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a b s t r a c t

Stand-alone photovoltaic (PV) systems comprise one of the most promising electrification solutions for
covering the demand of remote consumers. However, such systems are strongly questioned due to
extreme life-cycle (LC) energy requirements. For similar installations to be considered as environmen-
tally sustainable, their LC energy content must be compensated by the respective useful energy
production, i.e. their energy pay-back period (EPBP) should be found less than their service period. In this
context, an optimum sizing methodology is currently developed, based on the criterion of minimum
embodied energy. Various energy autonomous stand-alone PV-lead-acid battery systems are examined
and two different cases are investigated; a high solar potential area and a medium solar potential area. By
considering that the PV-battery (PV-Bat) system’s useful energy production is equal to the remote
consumer’s electricity consumption, optimum cadmium telluride (CdTe) based systems yield the
minimum EPBP (15 years). If achieving to exploit the net PV energy production however, the EPBP is
found less than 20 years for all PV types. Finally, the most interesting finding concerns the fact that in all
cases examined the contribution of the battery component exceeds 27% of the system LC energy
requirements, reflecting the difference between grid-connected and stand-alone configurations.

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

According to the Amsterdam Treaty, declaration N� 30 [1],
‘‘.insular regions suffer from structural handicaps linked to their
island status, the permanence of which impairs their economic and
social development’’. Among these handicaps, the insufficient
energy structure questions the energy demand satisfaction of local
societies. In fact, the electrification of numerous isolated
consumers, living in small island regions and rural areas that do not
appreciate grid-connection [2], comprises a considerable energy-
related problem seeking for solution [3,4]. To support the social and
economical development of these regions, local energy demand
should be satisfied according to the principles of security of supply,
competitiveness and environmental sustainability [5].

To adhere to the above principles and improve the life-quality of
several remote consumers, the implementation of autonomous
renewable energy based stand-alone systems, able to increase the
1348; fax: þ30 210 5381467.

All rights reserved.
security of supply levels through distributed generation [6,7],
should be considered. Towards this direction, photovoltaic (PV)
driven stand-alone systems, such as PV-battery (PV-Bat) configu-
rations, suggest an off-the-shelf energy solution with a broad field
of applications and a considerable research background [8,9]. To
improve the performance of PV-Bat stand-alone systems, several
techno-economic studies have been presented [10–12] that
substantially contribute to the satisfaction of both the security of
supply and the competitiveness principles. On top of these, the
constant growth of the PV market [13,14] and the progress
encountered in the fields of PV technology [15] imply further
establishment for PV based systems in general, with lower costs
[16] and higher efficiencies achieved [14].

On the other hand, PV based configurations are accused of
extreme life-cycle (LC) energy requirements. In this context,
although one may encounter several research works concerning
the energy life-cycle assessment (LCA) of grid-connected systems
[17–21], no profound research has been carried out for PV-Bat
stand-alone systems. For similar systems to be considered as
environmentally sustainable as well, one must ensure that their LC
energy content may be compensated by the respective useful
energy production. Developing a sizing methodology for the
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Nomenclature

APV Area of the PV module (m2)
a-Si Amorphous silicon PV module
BOS Balance of System
CdTe Cadmium telluride PV module
CF Capacity factor of the PV generator
CIS Copper indium diselenide PV module
DOD Battery system instantaneous depth of discharge
DODL Battery system maximum depth of discharge
Ebat Energy content of the battery system (kWh)
EBOS Energy content of the BOS components (kWh)
ED Annual electricity consumption of the remote

consumer (kWh)
Edec Energy included in the decommissioning stage (kWh)
Eloss Annual energy losses of the system (kWh)
EPBP Energy pay-back period of the system (years)
Enet Annual net energy production of the PV generator

(kWh)
Eprod Annual electricity production of the PV generator

(kWh)
EPV Energy content of the PV modules (kWh)
Erec Energy gains through recycling (kWh)
Erej Annual energy surplus of the system (kWh)
Eres Residual energy of the PV generator (kWh)
Etot Total energy content of the PV-battery system (kWh)
Ey Annual useful energy production of the system (kWh)
G Solar radiation at horizontal plane (W/m2)
I Electrical current of the PV module (Amperes)
kcc Specific energy content coefficient for the charge

controller (kWh/kW)
kINV Specific energy content coefficient for the inverter

(kWh/kW)
LC Life-cycle
Li-ion Lithium ion batteries
M&O Maintenance and operation
mbat Mass of batteries (kg)
mc-Si Multi-crystalline silicon photovoltaic module
Na–S Sodium–sulfur batteries
nbat Service period of batteries (years)

