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a b s t r a c t

In the case of the telecommunication (T/C) services’ expansion to rural and remote areas, the market

generally responds with the minimum investments required. Considering the existing situation, cost-

effective operation of the T/C infrastructure installed in these regions (i.e. remote T/C stations) becomes

critical. However, since in most cases grid-connection is not feasible, the up-to-now electrification

solution for remote T/C stations is based on the operation of costly, oil consuming and heavy polluting

diesel engines. Instead, the use of photovoltaic (PV)-based hybrid power stations is currently examined,

using as a case study a representative remote T/C station of the Greek territory. In this context, the

present study is concentrated on the detailed cost-benefit analysis of the proposed solution. More

precisely, the main part of the analysis is devoted to develop a complete electricity production cost

model, accordingly applied for numerous oil consumption and service period scenarios. Note that in all

cases examined, zero load rejections is a prerequisite while minimum long-term cost solutions

designated are favorably compared with the diesel-only solution. Finally, a sensitivity analysis,

demonstrating the impact of the main economic parameters on the energy production cost of optimum

sized PV-diesel hybrid power stations, is also provided.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Although the mobile telecommunication (T/C) sector has
exhibited remarkable progress over the past years in the devel-
oped world, illustrated by the rapid growth of penetration rates
(Gruber, 2001; Gruber and Verboven, 2001), in many of the
developing countries (Goldschmidt, 1984; Parker, 1985) and
rural-remote areas (Bandias and Vemuri, 2005) consumers do
not appreciate the same quality of services. Insufficient infra-
structure and considerable investments required (Goldschmidt,
1984) have hindered the up-to-now establishment of T/C net-
works in these regions. In fact, according to Ramı́rez and
Richardson (2005), in the case of the T/C services’ expansion
to rural and remote areas, the market generally responds with
the minimum investments required to meet local demand or
comply with the regulators’ requirements. On the other hand,
as Thompson and Garbacz (2007) and Parker (1985) emphasize,
implementation of T/C infrastructures throughout developing
countries is both a prerequisite and an opportunity for national
development, this also applying to remote and rural areas of the
ll rights reserved.
developed world. Considering the existing situation, cost-effective
operation of the T/C equipment (i.e. remote T/C stations), installed
in these regions in order to satisfy local demand, becomes critical.
Nevertheless, in the absence of grid connection – being indicative
of the poor infrastructure – use of electrification alternatives such
as diesel power generation, comprising a common power supply
option for the existing remote T/C stations, entails considerable
life-cycle costs and aggravation of the local environment. In this
context, the use of photovoltaic (PV)-based hybrid power stations
(Medrano, 1993; Oparaku, 2002; Liu et al., 2005; Hoffmann, 2006)
that may replace costly and heavy polluting diesel engines is
currently investigated for numerous remote T/C stations of the
Greek territory.

The mobile T/C sector in Greece has experienced a rapid
growth during the last years (Koufomichalis et al., 2002), deter-
mined by the operation of more than 5000 stations, similar to the
situation encountered in the rest of the developed world (Kenny
and Keremane, 2007). The majority of these stations cover their
electrification needs by large and robust electrical networks,
supported by fossil fuel-fired power stations. On the other hand,
there are several cases that these T/C stations are located far away
from the electrical grid, in order to cover the needs of remote
areas with their antennas. Actually, in Greece alone there are
more than 500 non-interconnected T/C stations placed in rural
areas, small islands and mountainous regions, covering their
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Nomenclature

B specific purchase cost of the charge controller (h/kW)
cf oil fuel price (h/kg)
Cn total cost of the system after n years of operation (h)
DODL maximum depth of discharge for the battery (%)
e oil price mean annual escalation rate (%)
f first installation cost coefficient (%)
FCn fixed maintenance and operation cost (h)
gk annual inflation rate for the price of the component to

be replaced (%)
gm maintenance and operation annual inflation rate (%)
hb coefficient of purchase cost-technology improvement

for the batteries
hd coefficient of purchase cost-technology improvement

for the diesel engine
he coefficient of purchase cost-technology improvement

for the electronics
ho autonomy period for the batteries (hours)
Hu diesel oil calorific value (MJ/kg)
i return on investment index (%)
ICbat battery bank buy-cost (h)
ICd diesel engine purchase cost (h)
ICelec cost of major electronic devices (h)
ICo initial cost of the entire installation (h)
ICPV photovoltaic modules ex-works cost (h)
ko major installation parts to be replaced
lk times of replacement (integer number)
m fixed maintenance and operation cost fraction of the

initial capital (%)
Mf annual diesel-oil consumption (kg/yr)
Mfmax annual fuel consumption for the diesel-only solution

(kg/yr)
N+ maximum power of each photovoltaic panel (W)
nb service period of the battery bank (years)
Nc rated power of the charge controller (kW)
nd service period of the diesel-electric generator (years)
ND instantaneous load demand (kW)
Nd rated power of the diesel electric generator (kW)
ne service period of the of the charger/inverter (years)
nk service period of the major k-part to be replaced

