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The vast growth of the mobile telecommunication (T/C) sector during the recent years has led to the
extension of the respective networks even to the most remote areas. Many of these areas, however, often
lack electricity grid supply and as a result installation of energy autonomous T/C stations, usually based
on diesel-oil electricity generation, is essential. On the other hand, technological developments and
considerable procurement cost reduction of photovoltaics (PVs) encourage also the use of PV stand-alone
configurations, as an alternative energy solution for the operation of these remote T/C stations. Instead of
using PV-battery configurations alone, contribution of a diesel engine in terms of moderate fuel
consumption may downsize the system and improve its economic performance. In this context, an
optimum sizing methodology currently developed is used to determine the dimensions of such an
autonomous hybrid system, based on the criterion of minimum initial cost. The developed methodology
is accordingly applied to a representative Greek area of high solar potential under different scenarios of
fuel consumption and panels’ tilt angle. From the results obtained, the proposed hybrid power station
appears to be one of the most attractive energy solutions for the support of remote T/C stations,
providing increased levels of reliability and presenting low maintenance needs.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

During the last 10 years, the mobile telecommunication (T/C)
sector has experienced vast growth on a worldwide scale, remark-
ably contributing to the rapid distribution of data and information.
A similar situation is also encountered in Greece, where according
to the most recent data available one may find more than 5000 T/C
stations, responsible for covering a range of almost 99% of the Greek
territory [1]. Taking into account that the corresponding antennas
(relays) are normally placed at high elevations of uninhabited areas
(rural and mountainous regions), it is quite reasonable that for
certain stations, considerable distance from any local electrical grid
should be expected. In fact, more than 10% [2] of the existing T/C
stations are not grid connected and thus have to cover their elec-
tricity needs on the basis of small diesel-electric generators.

Recorded impacts of the up to now adopted solution, however,
are the high operational cost of the remote T/C stations, mainly due
to the necessary fuel consumed (average diesel-oil consumption
more than 30 ton per year [3]) by the existing internal combustion
All rights reserved.
engines, and the increased maintenance cost. On top of these, T/C
stations that use diesel engines present additional disadvantages
like noise, exhaust gases emission (CO2, SO2, NOx), and the need for
constant fuel transports.

On the other hand, development of the photovoltaic technology
has established contemporary photovoltaic generators as an
attractive electricity generation solution for both stand-alone and
grid connected applications [4,5]. Concerning off-grid applications,
use of PV generators for the electrification of remote T/C stations is
expanding in both the industrial world [6,7] and developing
countries [8], with similar installations already operating in certain
locations of the Greek territory (Fig. 1(a) and (b)). In specific, in
Fig. 1(a) one may obtain an aspect of the pilot system installed in
the peninsula of Agion Oros, in Northern Greece (rated power of the
entire system comprising of several sub-stations equal to 12 kWp)
while in Fig. 1(b), a smaller scale pilot system of a single station
installed on the island of Melos appears (rated power 1320Wp).
Finally it should be noted that according to arguments [9], service
of T/C stations worldwide may create a market of 0.5e1 GWp per
annum for the PV technology. In this context, it is believed that PV-
based configurations that are able to guarantee the energy
autonomy of remote T/C stations (case study Greece) is a solution
worth investigating. Actually, the implementation of a PV-based
solution for remote T/C stations presents the following advantages.

mailto:jkald@teipir.gr
http://www.sealab.gr
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene


Nomenclature

a cost parameter for electronic devices (V)
b cost parameter for electronic devices (V/kW)
cb specific buy-cost of batteries (V/Ah)
DOD instantaneous depth of discharge (%)
DODL maximum depth of discharge for the battery (%)
f first installation cost coefficient
ho autonomy period for the batteries (hours)
Hu diesel-oil calorific value (MJ/kg)
ICbat battery bank buy-cost (V)
ICd diesel engine purchase cost (V)
ICelec cost of major electronic devices (V)
ICo initial cost of the entire installation (V)
ICPV photovoltaic modules ex-works cost (V)
mf fuel consumption rate (kg/s)
Mf annual diesel-oil consumption (kg/year)
Mf

