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The exploitation of solar energy by autonomous, photovoltaic (PV) based systems offers the opportunity
for satisfying the electrification needs of numerous remote consumers worldwide in an environmentally
friendly way. On the other hand, the sustainable character of these systems is strongly questioned by the
energy intensity of processes involved in the various life cycle (LC) stages of the system components.
Although there are several studies concerned with the estimation of the energy pay-back period (EPBP)
for grid-connected systems, the same is not valid for stand-alone configurations. In this context, an
integrated methodology is currently developed in order to estimate the EPBP of PV-battery (PV-Bat)
configurations ensuring 100% energy autonomy. The main scope of the proposed analysis is to determine
the optimum size of a corresponding system, comprised of multi-crystalline (mc-Si) PV modules and
lead-acid (PbA) batteries, based on the criterion of minimum embodied energy, i.e. minimum EPBP. For
this purpose, a representative case study examined considers the electrification needs of a typical remote
consumer on the Island of Rhodes, Greece. According to the results obtained, the autonomous energy
character of the system is reflected by the comparatively higher EPBP in comparison with the corre-
sponding grid-connected option, nevertheless the PV-Bat configurations analyzed clearly constitute
sustainable energy solutions. Finally, in order to increase the reliability of the calculation results,
a sensitivity analysis is carried out, based on the variation of the input energy content data.

� 2009 Published by Elsevier Ltd.
1. Introduction

Stand-alone photovoltaic (PV) systems, using an appropriate
energy storage device, have turned into one of the most promising
solutions for the urgent electrification problem of numerous remote
consumers worldwide [1,2]. In fact, their application comprises
a quite attractive option from a financial point of view, especially for
areas with relatively high solar potential [3,4] where opportunities
for other purposes, e.g. irrigation needs [5], may also appear. In this
context, during the last years some interesting studies have been
published concerning the utilization of small PV generators to cover
the electricity requirements of isolated consumers in the Mediter-
ranean and Middle East areas, or in other areas presenting similar
solar potential characteristics [3,4,6–9]. However, most of these
studies are focused on the technical and economic evaluation of
these systems, not considering another important issue related with
PV installations, i.e. the system environmental sustainability. Since
it is well known that significant energy amounts are consumed
during the various processes of producing commercial PV panels
: þ30 210 5381467.
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[1,10,11], the environmental sustainability of PV applications being
strongly questioned is subsequent.

Although one may find some very well documented studies
proving the environmental sustainability of grid-connected PV
generators [12–20], limited work is done in the case of stand-alone
PV installations, using also a lead-acid (PbA) battery bank as energy
storage [21,22]. In this context, a detailed study concerning a stand-
alone PV-battery (PV-Bat) system is carried out in order to both
investigate the energy sustainability of similar applications on a life
cycle (LC) basis and obtain a direct comparison with the corre-
sponding grid-connected option. For this purpose, the energy pay-
back period (EPBP) or amortization period of a stand-alone PV-Bat
system is currently estimated using long-term solar potential and
ambient temperature measurements for a representative Greek
island, while the results obtained are then compared with the
respective of a similar grid-connected installation.

Overall, the proposed methodology is able to determine the
optimum size of a typical stand-alone PV-Bat system in terms of
embodied energy, calculating also the corresponding EPBP period.
It is important to note that the energy content of the system
batteries [21,22] as well as the remarkable energy surplus of the PV
generator [23] during the high solar irradiance periods of the year
reflect the special character of stand-alone PV-Bat systems in
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comparison with grid-connected PV-generators. Thus, during our
analysis special emphasis is paid in order to compare the impact of
these two factors on the sustainability of the proposed configura-
tion. For the increased reliability of the proposed analysis, the data
used derive from the most recently published studies, while
a systematic sensitivity analysis is carried out in order to demon-
strate the variability of the results obtained due to the uncertainty
of the information adopted.
2. Position of the problem

2.1. Description of a stand-alone PV installation

In order to face the urgent electrification problems of numerous
remote consumers in areas with remarkable solar potential, the
following autonomous PV-Bat installation is proposed; see also
Fig. 1. In particular, the stand-alone PV-Bat comprises an array of PV
modules connected to a battery via a battery charge controller. 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. The battery bank is used to store the
energy production during sunlight hours for use at night time or
during bad weather conditions. Finally, since most applications are
based on alternative current [7], a DC/AC inverter is also required.