Ncc Rated power of the charge controller (kW)
ncc Service period of the charge controller (years)
ND Power demand of the remote consumer (kW)
Ni–Cd Nickel–cadmium batteries
NINV Maximum power of the inverter (kW)
nINV Service period of the inverter (years)
Nmax Peak load demand of the remote consumer (kW)
No Maximum power output of a single PV panel (Watts)
NPV Maximum power output of the PV array (kW)
nsys Service period of the installation (years)
PbA Lead-acid batteries
PV Photovoltaic
PV-Bat Photovoltaic-battery
Q Battery system instantaneous capacity (Ah)
Q* Battery system capacity under the zero load rejection

criterion (Ah)
Qmax Battery system maximum capacity (Ah)
Qmin Battery system minimum permitted capacity (Ah)
Rch Charge rate of the charge controller (Amperes)
sc-Si Single-crystalline silicon PV module
SF Safety factor
U Electrical voltage of the PV module (Volts)
Ub Battery system operation voltage (Volts)
Ucc Charging voltage of the charge controller (Volts)
z Integer number of PV panels
z1 Integer number of PV panels in parallel
z2 Integer number of PV panels in series

Greek letters
b Tilt angle of the PV panel (degrees)
DN Power surplus of the PV generator (kW)
3BOS Specific energy content coefficient of BOS components

(kWh/m2)
3incl Gravimetric energy content of batteries (kWhincl/kg)
3out Gravimetric energy density of batteries (kWhout/kg)
3PV Specific energy content coefficient of PV modules

(kWh/m2)
hbat Energy efficiency of batteries
hPV Energy efficiency of PV modules
q Ambient temperature (�C)
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determination of optimum energy autonomous PV-Bat stand-alone
configurations, based on the criterion of minimum embodied
energy (i.e. minimum LC energy requirements), is the objective of
the present paper.

For this purpose, a fast and reliable numerical code ‘‘PHOTOV-
III’’ [11] has been used in order to generate PV-Bat configurations
able to guarantee zero load rejections (100% energy autonomy) for
a given area and time period examined. The algorithm provides
detailed results concerning the energy autonomy and the energy
performance of the stand-alone system components, considering
also the panel tilt angle, while if using reliable information
regarding the system’s LC energy requirements, it is possible to
determine optimum-size energy autonomous configurations,
based on the criterion of minimum embodied energy.

Furthermore, using the energy requirements of optimum
configurations and estimating the respective useful energy
production, the energy pay-back period (EPBP) may be obtained as
well. Various PV-lead-acid (PbA) battery combinations are evalu-
ated and two different case studies are investigated; the first
considering an island area of high solar potential (the island of
Rhodes) and the second an island area of medium solar potential
(the island of Thassos), both islands located at the Aegean
Archipelagos region (Greece) where one may encounter several
scattered islands with numerous off-grid consumers.
2. Proposed solution

In order to face the urgent electrification problems of numerous
remote consumers in areas with considerable solar potential, the
following autonomous PV-Bat based installation is proposed (see
also Fig. 1). The proposed stand-alone PV-Bat system comprises an
array of PV modules connected to a battery, via a battery charge
controller that feeds a DC/AC inverter. The battery charge controller
switches the PV array off when the battery is fully charged and
switches (rejects) the load off before the battery gets completely
discharged. Regarding the energy storage system selected (an
appropriate battery bank is found to be the most suitable solution
given the current technological status [22]), it is essential that the
respective capacity should be sufficient in order to store any energy
production surplus during sunlight hours, for use during night time
or at bad weather conditions. Finally, since most applications are
based on alternative current [23], a DC/AC inverter is also required.



Fig. 1. Typical PV-Bat stand-alone configuration.
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2.1. Main components’ characteristics

Recapitulating, the proposed PV-Bat system is based [24] on:

i. A PV generator of ‘‘z’’ panels (‘‘No’’ maximum power of every
panel) properly connected (‘‘z1’’ in parallel and ‘‘z2’’ in series)
to feed the charge controller with the voltage required. The
peak power of the PV array ‘‘NPV’’ is given as:

NPV ¼ z$No ¼ z1$z2$No (1)
ii. A DC/DC charge controller [25] of ‘‘Ncc’’ rated power, its
charging rate being ‘‘Rch’’ and its charging voltage being ‘‘Ucc’’.

iii. An appropriate battery storage system e.g. PbA, sodium–sulfur
(Na–S), lithium ion (Li-ion) or nickel–cadmium (Ni–Cd), [22,26],
its total capacity being ‘‘Qmax’’, its operation voltage being ‘‘Ub’’
and finally its maximum depth of discharge being ‘‘DODL’’.

iv. A DC/AC inverter [27] of maximum power ‘‘NINV’’, able to
meet the consumption peak load demand and being
increased by an appropriate safety factor ‘‘SF’’ (e.g. SF¼ 1.3).

v. The non-active part of the installation, including supporting
structures, power conditioning devices and wiring.
Typical Weekly Electricity Demand Profile
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2.2. States of operation