* annual fuel consumption for the diesel-only solution
(kg/year)

Nþ maximum power of each photovoltaic panel (Watts)
Nc rated power of the charge controller (kW)
Nd rated power of the diesel-electric generator (kW)
NL instantaneous load demand (kW)
Nmax peak load demand (kW)
Nmin minimum load demand (kW)
Np rated power of the inverter (kW)
NPV maximum power of the photovoltaic array (kW)
Pr specific buy-cost of a photovoltaic panel (V/kWp)
Q instantaneous battery capacity (Ah)

Qmax maximum battery capacity (Ah)
Qmin maximum discharge capacity for the battery (Ah)
Rch charge rate of the charge controller (A)
SF safety factor
SFC specific fuel consumption of the diesel-electric

generator (kg/kWh)
Ub operation voltage for the battery (Volts)
UCC charging voltage of the charge controller (Volts)
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 (degrees)
g state subsidy (%)
DN power surplus / deficit (kW)
z function of photovoltaic scale economies
hd diesel generator efficiency (%)
hINV instantaneous efficiency of the inverter (%)
hINV
* maximum efficiency of the inverter (%)

hoth efficiency losses of the charge controller, the cabling,
etc. (%)

hs storage branch (output) efficiency (%)
4 specific buy-cost of the diesel engine (V/kW)

Abbreviations
BOS balance of system
PV photovoltaic
T/C telecommunication
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U No moving parts, thus no interference with the T/C equipment.
U Low maintenance needs due to the absence of moving parts.
U Minimization or even elimination of oil transports.
U Regular high solar irradiance in most Greek areas and rare

cloudy periods that limit the energy storage capacity
requirements.

U Support of the environmental (green) profile of the T/C
companies, often accused for installing their antennas (relays)
in locations that do not necessarily qualify.
Fig. 1. Pilot PV-based T/C
U Remarkable subsidization opportunities, mainly via the EU and
State funds.

In this context and considering the high solar potential of most
Greek areas, the proposed work is focused on estimating the
optimum size of typical hybrid PV-based T/C stations across Greece,
on a long-term energy balance basis. For this purpose, stand-alone
hybrid PV-based configurations that may ensure 100% energy
autonomy (under various cases of annual diesel-oil consumption)
stations in Greece.



TYPICAL LOAD PROFILE 
FOR A REMOTE SMALL T/C STATION
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Fig. 2. Typical load demand of a T/C station during the higher (July) and the lower
(January) solar potential months of the year.

LOAD DEMAND and SOLAR POTENTIAL

0

500

1000

1500

2000

2500

3000

JA
NUARY

FEBRUARY

MARCH

APRIL
MAY

JU
NE

JU
LY

AUGUST

SEPTEMBER

OCTOBER

NOVEMBER

DECEMBER

Month

EN
ER

G
Y 

C
O

N
SU

M
PT

IO
N

 (k
W

h)

0

50

100

150

200

250

SO
LA

R
 E

N
ER

G
Y 

(k
W

h/
m

2 )

kWh
(kWh/m2)

Fig. 3. Typical load profile and available solar potential for the T/C station under
investigation.
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for the T/C station investigated are first estimated, including also
the zero oil (or PV-only) solution [10]. Accordingly, directions for
obtaining the optimum hybrid station dimensions are provided,
taking also into consideration the energy performance of the
installations under investigation. Finally, the proposed analysis is
extended to also investigate the impact of the PV panels’ tilt angle.

2. Problem description and input information

2.1. Problem description

The problem to be solved in the current study concerns the
determination of optimum hybrid PV-based configurations that
also incorporate an appropriate lead-acid battery bank in order to
improve the system reliability [11]. The configurations examined
should be able to cover the energy requirements of a remote T/C
station without load rejections during an entire year period, while
the proposed system may also include a small diesel-electric
generator, used as a back up solution for long periods of low solar
irradiance. As a result, there are two extreme cases of the proposed
solution that may appear; the first corresponding to the diesel-only
system (with no PV modules) and the second regarding a stand-
alone PV generator with zero diesel-oil contribution.