Recapitulating, the proposed stand-alone PV-Bat system is
based [23,24] on:

i. A photovoltaic 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 photovoltaic 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, charge
rate ‘‘Rch’’ and charging voltage ‘‘Ucc’’.

iii. An appropriate battery (e.g. PbA) storage system [26,27] with
total capacity of ‘‘Qmax’’, operation voltage ‘‘Ub’’ and
maximum depth of discharge ‘‘DODL’’ or equivalently
minimum acceptable capacity level ‘‘Qmin’’.

iv. A DC/AC inverter [28] of maximum power ‘‘NINV’’ able to meet
the consumption peak load demand, increased by an appro-
priate safety factor ‘‘SF’’ (e.g. SF ¼ 0.3).
Fig. 1. Typical stand-slone PV-bat configuration.
v. The non-active part of the installation, including supporting
structures, power conditioning devices and cabling.

Accordingly, during the long-lasting service period ‘‘nsys’’ of the
installation (twenty to thirty years is assumed to be a realistic value,
i.e. nsys ¼ 20–30 years), the following operational modes may
appear:

a. The power demand ‘‘ND’’ is less than the power output of the PV
array at the outlet of the inverter (‘‘hINV’’ being the inverter
efficiency), i.e.:

DN ¼ hINV$NPV � ND_0 (2)
In that case the energy surplus ‘‘DN’’ is stored via the battery charge
controller. If the battery is full (Q ¼ Qmax), the residual energy ‘‘Eres’’
is forwarded to low priority loads.

b. The power demand 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, an electricity demand management
plan should be applied; otherwise the load will be rejected.

Summarizing, the main parameters-defining the size and
subsequently the energy included in a similar system are the pho-
tovoltaic modules’ number ‘‘z’’ and peak power ‘‘No’’, the batteries’
maximum capacity ‘‘Qmax’’ selected to guarantee the system energy
autonomy for the desired time period and the rest of the electronic
equipment’s (inverter, charge controller) nominal power, ‘‘NINV’’
and ‘‘Ncc’’ respectively.
2.2. Energy content of a stand-alone PV installation

In order to estimate the energy embedded in the entire stand-
alone installation on a life cycle basis (‘‘nsys’’ is the system service
period) one should calculate the energy content of all the compo-
nents of the system, taking into account that different energy forms
should be converted into primary energy. In this context, for the
energy included in the PV panels ‘‘EPV’’ one may write:

EPV ¼ 3PV$APV (3)

where the PV panels’ area ‘‘APV’’ is related with the corresponding
peak power ‘‘NPV’’ of the PV generator, using the maximum effi-
ciency ‘‘hPV’’ on the basis of the following relation:

APV ¼
NPV

hPV$Go
¼ z$No

hPV$Go
¼ z$No

hPV$1000
�

W
m2

� (4)

Based on the present-day production technology, the energy
requirements of manufacturing a typical crystalline module involve
the processes regarding the silicon winning and purification, the
silicon wafer production (two major sources are recognized: the
semiconductor industry off-grade silicon and the direct solar grade
silicon production) [1,13], the cell/module processing, the module
encapsulation, and additional operations and services (e.g.
manufacturing of the special production equipment used). Using
the data available in the international literature one may find in
Table 1 typical values concerning the specific primary energy
requirements ‘‘3PV’’ for the manufacturing of multi-crystalline
(mc-Si) PV modules [10–18,29–32].

The second major component of a stand-alone system is the
system energy storage device. This component is also the one that



Table 1
PV panel characteristics [10–18,29–32].

PV panel type Efficiency (hpv (%)) 3PV (kWh(p)/m
2)

Range Proposed value Range Assigned value

mc-Si 12–14 13 740–880 820

Table 3
BOS components characteristics [10–18,29–32].

BOS component Service period
(n years)

3BOS, kCC, kINV
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definitely separates the stand-alone from the grid-connected PV
systems. According to the existing experience, batteries are the
most widely used storage system [21,33] for small remote
consumers. The technologies thought to be the most appropriate
are the ‘‘mature’’ PbA along with the advanced sodium–sulphur, the
lithium-ion batteries lately beginning to commercialize, and the
nickel–cadmium type accused however of the cadmium deposition
environmental impacts [34].

To obtain the embodied energy of a battery, the gravimetric
energy content value ‘‘3incl’’ along with the corresponding gravi-
metric energy density ‘‘3out’’ [21,35] and the battery round-trip
efficiency ‘‘hbat’’ may result to the ratio (kWh(p)/kWhPV) of primary
energy included in the battery ‘‘Ebat’’ to the amount of the PV
energy surplus that the battery is capable of storing and providing
to the consumption ‘‘EOUT ¼ EIN$hbat’’. Similarly, since the battery
voltage ‘‘Ub’’ is fixed, one may equally well use the ratio (kWh(p)/Ah)
of primary energy included in the battery ‘‘Ebat’’ to the respective
battery storage capacity ‘‘Qmax’’. In this context, taking also into
account the number of replacements of the battery system during
the entire system service period, the term ‘‘Ebat’’ can be expressed
as:

Ebat ¼ 3incl$mbat

�
1þ int

�
nsys � 1

nbat

��

¼ 3incl$
EOUT

3out

�
1þ int

�
nsys � 1

nbat

��
0Ebat

¼ 3incl$
hbat$EIN

3out

�
1þ int

�
nsys � 1

nbat

��

¼ 3incl
3out

$hbat$Ub$Qmax$

�
1þ int

�
nsys � 1

nbat

��
(5)

with ‘‘mbat’’ and ‘‘nbat’’ being the battery mass (kg) and the corre-
sponding service period, see also Table 2.