During the long-lasting service period of the installation
(twenty to thirty years is assumed to be a realistic value), the
following operational modes may appear:

a. The power demand ‘‘ND’’ is less than or equal to the power
output of the PV array at the outlet of the inverter, i.e.:

DN ¼ hINV$NPV � ND � 0 (2)

In that case the energy surplus ‘‘DN’’ (if any) is stored via the battery
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Fig. 2. Typical electricity demand profile of the remote consumer analyzed.
charge controller. If the battery is full (Q¼Qmax), any residual
energy ‘‘Eres’’ is forwarded to low priority loads.

b. The power demand ‘‘ND’’ is greater than the power output of
the PV, i.e. DN< 0. In similar situations, the energy deficit ‘‘DN’’
is covered by the batteries via the charge controller and the DC/
AC inverter, provided that Q>Qmin. In case that the battery
capacity is near the bottom limit ‘‘Qmin’’, an electricity demand
management plan should be applied, otherwise the load
should be rejected.
Summarizing, the main parameters – defining the size and
subsequently the energy included in a similar system – are the integer
number ‘‘z’’ and the peak power ‘‘No’’ of the PV modules, the batteries’
maximum capacity ‘‘Qmax’’, selected to guarantee the system energy
autonomy for the desired time period, and finally the rest of the
electronic equipment devices’ (inverter, charge controller) nominal
power, ‘‘NINV’’ and ‘‘Ncc’’ respectively.

3. Sizing the PV-Bat installation

As already implied, the first step of this analysis is to estimate
the appropriate size of a stand-alone PV-Bat system that may cover
the electricity demand of a typical remote consumer. The main
inputs of the problem are the:

Detailed solar radiation ‘‘G’’ measurements for a given time
period (usually one year), at horizontal plane
Ambient temperature ‘‘q’’ data for the entire period analysed
Operational characteristics (current ‘‘I’’, voltage ‘‘U’’, effi-
ciency ‘‘hPV’’ and ‘‘No’’) of the PV modules selected, usually in
the form of I¼ I(U,G;q)
Operational characteristics of all the other electronic devices
of the installation, i.e. inverter efficiency, battery cell opera-
tional (Q–U;q) curve, etc.
Electricity consumption profile. A typical load demand profile
based on information provided by the Hellenic National
Statistical Agency [28], on an hourly basis (see Fig. 2), being
also dependent [12,29,30] on the year period analysed (winter,
summer, other) may be used, as in previous studies [28,31].
In particular, the corresponding annual electricity consum-
ption ‘‘ED’’ is slightly less than 5 MWh (ED z 4.7 MWh), while
the peak load demand ‘‘Nmax’’ is almost 3.5 kW.

Using the aforementioned information, one may estimate the
required number of PV panels ‘‘z’’ and the corresponding maximum
capacity ‘‘Qmax’’ of the battery. Prior to that, the numerical values of
the rest of parameters, corresponding to the rest of components
involved in the problem, should be determined first.

More specifically, the rated power of the charge controller ‘‘Ncc’’
depends almost exclusively on the peak power of the PV generator
‘‘NPV’’ (see Fig. 1), thus:

NcczNPV (3)

On the other hand, the inverter’s rated power ‘‘NINV’’ depends on
the consumption peak load demand ‘‘Nmax’’, taking also into
consideration an appropriate safety factor ‘‘SF’’, i.e.

NINV ¼ Nmax$ð1þ SFÞ (4)
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Subsequently, for the investigation of the installation’s energy
autonomy for a desired time period the computational algorithm
‘‘PHOTOV-III’’ is used [11] in order to carry out the necessary
parametrical analysis on an hourly energy production-demand
base.

In this context, for each pair of ‘‘z’’ and ‘‘Qmax’’ the ‘‘PHOTOV-III’’
algorithm (Fig. 3) is executed for a specific time period (e.g. one
month, six-months, one year, etc) and for an hour-long time step.
Although in most of the studies the loss of load probability method
is adopted [32], emphasis is currently given on obtaining zero load
rejection operation. If this is not achieved, the battery size is
increased and the calculation is repeated until the no-load rejection
condition is fulfilled, i.e.:

Q* ¼ minfQmaxg (5)

Then the number of PV panels is increased and the calculation is
performed from the beginning. When the analysis is complete, a (z–
Q*) curve is predicted under the no-load rejection restriction. To get
a clear-cut picture, one should consider that for every pair of (z–Q*)
the stand-alone PV system is energy autonomous for the period
investigated. Finally, the optimum configuration may be selected
from the (z–Q*) no-load rejection curve, if a specific optimisation
criterion is set.

4. EPBP analysis

As already mentioned, the objective of the present analysis is to
generate optimum PV-Bat stand-alone configurations and investi-
gate whether these configurations may comprise environmentally
sustainable energy systems. For this to happen, one must compare
the LC energy content of the entire installation with the corre-
sponding useful electricity generation during the same time period.
In this context, the methodology developed for determining the
energy content of all system components, the useful energy
production of the system and the respective EPBP is presented in
the following paragraphs.