Accordingly, in an attempt to determine the optimum tilt angle
of the PV panels, one may also investigate the impact of the PV
panels’ tilt angle on the system dimensions, while the proposed
analysis is also focused on presenting the influence of the annual
diesel-oil consumption. In this context, the main system parame-
ters to be estimated are the PV generator peak power, the lead-acid
batteries’ storage capacity and the annual diesel-oil consumption.
Finally, as already mentioned, the main directions for obtaining the
optimum hybrid power station dimensions are provided, taking
also into consideration the energy performance of the installations
under investigation and a specific optimization criterion set.

2.2. Input information

Initially, for the investigation of a typical T/C station one needs
the energy consumption time distribution of the installation. More
precisely, a representative small size T/C station includes the
following.

� The T/C equipment which operates continuously, with the
corresponding load demand varying between 1 kW and 5 kW.
Note that the contribution of the equipment energy
consumption to the total energy demand of the T/C station
varies between 40% during the hot summer days and 85% for
the spring months of the year.

� The air conditioning machines which are usually the main
energy consumers (up to 60%), especially during summer
(3 kWe5 kW), in order to maintain the T/C station temperature
within safe operation limits (14 �C and 24 �C).

� The safety lights (e.g. 2�100 W), operating at the top of the
antenna tower during the night for safety reasons; average
contribution 5e10%.

� Additional lighting used during the inspection and the service
of the T/C station along with the additional auxiliary
equipment.

The load demand of a typical small size T/C station during the
winter and the summer period is given in Fig. 2 [3]. According to the
data available, the T/C station under investigation presents a peak
load demand “Nmax” of 4.2 kW (appearing during July) and
a minimum load demand “Nmin” equal to 2.4 kW (actually
appearing during April), while the corresponding annual electricity
consumption “Etot” approaches 27.1 MWh. Note that by adopting
the diesel-only solution one needs approximately 12 ton of diesel-
oil (annual fuel consumptionMf

*¼ 12185 kg/year for diesel calorific
value Hu¼ 40 MJ/kg) in order to cover the above mentioned elec-
trical load demand, using a diesel-electric generator of rated power
“Nd” equal to 7.5 kW (10PS) (total electricity generation efficiency
hdz 20%).

Accordingly, the solar radiation profile and the ambient
temperature at the PV station location are also required. Taking into
consideration the available solar potential measurements, one may
find in Fig. 3 the solar potential of the area where the T/C station is
located. The corresponding S. Greece area examined possesses
quite high solar potential, especially during the summer period,
when the solar energy available at the horizontal plane is higher
than 220 kWh/mom2. On the contrary, during winter the values
observed are less than 70 kWh/mom2. In the same Fig. 3, one may
see e for comparison purposes e the corresponding monthly
energy consumption of the T/C station under examination. The
corresponding energy consumption varies between 1900 kWh
(April) and 2600 kWh (July) on a monthly basis, while maximum
values appear during summer, i.e. when increased solar energy is
also available.

3. Analysis of the proposed solution

3.1. System main components and critical parameters

As already mentioned, the proposed solution for an energy
autonomous T/C station should be based [2,3,10] on a number of PV
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panels, properly connected to provide the necessary power at
a given voltage value, an appropriate energy storage device (usually
lead-acid batteries) and a diesel-electric generator selected to
operate as a back up engine [11]. More precisely, the proposed
(Fig. 4) hybrid photovoltaic-based power system is based on:

i. a photovoltaic system of “z” panels (“Nþ”maximum power of
every panel) properly connected (z1 in parallel and z2 in
series) to feed the charge controller to the voltage required.
The peak power of the photovoltaic array “NPV” is given as:

NPV ¼ z$Nþ (1)
and

z ¼ z1$z2 (2)

ii. A lead-acid battery storage system for “ho” hours of
autonomy, or equivalently with total capacity of “Qmax”,
operation voltage “Ub” and maximum discharge capacity
“Qmin” (or equivalently maximum depth of discharge
“DODL”). More precisely,

Qmin ¼ ð1� DODLÞ$Qmax (3)

while
ho ¼ hs$ðQmax$UbÞ$DODL
Etot
8760

(4)