(years)
Np rated power of the inverter (kW)
Npeak consumption peak load demand (kW)
NPV maximum power of the photovoltaic array (kW)
Pr specific buy-cost of the photovoltaic panel (h/kWp)
Q instantaneous battery capacity (Ah)

Qn battery capacity ensuring energy autonomy (Ah)
Qmax maximum battery capacity (Ah)
Qmin maximum discharge capacity for the battery (Ah)
rb present value replacement cost coefficient for the

battery bank
Rch charge rate of the charge controller (A)
rd present value replacement cost coefficient for the

diesel generator
re present value replacement cost coefficient for elec-

tronic components
rk replacement cost coefficient
Ub operation voltage for the battery (V)
UCC charging voltage of the charge controller (V)
VCn variable maintenance and operation cost (h)
x cost parameter considering inflation rate and return

on investment
y cost parameter considering fuel escalation rate and

return on investment
Yn residual value of the investment (h)
z number of photovoltaic panels
z1 number of photovoltaic panels in series
z2 number of photovoltaic panels in parallel

Greek letters

b photovoltaic panel tilt angle (1)
g state subsidy (%)
z function of photovoltaic scale economies
Zd diesel generator efficiency (%)
l cost parameter for the inverter (h/kW)
m parameter of photovoltaic scale economies
x cost parameter for the battery (h/Ah)
rk mean annual technological improvement

coefficient (%)
t dimensionless cost parameter for the inverter
j specific buy-cost of the diesel engine (h/kW)
C variable maintenance and operation cost fraction of

the initial capital
o Dimensionless cost parameter for the battery

Abbreviations

M&O Maintenance and operation
PV Photovoltaic
T/C Telecommunication
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needs on the basis of small diesel-electric generators; otherwise
one should invest on expensive grid-extensions, wherever possi-
ble. The result of this solution is the high operational cost of the
remote T/C stations, mainly due to the necessary fuel required by
the operating internal combustion engines and the increased
maintenance and operation (M&O) cost. Alternatively, there are
limited cases where small PV generators along with an appro-
priate energy storage medium (usually lead-acid batteries) are
utilized, usually in an experimental/pilot mode. Besides, to ensure
100% energy autonomy of a representative T/C station during the
entire year (i.e. no load rejection encountered) both the PV
generator and the system batteries should be oversized. As a
result, the respective investments become capital intensive,
although low M&O needs of such systems should be noted
(Kaldellis, 2004).
In this context, a hybrid power station based on the combination
of a small PV-generator and a diesel-electric generator may guarantee
the remote T/C station’s electrification at a rational first installation
cost and at a respective minimum long-term cost, while the use of an
appropriate battery bank may further improve the system reliability,
Fig. 1. Therefore, the extreme cases of such a hybrid solution
correspond to the diesel-only (no PV panels and/or energy storage)
and the stand-alone PV-based (zero diesel-oil contribution) config-
urations. As already implied, of critical importance for such systems is
the estimation of the appropriate dimensions for the PV-based hybrid
station and the determination of the annual diesel-oil quantity
required, so as to achieve minimization of the long-term energy
production cost in combination with rational initial capital to be
invested. Furthermore, another important aspect of the proposed
solution is the time horizon that is taken into account. Note that
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contemporary commercial PV panels present an operational life of up
to 30 years (Hoffmann, 2006; Kazmerski, 2006; Bagnall and Boreland,
2008), while, on the other hand, the oil price is continuously
increasing in the course of the time.

Concluding, the present study is concentrated on a detailed cost-
benefit analysis (Kaldellis, 2002a; Kaldellis et al., 2005a) for the
optimum sizing of a PV-diesel-battery hybrid power system, used to
meet the electrification requirements of a representative T/C station,
its annual energy consumption being approximately 27 MWh and
its peak load demand being equal to 4.2 kW. Accordingly, the
corresponding life-cycle operational cost is predicted using an
integrated methodology for ten, twenty and thirty (10/20/30) years
of operation and is subsequently compared to the other existing
solutions. Finally, an extensive sensitivity analysis is carried out in
order to increase the reliability of the results obtained.
2. Problem description—proposed solution

The problem to be solved in the current paper is to determine the
appropriate configuration dimensions and accordingly carry out an
Fig. 1. Representative pilot PV-based T/C stations in Greece and worldwide.

(a) Melos Island, Greece and (b) Celebes Sea, Indonesia.
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extensive financial cost analysis for the hybrid PV-based power
station proposed. Note that appropriate configurations under inves-
tigation are able to cover the energy requirements of a remote T/C
station (repeater) during an entire year period without load rejections
(Kaldellis, 2003; Kaldellis et al., 2004), using also an appropriate lead-
acid battery bank in order to improve the system reliability (Kaldellis
and Zafirakis, 2007). Besides, in the entire installation one may
include a small diesel–electric generator, used as a backup solution
for long periods of low solar irradiance (Ninou and Kaldellis, 2008),
thus, the two resulting extreme cases of the proposed solution
correspond to either a diesel only system (with no PV modules) or
a stand-alone PV generator with zero diesel-oil contribution.