4.1. Energy included in the PV-Bat system

The energy content LCA of a PV-Bat system involves the stages of
manufacturing, installation, maintenance and operation (M&O),
final decommissioning and recycling of the plant. On the other
hand, the components comprising the PV-Bat stand-alone system
include the PV array (comprised of a number of PV modules), the
balance of the system (BOS) parts and the battery component,
currently not considered as a BOS part and examined separately.

Note that apart from an inherent uncertainty concerning most
of the energy content information, even at the levels of 40% [19],
the different manufacturing techniques and the special features
describing the type of each installation (roof, ground, façade, etc.), also
imply strong variation of the energycontent coefficients. Additionally,
in the majority of studies quantification of the decommissioning and
recycling stages is not available due to the absence of reliable data. For
this reason, it was decided that the current stages should be excluded
from the present analysis as well.

Taking into consideration the main components of the PV-Bat
system, given in Fig. 1, as well as the LC stages previously discussed,
the total energy included in a PV-Bat system ‘‘Etot’’ may be esti-
mated by the following equation,

Etot ¼ EPV þ EBOS þ Ebat þ Edec � Erec (6)

where ‘‘EPV’’, ‘‘EBOS’’ and ‘‘Ebat’’ symbolize the embodied energy of
the PV modules, the BOS components and the battery bank
respectively. Note that for the PV modules and the battery bank, the
energy content only regards the manufacturing stage, while the
entire plant’s installation and M&O energy requirements are
included in the BOS energy content. Further, ‘‘Edec’’ refers to any
additional amounts of energy required for the decommissioning of
the PV-Bat plant while ‘‘Erec’’ corresponds to any energy gains that
may accrue from the recycling of certain installation parts.

4.1.1. PV modules
Considering the PV types currently examined, both mature and

more recent technologies are included. More specifically, single-
crystalline (sc-Si) and multi-crystalline (mc-Si) PVs are considered
from the mature crystalline silicon technology while amorphous
silicon (a-Si) and cadmium telluride (CdTe) modules represent the
thin film type. Information on the copper indium diselenide (CIS)
thin film modules was not sufficient and thus the technology had to
be excluded from the present analysis.

Based on the current production patterns, the energy require-
ments of manufacturing a typical crystalline module, either single-
(sc-Si) or multi- (mc-Si) silicon, derive from the following
processes, the most demanding of all corresponding to the crys-
tallization during the production of sc-Si wafers [19].

� Silicon winning and purification
� Silicon wafer production (two major sources are recognized:

the semiconductor industry of off-grade silicon and the direct
solar grade silicon production) [20]
� Cell/module processing
� Module encapsulation
� Any additional operations-services (e.g. manufacturing of the

special production equipment used)

On the other hand, thin film production is based on the appli-
cation of a thin semiconductor layer on a certain substrate,
involving also the deposition of contact layers (chemical vapor and
evaporation methods). What differs 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 of crystalline modules [33]. By inference, the
stages of manufacturing are the following:

� Processing of the cell material
� Cell/module processing
� Module encapsulation
� Any additional operations-services (similar to crystalline

modules).

In this context, in Table 1 one may find typical values concerning
the energy content coefficients ‘‘3PV’’ of manufacturing crystalline
and thin film PV modules, with the assigned values adjusting to the
stand-alone character of the installation. Given the values of ‘‘3PV’’,
the respective amount of embodied energy ‘‘EPV’’ can be expressed
as:

EPV ¼ 3PV$APV (7)

where the PV panels’ area ‘‘APV’’ results from the peak power of the
PV generator ‘‘NPV’’ and the corresponding efficiency ‘‘hPV’’, i.e.:

APV ¼
NPV

hPV$G
¼ z$No

hPV$G
¼ z$No

hPV$1000
�

W
m2

� (8)

4.1.2. Balance of system components
Subsequently, the ‘‘EBOS’’ term represents the BOS energy

content. Actually, the BOS includes the manufacturing require-
ments of the cabling and the electronic components (namely an



Fig. 3. The PHOTOV-III algorithm.
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Table 1
Efficiency and specific energy content of PV modules [19,20,33,42–44].

PV Type hPV (%) 3PV (kWh/m2) 3PV (kWh/kWp)

Range Assigned Value Range Assigned Value Assigned Value

sc-Si 14–15 14 1120–1260 1190 8500
mc-Si 12–14 13 840–980 910 7000
a-Si 5–7 6 308–448 378 6300
CdTe 7–9 8 196–336 266 3325
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inverter and a charge controller), the foundation, the array support
structures, as well as the energy required in the stages of installa-
tion and M&O for the entire installation. As already noted, although
batteries are usually included in the BOS of stand-alone systems,
they will be currently treated as a separate system part in order for
their LC energy requirements to be dissociated. Additionally,
although the frame is usually incorporated in the PV module, it will
be currently treated as a BOS component.