Keeping in mind that “hs” is the storage branch (output) effi-
ciency (including battery discharge, charge controller, inverter and
line losses) and “Etot” is the total annual energy consumption.

iii. A DC/DC charge controller of “Nc” rated power, charge rate
“Rch” and charging voltage “UCC”, depending mainly on the
characteristics of the PV generator (i.e. Nc�NPV) and the
battery bank (i.e. UCC�Ub).

iv. A DC/AC inverter of maximum efficiency “hINV* ” and
maximum power “Np” able to meet the consumption peak
load demand “Nmax”, taking also into account an appropriate
security margin (e.g. SF¼ 30%), thus:

Np ¼ ð1þ SFÞ$Nmax (5)
Fig. 4. Proposed hybrid
At this point, one should note that the instantaneous efficiency
of the inverter “hINV”, being almost equal to 95% near its nominal
power, is strongly depending [12,13] on the system load demand
“NL”, i.e.:

hINV ¼ f
�
NL

Np

�
� h*INV (6)

see also Fig. 5.

v. A small diesel-electric generator of “Nd” (kW), able to meet
the consumption peak load demand “Nmax” (i.e. Nd�Nmax),
where “Nmax” is the maximum load demand of the
consumption, including a safety margin (e.g. SF¼ 30%). The
above mentioned electricity generation system is based on
the collaboration of an internal combustion engine and an
appropriate asynchronous AC generator. Note that the effi-
ciency “hd” (or the specific fuel consumption “SFC”) of the
diesel-electric generator strongly depends on the engine load
demand, i.e.:

hd ¼ f
�
NL

N

�
¼ 1

SFC$H
(7)
d u

For the calculation of the corresponding fuel consumption rate
“mf” one may write:

mf ¼ NL

hd$Hu
(8a)

while the total diesel-oil consumption “Mf” during a time period
“to� toþT”, e.g. a year’s period (i.e. from 0 to 8760 h if an hourly
time step is adopted), is estimated using the following relation:

Mf ¼
ZtoþT

to

mf$dt (8b)

Recapitulating, for estimating the appropriate configuration of
the proposed PV-diesel hybrid system, three governing parameters
should be determined:

a. The peak power “NPV” of the PV generator used (or equivalently
the number “z” of the panels required, NPV¼ z$Nþ),

b. The maximum necessary battery capacity “Qmax” and
PV-based solution.



Fig. 5. Typical inverter efficiency.
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c. The required (or permitted) annual diesel-oil consumption
“Mf”.
3.2. System states of operation

During the long-term system operation, the following energy
production scenarios may appear.

A. The power demand is less than the power output of the PV
array at the outlet of the inverter, i.e.:

DN ¼ hINV$hoth$NPV � NL > 0 (9)

where “h ” includes all the energy losses (Fig. 4) from the PV
oth
generator output to the inverter input (e.g. charge controller losses,
line losses, etc.).

In that case the power surplus “DN” is stored via the battery
charge controller. If the battery is full (Q¼Qmax) the residual energy
is forwarded to low priority loads.

B. The output of the PV generator cannot meet the corresponding
load demand (including the system loss). In similar situations,
the battery is used to cover the power deficit via the charge
controller and the DC/AC inverter. Note that in that case the
battery depth of discharge should not exceed a predefined
value (DOD�DODL or Q�Qmin), in order to prolong the
operational life period of the installation [14].

C. In cases that the PV generator cannot meet the load demand
and the system batteries are near their maximum depth of
discharge value, energy is produced (AC current) by the small
diesel-electric generator and is forwarded to the consumption,
in the expense of the installation annual diesel-oil reserves
“Mf”.

4. Proposed algorithm and optimum solutions

4.1. Description of the proposed algorithm

As already mentioned, the present study is focused on calcu-
lating the optimum energy autonomous configurations of the
proposed PV-based hybrid T/C station, while emphasis is given on
recording the corresponding energy consumption profile, see also
Figs. 2 and 3. Accordingly, taking into account the available solar
irradiance as well as the corresponding ambient temperature, one
may calculate [15,16] -for selected PVe panel tilt angle valuese the
optimum PV generator peak power and the battery capacity
required in order to fulfill a predefined optimization criterion, e.g.
to minimize the imported oil consumption or to minimize the
initial or the operational cost of the entire installation, etc.