In an attempt to simulate the energy consumption profile of a
remote T/C station, a representative medium-sized isolated station
(e.g. E30 MWh annual electricity consumption) is selected. After an
extensive local market survey, a representative daily electricity
consumption profile (Kaldellis et al., 2005b; Ninou and Kaldellis,
2008) is adopted, being also dependent on the specific month
analyzed (i.e. winter, summer, other, etc.), see also Fig. 2. More
precisely, the electrical load varies between 2.4 and 4.2 kW, while the
corresponding annual electricity consumption approaches 27.2 MWh.
Note that normally one needs approximately 12.2 ton of diesel-oil
(specific heat content, Hu¼40 MJ/kg) in order to cover the above
mentioned electrical load demand, using a 7.5 kW (10 PS) diesel–
electric generator (round trip electricity generation efficiency
ZdE20%).

Thus, the annual electricity consumption – on an hourly basis
– is the first input of the present analysis (Fig. 2), while one
should keep in mind that a typical T/C station requires long-term
operation of zero load rejections (Kaldellis, 2003). Additionally,
the corresponding solar radiation and ambient temperature are
also necessary to integrate the energy balance calculations, see,
for example Fig. 3, with most of the Greek areas possessing high
solar potential, especially during the summer period. Finally, the
operational characteristics of all the hybrid system components
(e.g. PV panels’ power curve at standard day conditions, inverter
efficiency, battery bank characteristic, diesel–electric generator
specific fuel consumption, etc.) are also required, while for the
entire analysis to produce minimum long-term total cost config-
urations, the main economic parameters of the local market
should be considered as well.

Based on previous works by the authors (Kaldellis et al., 2004;
Kaldellis et al., 2005b), a representative PV–diesel-battery hybrid
E REMOTE T/C STATION
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Mean Solar Radiation at the T/C Station Area
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Fig. 3. Experimental solar irradiance annual time-evolution at the island of Rhodes.

Fig. 4. Proposed hybrid PV-based solution.

J.K. Kaldellis et al. / Energy Policy 39 (2011) 2512–2527 2515
power system able to meet the electricity requirements of remote
T/C stations consists of (Fig. 4)
(i)
 A PV system of ‘‘z’’ panels (‘‘N+ ’’ maximum power of every
panel) properly connected (z1 in parallel and z2 in series) to
feed the charge controller at the voltage required.
(ii)
 A lead acid battery storage system for ‘‘ho’’ hours of auton-
omy, or equivalently with total capacity of ‘‘Qmax’’, operation
voltage ‘‘Ub’’ and maximum discharge capacity ‘‘Qmin’’ (or
equivalently maximum depth of discharge ‘‘DODL’’).
(iii)
 A DC/DC charge controller of ‘‘Nc’’ rated power, charge rate
‘‘Rch’’ and charging voltage ‘‘UCC’’.
(iv)
 A DC/AC inverter of maximum power ‘‘Np’’ able to meet the
consumption peak load demand ‘‘Npeak’’, taking also into
account an appropriate security margin.
(v)
 A small internal combustion engine of ‘‘Nd’’ (kW), also able to
meet the consumption peak load demand ‘‘Npeak’’ (i.e.
NdZNpeak) and including a safety margin (e.g. 30%).
For estimating the appropriate configuration of the proposed
PV–diesel hybrid system, three governing parameters should be
determined: the peak power ‘‘NPV’’ of the PV generator used (or
equivalently the number ‘‘z’’ of the panels required, NPV¼z N+),
the maximum necessary capacity of the battery ‘‘Qmax’’ and the
annual diesel-oil consumption ‘‘Mf’’.
As already mentioned, the present study is concentrated on
investigating the energy needs of Greek remote T/C stations with
emphasis given on recording the corresponding energy consump-
tion profile, see also Fig. 2. Accordingly, taking into account the
available solar irradiance and the corresponding ambient tem-
perature, one may calculate the optimum PV generator peak
power and the battery capacity required in order to minimize
the life-cycle operational cost of the entire installation.

To confront similar problems, a computational algorithm
‘‘PV-DIESEL III’’ (see also Fig. 5) is developed. This specific numerical
code is the extension of the already presented ‘‘PHOTOV-III’’ numer-
ical code (Kaldellis et al., 2004; Kaldellis et al., 2007) and is used to
carry out the necessary parametrical analysis on a given time step
(e.g. on an hourly step) energy production ‘‘NPV’’–demand ‘‘ND’’ basis.
More precisely, given the ‘‘Mf’’ value for each ‘‘z’’ and ‘‘Qmax’’ pair, the
‘‘PV-DIESEL III’’ algorithm is executed for the entire time-period
selected (e.g. one month, six months, 1 year or even for 3 years),
while emphasis is laid on obtaining zero-load rejection operation.
After calculating the appropriate (Mf, z, Qmax) combinations that
guarantee the stand-alone system energy autonomy, one may
proceed to analyze the proposed PV–diesel hybrid installation energy
balance in detail.