In this context, in Table 2 one may obtain the energy content
coefficients of the various BOS components. Take into account that
the electronic equipment’s energy requirements, depending on the
remote consumer’s load demand and presenting a service period
lower than the corresponding of the installation, should be treated
in a different way. Note also that the assigned values of the energy
content coefficients consider the power scale of the component as
well, e.g. for a smaller-size inverter the energy content coefficient
should be higher.

Accordingly, in equation (9) the ‘‘EBOS’’ term is expressed on the
basis of its main components, i.e.

EBOS ¼ 3BOS$APV þ kcc$Ncc

�
1þ

�
nsys � 1

ncc

��
þ kINV$NINV

�
1þ

�
nsys � 1

nINV

��
(9)

or equivalently using equations (1), (3) and (4):

EBOS ¼ 3BOS$APV þ kcc$z$No

�
1þ

�
nsys � 1

ncc

��

þ kINV$Nmaxð1þ SFÞ$
�

1þ
�

nsys � 1
nINV

��
(10)

where the BOS specific energy content coefficient ‘‘3BOS’’ includes
the frame, the array support and the cabling, as well as the instal-
lation and M&O stages. The charge controller’s and the inverter’s
specific energy content coefficients (‘‘kcc’’ and ‘‘kINV’’), and service
periods (‘‘ncc’’ and ‘‘nINV’’), are also given in Table 2, while ‘‘nsys’’ is
the service period of the entire installation, taking values between
20 and 30 years (the minimum service period is currently adopted,
i.e. nsys� 20 years). Finally, the two integer fractions given in
equation (10) yield the times of replacement required – during the
service period of the entire system – for each of the two electronic
devices used (charge controller and inverter).
Table 2
Service period and specific energy content of BOS components [19,20,33,42–44].

BOS Component Service Period
(years)

3BOS, kCC, kINV

Range Assigned Value

Frame 20 84–140 (kWh/m2) 112
Array Support 20 168–252 (kWh/m2) 210
Installation, M&O,

Cabling
20 25.2–33.6 (kWh/m2) 29.4

Inverter 10 140–280 (kWh/kW) 210
Charge Controller 10 130–290 (kWh/kW) 210
4.1.3. Battery energy storage
The last major term ‘‘Ebat’’ of equation (6) describes the energy

content of batteries employed. According to the existing experi-
ence, batteries are the most common energy storage system [22,34]
for small remote consumers. The technologies thought to be
appropriate are the mature PbA along with the advanced Na–S, the
Li-ion batteries lately beginning to commercialize, and the Ni–Cd
type accused of the cadmium deposition environmental impacts
[35]. However, due to the fact that emphasis is presently given on
the areas of installation and the different types of PVs used in such
systems, it was decided that only PbA batteries, used extensively in
stand-alone applications, should be included in the present anal-
ysis. Nevertheless, the examination of other battery technologies
already comprises the subject of a forthcoming work.

To obtain the embodied energy ‘‘Ebat’’ of a given battery type,
for example PbA, the following information is necessary (see also
Table 3). More precisely, the gravimetric energy content value
‘‘3incl’’, the corresponding gravimetric energy density ‘‘3out’’ [36] and
the battery energy efficiency ‘‘hbat’’ are used in order to obtain the
ratio of energy included in the battery to the amount of energy
surplus (produced by the PV generator) that the battery is capable
of storing and providing (kWhincl/kWhPV). For the ‘‘Ebat’’ term to be
eventually estimated, equation (11) is used:

Ebat ¼ 3incl$mbat

�
1þ

�
nsys � 1

nbat

��

¼ 3incl$
Eout

3out

�
1þ

�
nsys � 1

nbat

��
0Ebat

¼ 3incl$
hbat$EIN

3out

�
1þ

�
nsys � 1

nbat

��

¼ 3incl

3out
$hbat$Ub$Qmax$

�
1þ

�
nsys � 1

nbat

��
(11)

with ‘‘mbat’’ and ‘‘nbat’’ being the battery mass (in kg) and service
period respectively (see also Table 3).
4.2. Annual electricity generation of the PV-Bat system

The electricity generation of the proposed PV-Bat stand-alone
system derives from the operation of the PV generator. On top of
this, the battery bank and the corresponding electronic equipment
contribute significantly so as to meet the electricity demand during
low or zero solar irradiance periods. In this context, the long-term
average annual electricity generation ‘‘Eprod’’ of the proposed
system may be given by the application of the ‘‘PHOTOV-III’’ algo-
rithm. For comparison purposes one may also write that:

Eprod ¼ 8760$CF$z$No (12)

where ‘‘CF’’ is the capacity factor of the PV-Bat installation, nor-
mally varying between 15% and 20%.