The next term considers the primary energy content of the
balance of the system (BOS) components. Actually, the BOS includes
cabling and electronic components (namely an inverter and
a charge controller), foundation, array support structures, instal-
lation etc. Additionally, although the frame is usually incorporated
in the module part it will be currently treated as a BOS component.
For practical purposes the primary energy content of the BOS
components ‘‘EBOS’’ is divided in two subgroups, i.e.:

EBOS ¼ EBOSðaÞ þ EBOSðbÞ (6)

Actually, the first term ‘‘EBOS(a)’’ includes all the BOS components
excluding the major electronic devices. Consequently, the ‘‘EBOS(b)’’
term describes the electronic equipment primary energy require-
ments, being dependent on the load demand and presenting a useful
lifetime lower than the corresponding of the installation (nsys¼ 20–
30 years). These devices should be treated in a different way.
Table 2
Battery component characteristics [21,35].

Parameter nbat (years) 3incl (kWh(p)/kg) 3out (kWhPV/kg) hbat (%) Ub (V)

Range – 10–15 0.04–0.06 – –
Assigned value 5.5 12.5 0.05 75 24
Using the above decomposition the first BOS term includes the
primary energy embodied in the module frames, the array support
mechanism, the system cabling and the energy consumed during
the installation, thus one may write:

EBOSðaÞ ¼ 3modfr$APV þ 3sup$APV þ 3instþcabl$APV ¼ 3a$APV

¼ 3a$z$Ao (7)

where

3a ¼ 3modfr þ 3sup þ 3instþcabl (8)

Accordingly, the second BOS term ‘‘EBOS(b)’’ considers the system
electronic devices, i.e. the charge controller and the DC/AC inverter.
More precisely, in equation (9) the ‘‘EBOS(b)’’ term is expressed on
the basis of its main components, i.e.

EBOSðbÞ ¼ kcc$Ncc

�
1þ int

�
nsys � 1

ncc

��

þ kINV$NINV

�
1þ int

�
nsys � 1

nINV

��
ð9Þ

Taking into consideration that the rated power of the charge
controller should be slightly higher than the PV generator peak
power, i.e.:

Ncc ¼ NPV þ dNcczNPV (10)

and the rated power of the inverter should be able to face the
maximum load demand ‘‘Nmax’’, i.e.:

NINV ¼ Nmax$ð1þ SFÞ (11)

where ‘‘SF’’ is an appropriate safety factor (SF z 0.3), equation (9)
can be equivalently written as:

EBOSðbÞ ¼ kcc$z$No

�
1þ int

�
nsys � 1

ncc

��

þ kINV$Nmaxð1þ SFÞ$
�

1þ int
�

nsys � 1
nINV

��
ð12Þ

where the charge controller and the inverter specific primary
energy coefficients ‘‘kcc’’ and ‘‘kINV’’ along with their service life
‘‘ncc’’ and ‘‘nINV’’ respectively, are given in Table 3. Note also that
‘‘nsys’’ is the service period of the entire installation, taking values
between 20 and 30 years.

Having presented the main parameters for determining the
primary energy content of a PV-Bat stand-alone configuration,
what is critical to emphasize on is the uncertainty of values drawn
from the international literature, even at the levels of 40% [10]. The
different production techniques (e.g. the use of either off-grade
silicon coming from the semiconductor industry or the use of direct
solar grade silicon production) along with the special features
describing each installation’s type (roof, ground, façade, trans-
portation requirements, etc.) imply strong variation of the results
Range Assigned value

Frame 20 30–60 (kWh(p)/m
2) 45

Array support 20 50–150 (kWh(p)/m
2) 100

Installation, Cabling, etc. 20 26–34 (kWh(p)/m
2) 30

Total EBOS(a) 20 106–244 (kWh(p)/m
2) 175

Inverter 10 200–500 (kWh(p)/kW) 350
Charger 10 180–480 (kWh(p)/kW) 330
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provided, while the involvement of several system components
and several parameters further aggravates the situation. For
example, the estimation of the batteries’ embodied energy
requiring the determination of the gravimetric energy content and
the gravimetric energy density values as well as the corresponding
of the round-trip efficiency and the battery lifetime, demonstrates
the potential extent of variation for the resulting primary energy
content value (see also Tables 1–3). Variable as well, most of the
BOS components’ coefficients are also related with the installa-
tion’s special characteristics, e.g. either more sophisticated or
simplified supportive structures, etc.