Following the integration of the energy balance analysis,
a (z�Qn) curve is predicted under a given diesel-oil quantity
‘‘Mf’’. To get an unambiguous picture, keep in mind that for every
pair of (z�Qn) the stand-alone hybrid PV-based system is energy
autonomous for the period investigated, using however a pre-
defined diesel-oil quantity ‘‘Mf’’. Finally, the optimum pair may be
selected from each (z�Qn) curve, on the basis of minimum long-
term operational cost for the installation.

3. Long term electricity production cost

The present value of the entire investment cost of a hybrid PV–
diesel power system (after �n years of operation) is a combination
(Kaldellis, 2004; Kaldellis et al., 2005a) of the initial installation cost
and the corresponding M&O cost, considering also the investment
residual value, all quantities expressed in present (constant) values.

3.1. First installation cost

As already acknowledged in previous works (Kaldellis, 2002a;
Kaldellis et al., 2005a), the initial investment cost ‘‘ICo’’ includes
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the market (ex-works) price of the installation components
(i.e. PV-panels, ‘‘ICPV’’; battery, ‘‘ICbat’’; diesel–electric generator,
‘‘ICd’’ and electronic devices ‘‘ICelec’’, including inverter and charge
controller cost) and the corresponding balance of the plant cost,
expressed as a fraction ‘‘f’’ of the PV panels’ market price. Thus
one may write

ICo ¼ ICPVþ ICdþ ICbatþ ICelecþ f ICPV ð1Þ

Using the market analysis data of Appendix 1, Eq. (1) finally
reads

ICo ¼ z Pr z Nþ ð1þ f Þþx Q1�o
max þf Ndþl N1�t

peakþbðz Nþ Þ ð2Þ

where ‘‘z’’ is a function of ‘‘z’’, expressing the scale economies for
increased number of PV panels utilized. Subsequently ‘‘Pr’’ is the
specific buy-cost (Haas, 2002; Hoffmann, 2006) of a PV panel
(generally Pr¼Pr(z,N+)) expressed in h/kWp and ‘‘j’’ is the
respective specific-buy cost for the diesel–electric generator
(h/kW).

Additionally, the parameters ‘‘l’’, ‘‘t’’ and ‘‘b’’ describe the cost
of the major electronic devices, being generally a function of the
peak load demand (e.g. inverter) and the PV modules rated power
(e.g. charge controller), respectively, while the parameters
‘‘x’’ and ‘‘o’’ describe the battery bank purchase cost, see
also Appendix 1.

Recapitulating, the initial installation cost of a stand-alone
PV-based hybrid system is a function of ‘‘z’’ and ‘‘Qmax’’ (if ‘‘N+ ’’ is
defined) as well as of the purchase and installation cost of the
diesel–electric generator and the inverter, being both functions of
the system peak load demand. Taking into consideration that the
peak load demand of the T/C station is given, one may express the
corresponding initial cost as a function of the number of the PV
panels ‘‘z’’ and the battery capacity ‘‘Qmax’’, i.e.

ICo ¼ ICoðz,QmaxÞ ð3Þ
3.2. Maintenance and operation cost

During long-term operation, the M&O cost can be split
(Kaldellis, 2004; Kaldellis et al., 2005a) into the fixed ‘‘FCn’’ and
the variable ‘‘VCn’’ maintenance cost. In the present analysis, the
fixed M&O cost also considers the fuel cost consumed by the
diesel–electric generator. Generally speaking, the annual fixed
M&O cost can be expressed (Kaldellis, 2002a) as a fraction ‘‘m’’ of
the initial capital invested, further including an annual inflation
rate equal to ‘‘gm’’, describing the annual changes of labor cost and
the corresponding spare parts, considering also any lubricants’
consumption.

Subsequently, the fuel consumption cost results by the annual
diesel-oil quantity consumed ‘‘Mf’’, the current fuel price ‘‘cf’’ and
the oil price annual escalation rate ‘‘e’’. Thus one gets

FCn ¼m ICo
1þgm

1þ i
þ
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ð4Þ

where ‘‘i’’ is the return on investment index and ‘‘n’’ is the service
period of the installation in years.

The variable M&O cost ‘‘VCn’’ mainly depends (Kaldellis,
2002b) on the replacement of ‘‘ko’’ major parts of the installation,
which have a shorter lifetime ‘‘nk’’ than the complete installation.
Using the symbol ‘‘rk’’ for the replacement cost coefficient of each
‘‘ko’’ major part (battery, diesel–electric generator, inverter,
charger, etc.) the ‘‘VCn’’ term can be expressed as

VCn ¼ ICo

Xk ¼ ko

k ¼ 1

rk

Xl ¼ lk

l ¼ 1

ðð1þgkÞð1�rkÞÞ
l nk ð1þ iÞð�l nkÞ

( )
ð5Þ

where ‘‘lk’’ is the integer part of the following equation, i.e.