Alternatively, from the remote consumer point of view, one may
use the corresponding total energy demand ‘‘ED’’, where:

ED3Eprod (13)

since according to the PV-Bat system’s energy balance [37] the
following relation is valid:
Table 3
Specific energy content & operational features of PbA batteries [36,45].

Parameter nbat (years) 3incl (kWhincl/kg) 3out (kWhPV/kg) hbat (%) Ub (Volts)

Assigned Value 5.5 12.5 0.05 74 24
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Eprod ¼ ED þ Eloss þ Erej (14)
Long-Term Average Solar Potential Values in Greece
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Fig. 4. Measured solar energy potential for Rhodes and Thassos islands.
where ‘‘Eloss’’ symbolizes the energy losses of the installation and
‘‘Erej’’ is the corresponding energy surplus [31].

Before proceeding to the estimation of the EPBP, it should be
noted that the up to now applied analysis neglects – for simplicity
reasons – the time variation of the available solar radiation and the
corresponding technical availability, as well as the PV panels’ time
degradation and variable hours per year, i.e. leap years.

4.3. EPBP

For the calculation of the PV-Bat installation EPBP one should
compare the total energy content of the system ‘‘Etot’’ with the cor-
responding useful average annual energy yield ‘‘Ey’’, thus the corre-
sponding ‘‘EPBP’’ term value may be given by the following equation:

EPBP ¼ Etot

Ey
(15)

where ‘‘Etot’’ and ‘‘Ey’’ result from the information associated with
the sizing and the operation of the proposed system. As already
implied one may assume that the net energy production of the PV
generator ‘‘Enet’’ may be used (i.e. any energy surplus accruing may
be exploited by other additional loads), therefore:

Ey ¼ Enet ¼ ED þ Erej (16)

otherwise, the useful energy production of the PV generator is
taken equal to the energy consumption ‘‘ED’’ of the typical remote
consumer (i.e. any energy surplus accruing is dumped):

Ey ¼ ED (17)

Finally, for the system to be determined as environmentally
sustainable, the output of equation (15) should be minimum and in
any case less than the entire installation service period, i.e.:

EPBP � nsys (18)

5. Application results

5.1. Description of case studies

To investigate the application results of the proposed method-
ology under different regional characteristics, the solar potential of
two different island areas is used, i.e. Rhodes and Thassos islands,
located in the South and North Aegean Archipelagos respectively.
The measured [38] long-term monthly average solar energy values
(kWh/(m2.month)) at horizontal plane for both islands are given in
Fig. 4. Rhodes, being the capital of the Dodecanese island complex, is
a medium-sized island (98,500 habitants, area of 1398 km2) in the SE
Aegean Sea, possessing abundant sunlight and being surrounded by
several small-scattered islands. In these small islands, a remarkable
number of isolated families reside, having no access to a reliable
electrical grid and covering their needs using small oil-fired diesel
generators [39]. On the other hand, Thassos is a small island
(13,500 habitants, area of 395 km2), located in the North Aegean Sea.
In this area, the solar radiation is less considerable than the one of
Rhodes, being however greater than 1400 kWh/(m2.year).

5.2. Determination of optimum autonomous stand-alone
PV-Bat configurations

Using the available experimental data for Rhodes island and
applying the ‘‘PHOTOV-III’’ numerical algorithm, the calculation
results concerning autonomous combinations of mc-Si PV panels of
51 Wp and PbA battery of 24 V capacity are summarized in Fig. 5, for
several panel tilt angles ‘‘b’’.

More specifically, in Fig. 5 one presents all the energy autono-
mous (Qmax–z) pairs of a PV-PbA (mc-Si & PbA) battery system, for
panel tilt angles varying from zero to seventy-five degrees
(0� � b� 75�). For almost all constant ‘‘b’’ energy autonomy curves,
two distinct parts can be defined. In the first part the battery
capacity is remarkably reduced as the PV number is slightly
increased, with this rapid change being more evident for ‘‘b’’ angles
greater than 50 degrees. On the contrary, in the second part the
battery capacity remains almost constant, not depending on the
number of PV panels and achieving an asymptotic value of
Qmax¼ 1000 Ah for all ‘‘b’’ values examined. Besides, in the same
figure one may also find the constant energy content lines, i.e.
‘‘Etot¼ ct’’, ranging from 80 MWh to 200 MWh and being generated
using equation (6) and up to date information, valid during 2008
(Tables 1–3).