For this purpose the well established [17,18] numerical code
“PHOTOV-III” is extended to include the contribution of a small
diesel-electric generator. Note that the resulting new numerical
code “PV-DIESEL III”, used in order to simulate the energy balance
of the proposed hybrid PV-battery-diesel generator stand-alone
installation, may carry out an appropriate parametrical analysis on
an hourly energy production-demand basis. In this context, if the
annual permitted oil consumption “Mf” is given, the number of PV
panels required “z” and the corresponding battery capacity “Qmax”

may be estimated. More specifically, 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. onemonth, six-months, one year or
even for three years), while emphasis is laid on obtaining zero-load
rejection operation due to the special character of the T/C station.
After the end of the calculations one may obtain a number of (Mf, z,
Qmax) combinations that guarantee the stand-alone system energy
autonomy, while by applying an appropriate optimization criterion,
optimum configurations may be eventually designated.

The main steps of the “PV-DIESEL III” algorithm are:

i. For every “Mf” value analysed, select a number of “z” panels.
ii. Accordingly select a “Qmax” value.
iii. For every time point of a given time period (with a specific

time step) estimate the output power “NPV” of the photo-
voltaic generator, taking into account the existing solar
radiation, the ambient temperature and the selected photo-
voltaic panel power curve.

iv. Compare the energy productionwith the remote T/C station’s
energy demand “NL”, increased to take into account any
energy transformation losses, see also Eq. (9). If any energy
surplus occurs (NPV>NL), the energy surplus is stored to the
battery bank and a new time point is examined (i.e. proceed
to step vi). Otherwise, proceed to step (v).

v. The energy deficit (DN) is covered by the energy storage
system, only if the battery is not near the lower storage limit
(Q>Qmin). Accordingly proceed to step (vi). In cases that the
battery is practically empty (Q�Qmin), the load is covered by
the diesel-electric generator and the algorithm proceeds to
step (vi). If the available diesel-oil quantity has been already
entirely consumed, the battery size is increased (by a given
quantity) and the complete analysis is repeated, starting from
step (ii).

vi. If the time period analyzed is terminated proceed to step (i),
increasing the number of PV panels (z). Otherwise proceed to
step (iii).

Following the integration of the above algorithm, a (zeQmax)
curve is predicted under a given diesel-oil quantity “Mf”. To get an
unambiguous picture, keep in mind that for every pair of (zeQmax
or NPVeQmax) the stand-alone hybrid photovoltaic-based system is
energy autonomous for the period investigated, using however
a predefined diesel-oil quantity “Mf”. Finally, the optimum pair may
be selected from every (zeQmax) curve, on the basis of a specific
optimization criterion.
4.2. Determination of optimum solutions (initial cost estimation)

One of the most widely used optimization criteria for PV-based
stand-alone systems is the determination of the minimum first
installation cost configuration for every annual diesel-oil quantity
used. In this context, the initial cost “ICo” of a photovoltaic stand-
alone system can be approximated as:

ICo ¼ ICPV þ ICd þ ICbat þ ICelec þ f $ICPV (10)

where “ICPV” is the photovoltaic modules ex-works cost, “ICd” is the
diesel engine purchase cost, “ICbat” is the battery bank buy-cost and
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“ICelec” the cost of the major electronic devices. Finally, the balance
of system (BOS) cost is expressed via the first installation cost
coefficient “f” and the ex-works cost of the PV panels. Using
previous analyses conducted by the authors [18,19], one may finally
get:

ICo ¼ z$z$Pr$No$ð1þ f Þ þ f$Nd þ cb$Qmax þ aþ b$
�
z$Nþ

�

(11)

where “z” is a function of “z” (i.e. z¼ z(z)), expressing the scale
economies for increased number of photovoltaic panels utilized. In
the present case (zz 100) “z” is taken equal to one. Subsequently
“Pr” is the specific buy-cost [15,20] of a photovoltaic panel (gener-
ally Pr¼ Pr(NPV)) expressed in V/kWp. Similarly, “cb” is slightly
dependent (V/Ah) on the battery capacity and “4” is the specific
buy-cost (V/kW) of the diesel engine. Thus for the local market e
after an updated market survey [21] concerning lead-acid batteries
of 24 V e the following semi-empirical relation may be used:

cb ¼ 5:0377
Q0:0784
max

(12)

Additionally, the parameters “a” (in V) and “b” (in V/kW)
describe the cost of the major electronic devices, being generally
expressed as a function of the peak load demand (e.g. inverter) and
the photovoltaic modules rated power (e.g. charge controller),
respectively.