lk ¼
n�1

nk

� �
ð6Þ

while ‘‘gk’’ and ‘‘rk’’ describe the mean annual change of the price
and the corresponding technological improvement level for the
k-th major component of the system, respectively. Taking into
account that one may introduce the parameter ‘‘hk’’ defined as

1þhk ¼ ð1þgkÞð1�rkÞ ð7Þ

Eq. (5) reads equivalently as

VCn ¼ ICo

Xk ¼ ko

k ¼ 1

rk

Xl ¼ lk

l ¼ 1

ðð1þhkÞÞ
l nk ð1þ iÞð�l nkÞ

( )
ð8Þ

In the present analysis one may take into account the diesel–
electric generator, the battery bank and the inverter and charger
replacement every ‘‘nd’’ ‘‘nb’’ and ‘‘ne’’ years, respectively (e.g.
ndE4/6, nbE5/7 and neE10 years). Applying Eq. (8), one finally
gets

VCn ¼ ICo C ð9Þ

with
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where ‘‘rd ICo’’ is the diesel–electric generator, ‘‘rb ICo’’ is the battery
and ‘‘re ICo’’ is the electronic (inverter/charger) replacement cost in
present values, while ‘‘hd’’, ‘‘hb’’ and ‘‘he’’ describe the diesel–electric
generator/battery/electronics purchase cost-technology improve-
ment mean annual change (inflation rate), see also Eq. (7).

3.3. Energy production cost

Using the above analysis and considering that the proposed
PV–diesel system operates for ‘‘n’’ years, one may estimate the
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Fig. 6. (a and b) Optimum energy autonomous P
corresponding total operational cost by combining the initial cost
and the fixed and variable maintenance cost, i.e.

Cn ¼ ICoð1�gÞþFCnþVCn�Yn ð11Þ

In this context, the total cost of the hybrid power station
during n-years of operation is given as

Cn ¼ ICo ð1�gÞþm x
xn�1

x�1
þ

cf Mf

ICo
y

yn�1

y�1
þC

� �
�Yn ð12Þ

where

x¼
1þgm

1þ i
ð13Þ

and

y¼
1þe

1þ i
ð14Þ

In Eq. (12) ‘‘Yn’’ represents the residual value of the invest-
ment, attributed to amounts recovered at the ‘‘n-th’’ year of the
hybrid system service period (e.g. value of land or buildings, scrap
or second hand value of equipment, etc.), along with the experi-
ence gained and the corresponding technological know-how.

Finally, ‘‘g’’ is the subsidy percentage (e.g. 30–50%) provided
(under specific preconditions) by the Greek State, according to the
current development law (e.g. 3299/04) or the corresponding
 PV-BASED CONFIGURATION
N IN SOUTH GREECE (Mf=1000kg/y)
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V-based hybrid configuration, Rhodes island.
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National Operational Competitiveness Program (Kaldellis, 2002a;
Kaldellis et al., 2005a).

Applying Eq. (12) for n¼10 years one gets (assuming nd¼5
and nb¼7):
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Similar expressions may result for n¼20 and n¼30 (ne¼10),
respectively:
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Recall that the proposed model also includes the diesel-only
solution (i.e. ICo¼j Nd, NPV¼0, rb¼0, Mf¼Mmax) and the zero-
diesel configuration (i.e. ICd¼0, rd¼0, Mf¼0).
4. Application results

The above-presented analysis is applied to a typical remote T/C
station located in Rhodes island. This southern Greece area possesses
high solar potential, see also Fig. 3, since the annual solar energy per
square meter exceeds 1800 kWh. More specifically, in Fig. 3 one may
observe the solar irradiance profiles for all the months of the year, on
the basis of experimental data (Kaldellis et al., 2007).
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Fig. 7. 20-years cost analysis of selected representative
Accordingly, using the ‘‘PV-DIESEL III’’ algorithm for a low
diesel-oil contribution case (i.e. setting Mf¼1000 kg/yr, which
represents 8% of the corresponding diesel-only solution) and for
various tilt angles ‘‘b’’, one has the opportunity to estimate the
energy autonomy configurations, Fig. 6a. In Fig. 6b one may find
the hybrid power station initial cost variation for the panels’ tilt
angles, investigated as a function of ‘‘z’’. According to the results
obtained, for all the ‘‘b’’ values examined and for each energy
autonomy (Qmax�z) curve, one may obtain a minimum initial cost
point, depending on the exact ‘‘b’’ value applied. Actually, the
absolute minimum initial cost configuration is realized for z¼526
or z¼528 and QmaxE8200 Ah, for b¼52.51 or b¼601. The
corresponding minimum initial cost value is approximately
170,000 h, excluding any State subsidization.