Besides, as Alsema and Nieuwlaar have addressed through
outlooking the future of PV systems [10], the progress to expect in
the production techniques of commercial PV cells implies analo-
gous reduction of energy requirements (e.g. 40–60% for crystalline
silicon wafers production), see also Ref. [1]. In this context, to
capture the range of values for each of the parameters investigated,
a review of certain studies and the acknowledgment of a gradual
energy requirements’ reduction up to date [32] have led to the
compilation of Tables 1–3. Note that since in Greece there is no
serious industrial activity concerning the manufacturing of PV
modules, the supplier country is currently assumed to belong in the
UCTE region, this coinciding with the fact that in most of the studies
reviewed it is the average electrical power efficiency of the UCTE
(31%) that is used for the conversion of electrical energy require-
ments to primary energy content. As a result, it was decided that
the same value should apply to the current study as well. Finally it
should also be noted that the extended value range obtained in
many cases in Tables 1–3 dictates for the investigation of the total
embodied energy results through the conduction of a systematic
sensitivity analysis.
3. Methodology presentation

As already mentioned, the main scope of the present analysis is
to investigate the sustainability of the proposed stand-alone PV-Bat
energy system, comparing the energy embedded in the entire
installation on a life cycle (LC) basis with the corresponding elec-
tricity generation during the same time period. More specifically,
the life cycle analysis should involve the stages of construction,
installation, maintenance and final decommissioning of the plant.
Although it should also be considered, a quantification of the
decommissioning and recycling stages is not available in the
majority of studies published, due to the lack of trustworthy data. In
addition, although transport of equipment from the manufacturing
sites to the installation site should also be considered, unless the
distance is remarkably long the resulting energy requirements are
not expected to exceed 2% of the overall energy content [18].

Taking into consideration the main components of the PV-Bat
system described in Fig. 1 and the analysis of section 2, one may
express the total primary energy included ‘‘Etot(p)’’ using the
following equation:

EtotðpÞ ¼ EPV þ EBOS þ Ebat þ nsys$Em þ Edec � Erec þ Etr (13)

where ‘‘Em’’ is the annual energy consumed during the annual
maintenance of the installation and ‘‘Edec’’ is the energy absorbed
during the system decommissioning. Finally, ‘‘Erec’’ describes any
possible energy gains from the recycling of the stand-alone
installation components and ‘‘Etr’’ regards the transportation
energy requirements. During the current investigation the
(Edec� Erecþ Etr) term is not included due to the absence of reliable
data; however, the incorporation of the above term may be the
challenging subject of a forthcoming research.
Hence, using the data of section 2, equation (13) finally reads:

EtotðpÞ ¼ 3PV$z$Ao þ 3a$z$Ao þ nsys$Em þ kcc$ðz$No þ dNccÞ$

�
�

1þ int
�

nsys � 1
ncc

��
þ kINV$Nmax$ð1þ SFÞ$

�
�

1þ int
�

nsys � 1
nINV

��
þ 3incl

3out
$hbat$Ub$Qmax$

�
�

1þ int
�

nsys � 1
nbat

��
ð14Þ

or in a more compact form as:

EtotðpÞ ¼ l1$zþ l2$Qmax þ lo (15)

with

l1 ¼ 3PV$Ao þ 3a$Ao þ kcc$No$

�
1þ int

�
nsys � 1

ncc

��
(16)

l2 ¼
3incl

3out
$hbat$Ub$

�
1þ int

�
nsys � 1

nbat

��
(17)

and

lo ¼ nsys$Em þ kcc$dNcc$

�
1þ int

�
nsys � 1

ncc

��

þ kINV$Nmaxð1þ SFÞ$
�

1þ int
�

nsys � 1
nINV

��
(18)

According to equations (14) and (15) the total primary energy
content of the stand-alone PV-Bat installation is finally expressed
on the basis of the system’s main parameters (z, Qmax, Nmax).

Subsequently, one should calculate the energy yield of the
PV-Bat installation on the basis of the available solar potential as
well as the number and characteristics of the PV panels utilized. In
this context the electricity generation of the proposed system in
a specific time period (i.e. to� toþ T, e.g. T¼ 1 year) results from the
operation of the PV generator ‘‘Eprod’’ and can be expressed as:

Eprod ¼
ZtoþT

to

NPVðtÞ$dt ¼
ZtoþT

to

IPVðtÞ$UPVðtÞ$dt

¼
ZtoþT

to

IPVðGT ; qcÞ$UPVðGT ; qcÞ$dt (19)

where ‘‘IPV’’, ‘‘UPV’’ is the current and the voltage of the PV generator
in the course of time, while ‘‘GT’’ and ‘‘qc’’ is the solar irradiance at
the PV panels’ surface and the corresponding temperature of the PV
panels respectively.