Recapitulating, the initial installation cost of a stand-alone
photovoltaic-based hybrid power system is a function of “z” and
“Qmax” (if “Nþ” is determined) as well as of the purchase and
installation cost of the system inverter and the diesel-electric
generator. Taking into consideration that the peak load demand of
the T/C station is given (thus the inverter and the diesel-electric
generator rated power are also given, see Eqs. (5)e(8)) 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 (13)

Hence, by using the initial cost function (Eq. (11)) it is possible to
estimate the minimum initial cost solution e corresponding to
a specific (zeQmax) curve e for any given annual fuel consumption.
Note that a more detailed long-term cost analysis is beyond the
targets of the current study, comprising, however, the challenging
subject of a parallel investigation. Finally, it is important to note
that the Greek State and the European Union strongly subsidy small
photovoltaic systems, while the subsidization percentage “g” varies
between 40% and 70%.

5. Application results

5.1. Case study information

The proposed solution is accordingly applied to a representative
T/C station located in Rhodes island. The area solar potential is quite
high, especially during the summer period, where the solar energy
available at the horizontal plane is higher than 220 kWh/mom2,
see also Fig. 3. In the same Fig. 3 one may also find the corre-
sponding electricity consumption of the installation on a monthly
basis, see also Fig. 2. For the current analysis one may use poly-
crystalline panels of 51Wp, with open circuit voltage equal to
21.5 Volt and short circuit current 3.3 A, respectively, at standard
day conditions (i.e. 1000 W/m2 solar irradiance and panel temper-
ature equal to 25 �C). For the energy storage process one may use
heavy duty lead-acid batteries of 24 Volt and DODL¼ 75%, while the
nominal power of the diesel-electric generator is 7.5 kW (see also
Section 2) and the corresponding minimum specific consumption
value approaches 0.350 kg/kWh. Note that in order to protect the
system batteries from increased wear we replace the maximum
DOD value proposed by their manufacturers with a much lower
value, i.e. DODL is assumed equal to 50% instead of 75%.
5.2. Energy autonomous configurations and panel tilt angle
influence

Taking into consideration the calculationresultsof the “PV-DIESEL
III” algorithm, Fig. 6 presents the energy autonomous photovoltaic
panel and battery capacity combinations for several panel tilt angles
“b”, varying from 0� to 75�, under the condition that the maximum
available annual diesel-oil quantity is 1000 kg, i.e.Mf¼ 1000 kg/year.
Note that the annual diesel-oil quantity used in this analysis is only
equal to 8% of the corresponding one required for the diesel-only
solution (Mf

*¼ 12,185 kg/year).
Generally speaking, for almost all constant “b” curves two

distinct parts can be distinguished that are connected by an inter-
mediate one. Actually, in the first part the battery capacity is
significantly reduced as the PV panels’ number is slightly increased.
This rapid change is more evident for panels’ tilt angles greater than
52.5�. In the second part the battery capacity remains almost
constant, practically not depending on the “z” number, achieving
the same asymptotic value (approx. 4200 Ah) for all “b” values
examined. Finally, in the intermediate region, both the battery
capacity and the PV panels’ number change rather smoothly.

Additionally, one may also state that the proposed installation
dimensions are quite rational, since by using battery (24 V) capacity
less than 10,000 Ah and PV generator peak power in the order of
25 kWp (zz 500) one may guarantee the energy autonomy of the
T/C station all the year round, using also only 1tn of diesel-oil, thus
saving almost 92% of the up to now annual fuel consumption.