In order to better understand the contribution of each cost
component on the configuration of the proposed hybrid power
station’s total cost, in Fig. 7 one may find the corresponding total
cost break down for the points A, B and C of Fig. 6a, Mf¼1000 kg/yr,
b¼601. According to the cost-benefit analysis presented the main
cost components for point ‘‘A’’ are the initial cost and the variable
M&O cost of the hybrid station, mainly due to the huge batteries
required (i.e. QA¼57200 Ah). On the other hand, the increased total
20-year cost of point ‘‘C’’ is justified by the excessive number of PV-
panels utilized (zC¼800, i.e. the PV-generator is oversized), while all
the other components represent only one-third (33%) of the installa-
tion total cost. Finally, for the minimum total cost solution (point B)
one may state that the first installation cost still represents a
significant part of the total 20 years cost (in present-constant values);
however one cannot disregard neither the variable M&O cost
contribution nor the corresponding fuel cost, representing 20.1%
and 11.5% of the total cost, respectively.

Subsequently, one may apply the analysis of Section 3 in order
to estimate the long-term total cost of the above installation for
10/20/30 years of operation, see also Eqs. (15)–(17). More
specifically, in Fig. 8a–c, one may find the corresponding total
cost curves for all the energy autonomy combinations of Fig. 6a
and for every panels’ tilt angle ‘‘b’’, under the assumption that
Mf¼1000 kg/yr (Mf¼8%Mfmax). In the same figures, one may also
find the corresponding cost of the diesel-only solution for the T/C
station. On the basis of the results obtained every constant ‘‘b’’
curve presents its own minimum value, which also depends on
the specific ‘‘b’’ value. On top of this, there is a minimum total
cost area (or point) that corresponds to panels’ tilt angle varying
between 52.51 and 601.
ion 20-Years Cost Analysis
00kg/y, β=60°)

CB
Point

Variable M&O Cost
Fuel Cost
Fixed M&O Cost
Initial Cost

energy autonomous PV-hybrid T/C configurations.



REMOTE T/C STATION’s TOTAL COST
FOR 10 YEARS OPERATION (Mf=1000 kg/year)
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REMOTE T/C STATION’s TOTAL COST
FOR 30 YEARS OPERATION Mf=1000 kg/year
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Fig. 8. (a–c) Long-term cost analysis.

J.K. Kaldellis et al. / Energy Policy 39 (2011) 2512–25272520
Actually, in Fig. 8a one may see that the optimum 10-years
PV-based hybrid solution is slightly more cost effective than the
diesel-only solution, achieving minimum mean annual cost values
in the order of 12,500 h. The PV-based hybrid solution presents an
increased competitive advantage as the operational period of the
T/C is increasing. Thus, according to the results of Fig. 8b and c,



REMOTE T/C STATION’s COST FOR 10 YEARS
OPERATION: Mf=0-1000-5000 kg/year (γ=50%) 
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Fig. 9. (a–c) Annual diesel-oil consumption impact on the long-term minimum cost solution.
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almost every PV-based energy autonomy configuration is more
financially attractive than the diesel-only solution, since in these
cases the minimum mean annual cost is further reduced to 7500
and 6000 h, respectively.
Having predicted the minimum long-term optimum config-
uration of the hybrid power station for various panels’ tilt angles,
one may accordingly examine the impact of the variable annual
diesel-oil quantity used (variable Mf values) on the financial
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behavior of the proposed installation, for various service period
values (i.e. for 10, 20 and 30 years of operation). In this context,
Fig. 9a demonstrates the 10-years total cost of various energy
autonomous configurations, covering the PV-only (Mf¼0 kg/yr),
the low diesel-oil contribution (Mf¼1000 kg/yr or Mf¼8%Mfmax),
Table 1
PV-based hybrid power station sensitivity analysis. Governing parameters’ values

(base year 2008).

Parameter Symbol Min

value

Average

value

Max

value

Units

Annual capital cost i 4 8 12 (%)

Diesel-oil annual

escalation rate

e 0 5 10 (%)

Initial cost subsidy g 30 40 50 (%)

PV-panels’ buy cost Pr 4000 5000 6000 (h/kWp)

Fig. 10. (a–f) Capital cost impact on the
the remarkable diesel-oil contribution (Mf¼5000 kg/yr or
Mf¼41%Mfmax) and the diesel-only (z¼0, Mf¼Mfmax¼12,185 kg/yr)
solutions.