Besides, for practical applications one may equally well use the
annual capacity factor ‘‘CF’’ of the installation, thus:

Eprod ¼ 8760$CF$z$No (20)

where ‘‘CF’’ is the capacity factor of the PV-Bat installation, nor-
mally varying between 15% and 25% and expressing the ability of
the PV panels used to exploit the available solar irradiance under
the meteorological conditions (temperature impact) of the area
investigated [23,36].

On the other hand and taking into consideration the special
character of a PV-based stand-alone installation requiring zero-
load rejection, a remarkable energy amount is stored in the battery
bank, which along with the corresponding electronic equipment
contributes significantly on meeting the electricity demand during
low or zero solar irradiance periods.
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Fig. 2. Measured solar energy potential for Rhodes Island.
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Thus, from the remote consumer point of view one may use the
corresponding total energy demand ‘‘ED’’, where:

ED3Eprod (21)

In fact, due to the zero-load rejection condition and the
disharmony between the available solar energy and the daily load
demand the following relation [23] is valid:

Eprod ¼ ED þ Eloss þ Erej (22)

with ‘‘Eloss’’ being the energy loss of the installation and ‘‘Erej’’ being
the corresponding energy surplus. In this context, note that equa-
tion (21) and especially equation (22), reflect the stand-alone
character of the proposed analysis.

Following, for the calculation of the PV-Bat installation EPBP one
should compare the total primary energy content of the system
‘‘Etot(p)’’ with the corresponding average annual energy yield of the
installation ‘‘Ey’’ converted into primary energy. For this purpose,
the annual energy yield of the installation ‘‘Ey’’ is divided by the
power efficiency ‘‘hel’’ of either the local electricity mix (for regional
level and grid-connected applications) or the electricity generation
system used (for consumer level and stand-alone applications),
thus the corresponding ‘‘EPBP’’ results from the following equation:

EPBP ¼
EtotðpÞ

Ey
$hel (23)
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Fig. 3. Typical electricity demand profile
where ‘‘Etot(p)’’ and ‘‘Ey’’ result from the information accompanying
the sizing and the operation of the proposed system. Besides, as
already mentioned, for grid-connected applications one may
assume that:

Ey ¼ Eprod � Eloss (24)

while for the stand-alone installation, in view of equations (21) and
(22), the following relation is valid:

Ey ¼ ED þ x$Em (25)

where a significant part (x%) of the energy consumed during the
installation maintenance activities ‘‘Em’’ is assumed to be covered
by the energy surplus of the PV generator.

At this point, it is critical to mention that the second expression
of the EPBP currently introduced (regarding stand-alone systems
only) is used so as to emphasize on the fact that during the sizing
procedure of a stand-alone system, overproduction and dishar-
mony with the load profile lead to significant amounts of energy
surplus. If this energy surplus is exploited for covering other
additional loads, equation (24) is valid, otherwise the rejected
energy cannot be granted as useful, i.e. equation (25) should be
used. In this context, it is understood that if grid-connected systems
are examined the ‘‘Etot(p)’’ term should be redefined since the
battery and the charge controller energy components are not to be
considered. Any case given, the introduction of the second EPBP
expression serves the comparison attempted between stand-alone
and grid-connected systems and should not be used to revoke the
mainstream EPBP expression regarding grid-connected systems
where the entire energy yield of the PV system is utilized.

Overall, for the sustainable energy character of the PV-Bat (or
PV) configuration to be supported, the output of equation (23)
should be minimum and in any case less than the entire installation
service period, currently taken equal to 20 years, i.e.:

EPBP � nsys (26)

Finally, note that the applied analysis disregards –for simplicity
reasons– the time variation of the available solar radiation and the
corresponding technical availability, while one has also neglected
the PV panels time degradation as well as the variable hours per
year, e.g. leap years.
ricity Demand Profile
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4. PV stand-alone sizing methodology

For the calculation of the annual energy production of a stand-
alone PV-Bat installation one may use the methodology developed
by the authors during the last five years [3,23,36]. The main inputs
of the proposed methodology are:

The solar radiation ‘‘G00’’ measurements for a given time
period (e.g. one year), usually at horizontal plane, see for
example Fig. 2.
The ambient temperature ‘‘q’’ data for the entire period
analyzed.
The operational characteristics (current ‘‘I00’’, voltage ‘‘U00’’,
efficiency ‘‘hPV’’ and ‘‘No’’) of photovoltaic modules selected,
usually in the form of I ¼ I(U,G;q).
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The operational characteristics of all the other electronic
devices of the installation, i.e. inverter efficiency, selected
battery type operational curve (Q–U;q), etc.
The electricity consumption profile. This specific application
has been developed for a typical remote family, although it
can be applied to several other cases with analogous levels
of reliability [37]. In this context, a typical load demand
profile based on information provided by the Hellenic
National Statistical Agency [38], on an hourly basis (see
Fig. 3), being also dependent [4,9,39] on the year period
analyzed (winter, summer, other) may be used, as in
previous studies. In fact, the corresponding annual elec-
tricity consumption ‘‘ED’’ is slightly less than 5 MWh
(ED z 4.7 MWh), while the peak load demand ‘‘Nmax’’ is
almost 3.5 kW.
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Using the above-described information and selecting a specific
panel tilt angle ‘‘bo’’ [3,40], one may define the numerical values of
the photovoltaic panels’ number ‘‘z’’ and the battery maximum size
‘‘Qmax’’. Subsequently, for the integrated energy autonomy analysis
of the installation for a desired time period, a computational
algorithm ‘‘PHOTOV-III’’ is developed, 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. 4) is executed for a specific time period (e.g. one
month, six-months, one year, etc.) and for an hour-long time step,
while emphasis is laid on obtaining zero-load rejection operation.
Note that other loss of load scenarios can be also analyzed
[23,41,42], however the latter are not currently examined. If this
zero-load rejection condition selected is not achievable, the battery
size is increased and the calculation is repeated until the no-load
rejection condition is fulfilled, i.e.:

Q* ¼ minfQmaxg (27)

Then the number of photovoltaic panels is increased and the
calculation is performed from the very beginning. After the inte-
gration of the analysis, a (z � Q*) curve is predicted under the no-
load rejection restriction. To get a clear-cut picture, keep in mind
that for every pair of (z� Q*) the stand-alone photovoltaic system is
energy autonomous for the period investigated. On top of this, for
every (z � Q*) combination one can also calculate the energy
production of the PV generator as well as the energy surplus of the
installation [23,36]. In this way the energy pay-back equation may
be applied in order to check the sustainability of similar stand-
alone PV-Bat solutions.

5. Application results

In order to demonstrate the applicability of the proposed
method, one may use the above-described procedure for the
Table 4
Comparison conditions between grid-connected and stand-alone PV systems.

System type Energy yield Conversion efficiency Energy content

Grid-connected Production Local grid (hel-grid ¼ 34%) Battery & charger excl.
Stand-alone Consumption Diesel engine

(hel-dies ¼ 25%)
All components
analysis of a stand-alone PV-Bat system located in a representative
island of the East Mediterranean, i.e. the island of Rhodes. More
precisely, Rhodes is a medium-sized island (98, 500 habitants, area
of 1398 km2) in the SE Aegean Sea, located at a distance of
approximately 600 km from Athens and possessing an abundant
solar potential. In Rhodes and in the nearby small islands pre-
senting similar meteorological conditions, a remarkable number of
isolated families residing have no access to a reliable electrical grid
(the local electricity conversion efficiency being hel-grid ¼ 34% [43])
and hence cover their electricity needs by using small oil-fired
diesel generators (hel-dies ¼ 25%). In this area, the solar radiation is
quite high, presenting values greater than 1700 kWh/(m2 year),
Fig. 2. More specifically, Fig. 2 presents the measured [44] long-
term monthly average solar energy values (kWh/m2 mo) at hori-
zontal plane for Rhodes Island. In more detail, data on an hourly
basis are also available for the same time period and are used by the
‘‘PHOTOV-III’’ algorithm, e.g. Fig. 5.

Using the available experimental data for Rhodes Island and
applying the ‘‘PHOTOV-III’’ numerical algorithm, the calculation
results concerning autonomous mc-Si photovoltaic panels of 51Wp

(LA361-K51S) and PbA battery (24 V) capacity combinations are
summarized in Fig. 6. More specifically, in Fig. 6 one presents all the
energy autonomy (Qmax � z) pairs of a PV-Bat system for 60� panel
tilt angle (i.e. b ¼ 60�). For the energy autonomy curve presented,
three distinct parts can be identified. In the first part (A–B) the
battery capacity is significantly reduced as the photovoltaic number
is slightly increased. Accordingly a moderate battery decrease is
encountered as the PV number is increased (B–C). Finally, in the third
part (C–D) the battery capacity remains almost constant, not
depending on the photovoltaic panels’ number, achieving an
asymptotic value of Qmax ¼ 1000 Ah for the specific region and the
panel tilt angle examined.

In the same figure one may find the constant primary energy
content lines, i.e. ‘‘Etot(p) ¼ ct’’, resulting from equation (14). In this
context, one has the ability to select the minimum embodied
Table 5
Numerical values of the coefficients involved in the sensitivity analysis.