By using the two groups of lines (energy autonomy curves and
straight constant energy content lines), one has the ability to
graphically determine the minimum energy content solution, i.e.
‘‘Etot¼min’’. The (Qmax–z) combination being closer to the line with
the lower energy content comprises the optimum solution. In
particular, the minimum embodied energy configuration, corre-
sponding to 89.89 MWh of LC energy requirements for the island of
Rhodes, may be achieved if using one hundred fifteen PV panels
(z¼ 115, No¼ 51 W), at panel tilt angle of 60� and battery capacity
of 1600 Ah (DOD¼ 75%, 24 V).
5.3. The impact of the solar potential variation

The second case investigated concerns a stand-alone system
installed in Thassos island. The ‘‘PHOTOV-III’’ numerical code is
again used to define the size of an energy autonomous PV-Bat
system (mc-Si & PbA) and the calculation results are summarized in
Fig. 6, together with the constant energy content lines. For this
relatively lower solar potential case, the (Qmax–z) curves are similar
to the ones of Fig. 5, although the slope of the constant ‘‘b’’ curves is
less abrupt than in the case of Rhodes. According to the figure, the
optimum size of the proposed PV-Bat configuration has almost
doubled (i.e. 235 PV panels of 51 W and 2900 Ah of nominal battery
capacity) while the system LC energy content is now close to
175 MWh. Note that as in the previous case examined, the optimum
panel tilt angle for Thassos island is also found at sixty degrees.
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5.4. The impact of the PV module type

Applying the same analysis for Rhodes island, thin film (a-Si)
based PV panels (peak power of 51 Wp for direct comparison
purposes) in combination with PbA 24 V batteries are now inves-
tigated. The energy autonomous configurations for various tilt
angles are given in Fig. 7 along with the corresponding constant
‘‘Etot’’ lines. As in the mc-Si case, the minimum embodied energy
configuration is at 60� tilt angle, however the area of PV panels
required is almost 100 m2, much greater than the respective of
45 m2 required for the mc-Si panels of Fig. 5. Actually, the corre-
sponding energy amount included in the a-Si based installation
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exceeds 104 MWh, almost 15% higher than the one embodied in the
mc-Si solution.

What is interesting to note is that although one may have
expected that the a-Si based system would present lower LC energy
requirements due to the a-Si modules being less energy demanding
(both per unit kWp and per unit m2, Table 1), the opposite is valid.
Despite the fact that the optimum size of the system remains
unaffected in terms of ‘‘NPV’’ and ‘‘Qmax’’, the area of the panels does
change due to a change in the panel efficiency (from 13% to 6%). This
change, having a direct impact on the ‘‘EBOS’’ component as well
(see also Table 2), is eventually found responsible for the configu-
ration of the final result.
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The optimum system size for all four types of PV modules
examined for the island of Rhodes is given in Fig. 8. In the specific
figure, the LC energy content of all the (Qmax–z) combinations
ensuring zero load rejection at 60� panel tilt angle is presented,
configuring four distinct curves, one for each PV type. The
minimum energy requirements correspond to the CdTe thin
films (Etot¼ 78.24 MWh), while among Si based technologies, a-Si
based stand-alone systems are the most energy demanding
(Etot¼ 104.28 MWh), despite the fact that a-Si modules alone
present the second lowest LC energy consumption coefficient
among all four technologies (Table 1). Besides, as it may be
concluded from the figure, all four optimum points correspond to
the same PV peak power (5865 W).

5.5. Synopsis of the results & breakdown of the LC energy content

Accordingly, in Fig. 9 one may obtain a synopsis of the up to now
presented results. More precisely, two ‘‘Qmax–NPV’’ energy
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autonomy curves at panel tilt angle of 60� (one for each of the
islands investigated), as well as some representative constant
energy content lines ‘‘Etot¼ ct’’ for all four PV types and PbA
batteries, are included in the figure. By the direct comparison of the
results, it is obvious that the best energy solution for both island
cases should use CdTe or mc-Si panels, while the least attractive
option regards the a-Si panels (see also Fig. 8).

Furthermore, the influence of the available local solar potential
on the optimum size of energy autonomous PV-Bat configurations
is also demonstrated by the results of Fig. 9. In fact, it is interesting
to see that between the South and the North Aegean Sea one needs
more than double battery bank capacity and PV power to meet the
electricity requirements of the same consumer. What is also
interesting to note is the impact of the PV type on the slope of the
constant energy content lines, with the a-Si line being the most
abrupt of all. As already explained, this is the result of both the PV
efficiency variation and the different energy content coefficient per
module type, illustrated also in Fig. 10.
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Breaking down the LC energy requirements of the optimum PV-
Bat configurations for the case of Rhodes (Fig. 10), the contribution
of each system component and the impact of the two above
mentioned factors (i.e. PV efficiency and module energy content
coefficient) are provided. The energy demanding sc-Si wafer
production yields 51% for the PV module contribution, while the
low efficiency and the low energy requirements of thin film
modules counterbalance the contribution of the ‘‘EBOS’’ and ‘‘EPV’’
components in the case of a-Si (37% and 35% respectively) and
allow the ‘‘EBOS’’ part to approach 40% in the case of CdTe. On the
other hand, the high efficiency and the high energy content of
silicon-based modules minimize the contribution of the ‘‘EBOS’’
component (20% for sc-Si and 23% for mc-Si). Finally, although the
battery capacity is common for all four optimum stand-alone
configurations and the ‘‘Ebat’’ component does not directly affect
the breakdown analysis, the respective values remaining at all
times above 27% demonstrate the difference between stand-alone
and grid-connected systems.