According to the results obtained, the PV-only minimum cost
solutions are quite more expensive than all the other options,
despite the 50% subsidization of the initial cost included. Actually,
this is mainly due to the oversizing of the installation (40 kWp is
the most cost effective PV-generator required) in order to guar-
antee zero-load rejection of the T/C station on an annual basis
(Kaldellis, 2003; Kaldellis et al., 2004). The optimum cost is
gradually decreased as the Mf is increasing, up to the
Mf¼5000 kg/yr option, where the minimum 10-years cost is
encountered. In any case, even the Mf¼1000 kg/yr solution is
more cost-effective than the diesel-only solution on a pure
financial analysis, neglecting however the oil-dependence and
the corresponding environmental impacts (Wirl, 1993; EC, 1995;
Greene, 2009). Subsequently, the optimum (minimum long-term)
long-term minimum cost solution.
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solutions are realized for quite lower diesel-oil contribution. Thus
according to Fig. 9b even the PV-only solution starts to be
competitive in comparison with the diesel-only one, on pure
financial terms. Also, the absolute minimum cost configuration is
based on the utilization of z¼350 PV-panels and Mf¼4000 kg/yr
of diesel-oil. Finally, for the PV-generator life-cycle analysis (30
years) the optimum solution is realized (Fig. 9c) for z¼550
PV-panels and Mf¼1000 kg/yr, while even the PV-only configura-
tions are less expensive from the diesel-only solution (Kaldellis,
2004). Recapitulating, one may state that the proposed hybrid PV-
based solution is definitely the most financially attractive solu-
tion, especially if operation of more than 10 years is planned for
the T/C station under investigation. Besides, despite the increased
initial cost of the PV-generator, the proposed configurations are
clearly more cost-effective in a medium and long-term financial
analysis in comparison with the diesel-only solutions. Finally, by
applying the proposed analysis one may remarkably reduce not
only the initial investment cost but also the total operational cost
of the T/C station, achieving solutions that save almost 50% of the
Fig. 11. (a–f) Diesel-oil escalation rate impac
expenses of the pure diesel-only option, while this is also the case
for the corresponding air pollution reduction (Neeft et al., 1996;
Kanoglu et al., 2005).
5. Sensitivity analysis

In the following, the impact of the key parameters on the
electricity production cost of a hybrid PV-based power system is
examined, as a function of the annual diesel-oil consumption. For
this purpose, the averages, along with the minimum and max-
imum values of the problem governing parameters, are included
in Table 1.

5.1. Return on investment index

Generally speaking, the return on investment index is defined
as a standard measure of project profitability, resulting from the
discounted profits over the life of the project expressed as a
t on long-term minimum cost solutions.



J.K. Kaldellis et al. / Energy Policy 39 (2011) 2512–25272524
percentage of initial investment, and depends on the local market
economic wealth and more precisely on the existing investment
opportunities, timing of repayment, risk of the investment or any
government subsidies. In addition, its numerical value varies with
the inflation rate of the economy, in order to obtain positive
inflation-free return on investment index. According to the data of
Fig. 10 – concerning the total electricity production cost of a
PV –diesel hybrid system situated in Rhodes island; see also Table 1
– the return on investment index is strongly influencing the
competitiveness of the PV-based hybrid system in comparison with
the PV-only and the diesel-only alternatives. Actually, as ‘‘i’’
decreases the 10-years cost of the hybrid system makes the
proposed solution more attractive than the diesel-only option
(Fig. 10a–c). This is also the case for the 20-years total cost behavior
(Fig. 10d–f), while, for low ‘‘i’’ values and 20-years operation, even
the PV-only solution becomes more cost-effective than the diesel-
only one. The above results may be explained if one takes into
Fig. 12. (a–f) Initial cost subsidy impact on
consideration that the return on investment index has a greater
influence on low diesel-oil penetration cases, due to the higher
initial capital invested. On the other hand, for diesel-only installa-
tions the corresponding impact is minimized.
5.2. Diesel-oil price annual escalation rate

The term ‘‘diesel-oil price annual escalation rate’’ is hereby
used to describe the gradual changes of the diesel-oil price
annually. As it is obvious from Fig. 11, regarding the Rhodes
island, the total operational cost of the hybrid system investigated
is strongly influenced by the corresponding annual escalation
rate, especially in cases of considerable diesel-oil annual con-
sumption. More precisely, the total electricity production cost is
increased as the diesel-oil escalation rate is amplified. Thus, for
each 5% increase of ‘‘e’’, the corresponding mean annual increase
the long-term minimum cost solution.
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is almost 1500 h/yr. On the contrary, as expected, zero impact is
encountered for the PV-only solution. Finally, by increasing the
‘‘e’’ value the hybrid power station is much more cost effective
than the diesel-only solution, for both 10-years (Fig. 11a–c) and
20-years (Fig. 11d–f) service periods.
5.3. Initial investment subsidization

Subsidization is used in order to encourage the environmental
friendly investments in the electricity generation sector. It is an
important tool that has been used during the last 30 years in
order to motivate the RES-based investments and to support the
newborn market. Actually, subsidization is characterized as one in
advance payment of the societies for the social (environmental
and macro-economic) benefits resulting from the replacement of
fossil fuel-fired power stations with wind/solar/hydro based
electricity generators (e.g. Endo and Ichinohe, 2005). According
to the results obtained (Fig. 12a–f) by increase in the initial
Fig. 13. (a–f) PV panel ex-works price impac
investment subsidization there is a considerable total cost reduc-
tion, making the hybrid power station more cost-effective than
the diesel-only solution, even after 10 years of operation.