Coefficient of equation (15) Min value Average value Max value

l1 (kWh(p)/panel) 393 474 546
l2 (kWh(p)/Ah) 12 18 27
l0 (kWh(p)) 2000 3500 5000
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energy solution that also guarantees the zero-load rejection pre-
requisition for the stand-alone installation under investigation.
More specifically, the minimum embodied energy configuration
(that maximizes the proposed system energy sustainability in
Rhodes Island) may be achieved using one hundred fifteen photo-
voltaic panels (z¼ 115, No¼ 51 W) at a panel tilt angle of 60� and at
a battery capacity of 1600 Ah (DOD ¼ 75%, 24 V). It is important to
mention that the ‘‘Etot(p) ¼ ct’’ lines used are based on current
information, valid up to date. In conclusion, the minimum included
energy for the autonomous stand-alone PV-Bat system at Rhodes
region is slightly less than 87 MWh (i.e. Etot(p) ¼ 86.8 MWh).

The situation could be quite different in case that the entire PV-
generator energy yield is taken into account. However, due to the
special character of a stand-alone system a remarkable energy
amount (z30%) is rejected, mainly during the summer. Actually,
the PV generator is remarkably oversized in order to cover the
energy demand of the remote consumer during the winter, hence
remarkable energy surplus is encountered during the high solar
irradiance periods [23]. At the same time the remarkable battery
capacity required (1600 Ah) to store the solar energy surplus,
aggravates (by almost 33%) the total energy embodied in the
proposed stand-alone configuration.

Using the data of Fig. 6 one may also calculate the EPBP of the
installation using equations (23)–(25). For the exact estimation of
the energy pay-back period of the minimum embodied energy PV-
Bat configuration one should compare the included energy
(Etot(p)¼ 87 MWh) during its service period (nsys¼ 20 years) with the
corresponding energy yield ‘‘Ey’’ in the course of time (converted into
primary energy). In this context, in Fig. 7 one may find for the Island
of Rhodes, the energy pay-back period ‘‘EPBP’’ of both the optimum
stand-alone configuration and the respective grid-connected system
(without the battery bank and the charge controller, see alsoTable 4),
in cases that mc-Si (LA361-K51S) panels are utilized. According to the
results obtained, the EPBP reaches 2.35 years for the grid-connected
option while increases to 4.6 years for the optimum PV-Bat stand-
alone system, i.e. when the useful energy production is taken equal
to the remote consumer energy demand (z4.7 MWhel/year). It is
worthwhile to mention that during the specific EPBP calculations,
80% of the annual energy consumed during the installation service
activities (z0.3 MWhel) is assumed to be covered by the PV-gener-
ator energy surplus, i.e. x z 0.8.

Note that due to the autonomous energy character of the PV-Bat
installation, required to also satisfy the winter period (low
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irradiance rates) energy demand, there is a considerable solar
energy overproduction during the hot months (summer), which
may be absorbed by second priority loads of the remote consumer,
e.g. water pumping [5,37,45] for irrigation purposes or small desa-
lination plants [46]. In case that the entire energy production of the
PV generator is absorbed, the EPBP decreases significantly, i.e.
EPBP ¼ 3.8 years (Fig. 7), demonstrating the importance of utilizing
the entire energy yield. Finally, apart from the various EPBP values
drawn from the figure, one may also obtain the amortization time of
the first installation components, i.e. before certain system parts
such as batteries and electronic equipment are replaced. In this
context, although the difference is insignificant when grid-con-
nected systems are examined (only the inverter has to be replaced
during the 20 years lifetime), the opposite is valid for stand-alone
configurations where the extra energy requirements of replacing
the batteries and the charge controller during the 20 years lifetime
yields a difference of approximately 1.4 years between the original
EPBP and the amortization time of the first installation components.

Following, in order to increase the reliability of the results
obtained for the PV-Bat system alone, one may repeat the calcu-
lations using the minimum and the maximum values of the
primary energy content. For this purpose, it is better to apply the
compact expression of equation (15) concerning the ‘‘Etot(p)’’ value.
Subsequently using equations (16)–(18) along with the corre-
sponding values of Tables 1–3 one may calculate the minimum,
average and maximum values of the parameters ‘‘l1’’, ‘‘l2’’ and ‘‘l3’’,
Table 5. More precisely, the two extreme expressions concerning
the total energy embedded in the PV-Bat stand-alone system
examined are given as:

min EtotðpÞ ¼ l1min$zþ l2min$Qmax þ l0min (28)

and

max EtotðpÞ ¼ l1max$zþ l2max$Qmax þ l0max (29)

As already outlined, what is important to note is that although
the coefficient of the PV panels’ related term (1st term of the RHS of
equations (28) and (29)) does present a rather appreciable variation
(40%) between equations (28) and (29), the corresponding value in
the case of the 2nd term of the RHS of these equations, describing
the contribution of the PbA batteries, reaches 125%. This is however
quite reasonable taking into account the big variety of the PbA
batteries existing in the international market and the considerable
is for PV-Bat Stand-Alone 
lled in Rhodes Island 
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scattering of the values of Table 2 contributing in the calculation of
‘‘l2’’, equation (17). The last term ‘‘l0’’ practically describes the
contribution of the DC/AC inverter in the ‘‘Etot(p)’’, thus a fair scat-
tering is expected due to the variety of the inverters existing in the
market. However, taking into consideration that the peak load
demand of the consumption is quite low, the impact of this term on
the final calculation results is quite limited (z4%).