5.6. EPBP results

For the exact estimation of the EPBP one should compare the LC
energy requirements ‘‘Etot’’ of optimum PV-Bat configurations with
the corresponding useful energy production ‘‘Ey’’ in the course of
time. In this context, the energy pay-back period ‘‘EPBP’’ of
optimum installations for Rhodes island, in cases that mc-Si or a-Si
PV panels are employed, may be obtained from Fig. 11.

More precisely, in Fig. 11 one may see the two cumulative energy
content lines (first group of lines), presenting similar increases
between times due to the replacement of both the batteries and the
electronic equipment devices during the useful time of the entire
installation. Two additional lines included (second group of lines)
describe the time evolution of the PV generator cumulative net
energy production and the typical remote consumer cumulative
energy consumption. Due to the fact that the optimum configura-
tions comprise autonomous stand-alone systems (zero load rejec-
tion is ensured), the sizing algorithm yields ‘‘Qmax–z’’ combinations
that are able to fully satisfy the winter period consumption (i.e.
when considerably lower irradiance is met). That means that a PV
energy over-production should be expected during the summer
months. In fact, over 2 MWh of energy surplus are to be expected
on an annual basis from the PV generator over-production
(CF¼ 15.3%) which may be absorbed by second priority loads of the
remote consumer, e.g. a water pumping for irrigation purposes [40]
or a small desalination plant [41], justifying the examination of two
different approaches for the useful energy production of the system
(see also equation (16)).
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Accordingly, the ‘‘EPBP’’ of optimum configurations may be
easily configured by the intersection of different group lines.
According to the results obtained, the ‘‘EPBP’’ varies between 9.5
and 19 years for the mc-Si panels and between 13.5 and 23 years for
the a-Si panels, depending on which of the two, net energy
production or energy consumption is used. As expected, minimum
‘‘EPBP’’ results are given in cases that the net energy production of
the PV panels is considered. On the other hand, when the remote
consumer’s annual energy demand (z4.7 MWh/year) is rigorously
taken into account, the ‘‘EPBP’’ is remarkably increased,
approaching or exceeding the minimum service life of the entire
installation (in the cases of mc-Si and a-Si panels respectively).

Following, the ‘‘EPBP’’ values of all the optimum PV-Bat systems
for the island of Rhodes are found in Fig. 12. As expected, the
minimum ‘‘EPBP’’ is realized for CdTe thin film modules (even
dropping to 8 years), while the maximum one appears in case that
the a-Si technology is employed and the energy consumption of the
remote consumer is considered (23 years). Overall, only in two
cases does the EPBP exceed the minimum service time of the entire
installation (¼20 years), while if achieving to exploit the entire net
energy production of the PV generator, the EPBP remains less than
15 years in all cases.
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commercial PV technologies combined with lead-acid batteries in Rhodes island.
6. Conclusions

Although determined by their renewable energy nature, PV
based systems are strongly questioned due to the extreme energy
requirements of processes involved in the systems’ various LC
stages. Despite the considerable research work carried out for grid-
connected PV based systems, no profound research is yet available
for determining the LC energy requirements of PV based stand-
alone configurations. Taking this into account, a methodology for
the determination of energy autonomous PV-Bat stand-alone
configurations with minimum LC energy requirements is currently
developed. Both crystalline based and thin film PV modules in
collaboration with PbA batteries are examined, while two distinct
isolated island regions where several remote consumers may be
encountered are used as case studies.

According to the application results obtained, the best energy
based sustainable solutions should use CdTe or mc-Si panels, while
the size of the optimum energy autonomous PV-Bat configuration
is remarkably influenced by the local solar potential. In addition,
considerable variation is noted with regards to the estimation of
the respective EPBP (even reaching 10 years for the same PV type),
depending on the determination of the system’s useful energy
production (i.e. taken equal to the net energy production of the PV
generator or equal to the energy consumption of the remote
consumer). Finally, one of the most interesting findings concerns
the fact that in all cases examined, the contribution of the battery
component exceeded 27%, hence reflecting the difference between
grid-connected and stand-alone systems.

Closing, it is believed that constant research and development in
the field of PV modules, promising for higher efficiencies and less
energy demanding production methods, shall further improve the
LC energy performance of PV-Bat stand-alone systems as well,
making these systems even more attractive for the electrification of
remote consumers unable to appreciate grid-connection.
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