulating, the total cost ‘‘CPV-ESS” ascribed to the proposed
PV-ESS-based installation after ‘‘n” years of operation (in present
values) may be estimated using Eq. (A.8).

CPV�ESS ¼ ICPV�ESS � ð1�cÞþECþ FCPV�ESSþVCPV�ESS�
Yn

ð1þ iÞn
þCAPS

ðA:8Þ
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where ‘‘Yn” is the residual value of the installation after n-years of
operation in current values and ‘‘EC” describes the cost of the input
energy ‘‘dE” absorbed from the existing thermal power station. For
practical applications this term can be estimated using the follow-
ing relation, i.e.:

EC ¼ dE � cw �
Xj¼n

j¼1

ð1þwÞ
ð1þ iÞ

� �j

ðA:9Þ

where ‘‘cw” is the specific input energy cost value (cw � ctps) and ‘‘w”
is the mean annual escalation rate of the input energy price. Finally,
‘‘CAPS” is the cost of keeping the existing thermal power station as a
back up station.

Substituting Eqs. (A.1), (A.5), (A.6), and (A.9) into Eq. (A.8) one
gets:

CPV�ESS¼ ½ICPV � ð1þ f Þþ ICESS� � ð1�cÞþmPV � ICPV �
Xj¼n

j¼1

ð1þgPVÞ
ð1þ iÞ

� �j

þmESS � ICESS �
Xj¼n

j¼1

ð1þgESSÞ
ð1þ iÞ

� �j

þdE � cw �
Xj¼n

j¼1

ð1þwÞ
ð1þ iÞ

� �j

þVCPV�ESS�
Yn

ð1þ iÞn
þCAPS ðA:10Þ

Accordingly, one may express the present value of the electric-
ity generation cost (€/kW h) of the proposed PV-ESS-based installa-
tion by dividing the total cost of the installation during the n-year
service period with the total energy generation during the same
period, taking into consideration the produced electricity price
mean annual escalation rate ‘‘e”. Taking also into acount the local
market capital cost ‘‘i” the electricity generation cost is eventually
given as

cPV�ESS ¼
CPV�ESS

Etot �
Pj¼n

j¼1

ð1þeÞ
ð1þiÞ

� 	j
ðA:11Þ
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