Applying now equations (28) and (29) on the zero-load rejection
solution of Fig. 6 one may calculate the corresponding minimum
‘‘Etot(p)’’ values, i.e. 66.4 MWh and 111.0 MWh respectively. Using
the above values in equation (23) one may find the corresponding
EPBP using the data of Fig. 8, where according to the calculation
results, the expected EPBP varies between 3.5 and 5.9 years.

Finally, in Fig. 9 one may obtain the breakdown of the EPBP to
the system main components for both grid-connected and stand-
alone PV configurations, in relation with the impact of applying
different primary energy content values (low, average and high). As
one may conclude, the role of the PV panels is dominant in the case
of grid-connected systems, where due to the absence of a charger
and a battery bank the participation of the ‘‘EBOS(b)’’ and the ‘‘Ebat’’
components minimize (ranging from 0.09 to 0.22 years). On the
other hand, the ‘‘EPV’’ part being responsible for over 70% of energy
requirements in grid-connected systems at all times (from 84% to
72%) drops to 40% in the case of high values and stand-alone
configurations, approximately equal to the respective percentage of
the battery bank for the same case examined. Overall, PbA batteries
require 1–2.3 years in order to pay-back their energy content,
clearly demonstrating the reason for which stand-alone systems
present such higher values of EPBP. Not as important, the fact that
during the estimation of the EPBP for stand-alone systems instead
of using the entire energy yield of the system (including the
surplus), only the useful energy yield was considered, also influ-
ences the results obtained (e.g. the same PV panels take longer to
pay-back in the case of stand-alone systems). Recapitulating, it is
important to mention the following:

U The EPBP of the stand-alone PV-Bat installation, although being
comparatively high, reaches a maximum of almost 6 years, thus
allowing for the energy consumption to be more than the triple
(3.38) of the installation’s LC energy content.

U In fact, this value is considerably higher than the corresponding
EPBP of similar grid-connected PV-generators, underlining the
definitely different character of a stand-alone installation if
compared with a grid-connected one.

U Due to the different values appearing in the international liter-
ature concerning the energy amounts embedded in the
components of a stand-alone PV-Bat installation, the EPBP
values calculated present appreciable scattering (up to 2.5
years), thus influencing the conclusions drawn about the
sustainability of similar installations.

U However, generally speaking the energy sustainability of the
PV-Bat system investigated is clearly supported in almost every
case examined, at least for the Rhodes Island. The results shall
be even more encouraging if one takes into consideration the
continuous technological improvement of the sector [1,2] and
the possibility to replace the theoretical zero-load rejection
condition with a more realistic load of loss restriction [23].

6. Conclusions

In the current paper a new EPBP calculation method concerning
photovoltaic-based applications is developed from first principles.
For this purpose a number of algebraic equations have been pre-
sented, describing the energy content of all the components of the
installation. The proposed methodology is applied for stand-alone
PV-Bat configurations, underlining the special character of these
systems, while during the methodology application special atten-
tion is paid in order to collect and use the most recent and reliable
information concerning the energy embedded in the components
of the PV-Bat system. Additionally, for the method application one
has also used an appropriate sizing algorithm, which calculates the
number of PV panels and the PbA battery storage capacity required
in order to guarantee the energy autonomy of a typical remote
consumer. Finally, a sensitivity analysis, taking into account the
minimum and the maximum values of all the coefficients involved,
is carried out for increased reliability purposes.

According to the results obtained, the stand-alone PV-Bat
systems analyzed constitute sustainable energy solutions for
remote consumers, with the corresponding EPBP estimated in the
range of 3.5–6 years. This higher EPBP value in comparison with
grid-connected PV-based applications is mainly attributed to the
individual character of a stand-alone system, which not only
requires a remarkable energy storage capacity (e.g. a PbA battery)
but also presents significant energy surplus during the high solar
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irradiance periods. Summarizing and taking into consideration the
sensitivity analysis presented, one can definitely support that PV-
based stand-alone systems constitute not only a financially viable
but also a sustainable energy solution for remote consumers,
especially in areas with relatively high solar potential.
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