Similarly, for the 20 years of operation, the competitive
advantage – in comparison with the diesel only solution – of
the PV-based power stations is apparent.
5.4. Installation turnkey cost

The initial investment cost (turnkey cost) includes the ex-
works price of the equipment needed (PV-panels, battery bank,
electronic equipment, etc.) and the corresponding installation
cost. The application of new technological achievements and the
economies of scale decrease most system components’ prices in
the international market. However, several parameters have to be
taken into account, in order to foresee the future evolution of the
ex-works prices in the local market (Oliver and Jackson, 2000;
Alberth, 2008; Blanco, 2009). According to the results of the
t on long-term minimum cost solutions.
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present analysis (Fig. 13a–f), the total electricity production cost
grows as the turnkey cost of the installation increases, excluding
the diesel-only case.

This impact is higher for medium-low diesel-oil penetration
while for higher diesel-oil contribution the corresponding influ-
ence is quite restrained. In this context, the total 10-years
electricity production cost decreases by almost 2000 h/yr for each
1000 h/kWp diminution of the installation turnkey cost. The
decrease is quite lower (i.e. approximately 1250 h/yr) for the
20-year operation of the hybrid power station.
6. Conclusions

An integrated total energy production cost analysis for typical
PV–diesel hybrid configurations, used to meet the electricity
requirements of remote T/C stations, is currently presented. In
this context, the proposed PV–diesel power system is configured
so as to include lead-acid battery storage and the respective
electronic devices required. Accordingly, an expert-type compu-
tational algorithm is presented, in order to estimate the hybrid
station dimensions that guarantee the installation energy auton-
omy for a desired time period.

The main part of the analysis is devoted to develop a complete
electricity production cost model, considering not only the first
installation but also the fixed and variable M&O cost, including
the diesel-oil consumption cost and the battery and electronic
devices replacement expenses every 5–10 years. Subsequently,
the proposed methodology is applied to various diesel-oil con-
sumption cases, with annual values ranging between 0 and
5000 kg/yr. For all cases investigated, the predicted total electri-
city production cost is favorably compared with the correspond-
ing electricity production cost data, resulting from the operation
of existing autonomous diesel-only power stations. Special
emphasis is paid in order to study the economic behavior of the
proposed hybrid station as a function of its real service period. For
this purpose, the optimum solutions based on the minimum total
cost of the 10-years’, the 20-years’ and the 30-years’ operational
period are compared. Finally, an extensive sensitivity analysis is
carried out, in order to demonstrate the impact of the main
economic parameters on the energy production cost of optimum
sized PV–diesel hybrid power stations.

Overall, what must be considered is that in view of both the
uncertainty concerning future oil prices and the continuous air
pollution increase, a progressive interest in hybrid power stations
is expected in many regions worldwide. Taking into account the
set of results obtained, hybrid PV–diesel systems may be among
the most cost-effective electrification solutions for numerous
isolated T/C stations, located in several areas around the globe.
On top of this, subsidy opportunities – granted, for example by
local authorities or via European Union funds – and technological
improvements leading to the PV-panels’ price diminution may
greatly increase the economic attractiveness of similar environ-
mentally friendly electricity production applications, especially in
developing countries.

Finally, further research work, already under preparation by
the authors, is also required in order to assess the impact of the
local solar potential and other site-specific conditions influencing
the energy and thus the economic performance of such config-
urations, especially in areas of low and moderate solar energy
available. Besides, of special interest is also the investigation of
different demand patterns and off-grid applications (e.g. residen-
tial applications, lighthouses being off-grid, etc.) that shall chal-
lenge the broad adoption of the proposed hybrid solution – on top
of the T/C station concept – and the enforcement of specific
support measures for the promotion of similar installations across
different world regions.
Appendix 1

First installation cost of a hybrid PV–diesel system in Greece
�
 Small PV generator (peak power NPV) ex-works specific price
‘‘Pr’’:

Pr ¼ 6186:1 N�0:0437
PV ð1kWrNPV r2000kWÞ ðA-1Þ

where

NPV ¼ z Nþ ðA-2Þ

with ‘‘z’’ being the number of PV-panels used, each panel’s
peak power being ‘‘N+’’.
The corresponding scale economies function ‘‘z’’ may be
simulated as

z¼ 1�m log10ðzÞ ðA-3Þ

while ‘‘m’’ takes values in the region of 0.05.

�
 Diesel–electric generator (rated power Nd) ex-works price

‘‘ICd’’:

ICd ¼f Nd ðA-4Þ

j is150–250 h/kW.

�
 Lead-acid battery bank (24 V, DODL¼75%, rated storage capa-

city Qmax) purchase cost ‘‘ICbat’’:

ICbat ¼ x Q1�o
max ðA-5Þ

x is 5.04 h/Ah; o is 0.078.

�
 Electronic devices (including inverter ‘‘Np’’ and charge con-

troller ‘‘Nc’’, with NpENpeak and NcENPV) ex-works cost
‘‘ICelec’’:

ICelec ¼ l N1�t
p þb Nc ¼ l N1�t

peakþbðz Nþ Þ ðA-6Þ

l is 483 h/kW; t is 0.083; b is 380 h/kW.

�
 Balance of the plant cost ‘‘f ICPV’’:

f¼0.10–0.20.
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