Finally, the influence of the “b” angle on the hybrid configura-
tion dimensions proves to be rather significant. More precisely,
there is a considerable “z” diminution (for constant Q values) as “b”
increases from zero to 45 degrees, while accordingly the “z”
number is remarkably increased as “b” takes values higher than 60
degrees. In this context, there are several reasonable (Qmaxez)
combinations between 45 and 60 degrees that may guarantee the
energy autonomy of the T/C station, see for example the b¼ 52.5�

curve.
By doubling the available annual diesel-oil quantity (i.e.

Mf¼ 2000 kg/year, representing now 15% of the annual consump-
tion of the diesel-only solution) one may observe (Fig. 7) a signifi-
cant reduction of the hybrid PV station size, since the “z” value is
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Fig. 9. The impact of diesel-oil annual consumption on the optimum tilt angle of the
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now in the region of 400 and the asymptotic battery capacity is
around 3300 Ah. Another interest outcome of the Mf¼ 2000 kg/
year solution e in comparison with the Mf¼ 1000kg/year e is the
more abrupt shape of the energy autonomous (Qmaxez) curves,
while one may also note that the minimum sizing solution is now
between 30 and 45 degrees (30� �b� 45�), i.e. approximately near
37.5�, almost 15 degrees lower than theMf¼ 1000 kg/year solution.
5.3. Impact of the annual diesel-oil consumption

Subsequently, in order to clarify the impact of the annual diesel-
oil consumption on the dimensions of the PV-based hybrid power
station, Fig. 8 demonstrates the energy autonomy (Qmaxez) curves
for panels’ tilt angle of 60 degrees (b¼ 60�). As it results from this
Fig. there is a considerable decrease of the “z” number (for constant
Qmax¼ ct values), while the asymptotic Qmax value is also gradually
reduced, approaching the zero value (Qmax/ 0) as the Mf value
tends toMf

* (z12.2 ton/year). This is quite rational, since the energy
storage need is substituted by the direct consumption of increased
diesel-oil quantities. On top of these, the slope of the energy
autonomous curves becomes more abrupt as Mf increases. Besides,
the same behavior is also valid for the rest of “b” values investigated
as well.

The next Fig. 9 underlines the impact of the “Mf” on the
appropriate “b” value that minimizes the dimensions of the PV
generator and the lead-acid batteries. Actually, as in the zero diesel
solution examined in previous works by the authors [17], for low
diesel-oil contribution (i.e.Mfz 10e15%Mf

*) the optimum tilt angle
Fig. 8. The impact of diesel-oil consumption on the hybrid power station dimensions.
of the PV panels is in the region of 50e60 degrees, since for these
panels’ angle the PV generator output is maximized during the
winter period, when the available solar potential is minimum. On
the contrary, as Mf increases, minimum dimensions of the instal-
lation are achieved for quite lower panels’ tilt angles (15e30
degrees). These findings are quite reasonable, since in case that
near stand-alone operational mode is required (i.e. low Mf values)
one seeks the optimum angle for energy autonomy of the system
during the winter period. On the contrary, for considerable Mf
values the existence of the diesel-electric generator (operating as
a back up power device during the low solar irradiance periods)
leads to solutions producing the maximum annual energy output,
therefore presenting the best operation during summer, thus low
tilt angle values are preferred.

5.4. Minimum initial cost (optimum) configurations

Accordingly, one may estimate the minimum initial cost hybrid
station configurations by applying the analysis of Eqs. (10)e(13).
Actually, by estimating eon the basis of Eq. (10) e the constant
initial cost curves (without any subsidization) one has the ability to
select the minimum initial cost solution that guarantees the system
energy autonomy for the specific Mf (¼ 1000 kg/year) value
examined. Hence, the optimum configuration may be achieved
using either 526 photovoltaic panels (z¼ 526, Nþ¼ 51 W) at panel
tilt angle of 52.5� and battery capacity of 8220 Ah (DODL¼ 50%,
24 Volt) or 530 panels (z¼ 530, Nþ¼ 51 W) at panel tilt angle of 60�

and battery capacity of 8130 Ah.
More specifically, in Fig. 10 one may find the initial cost curves

(excluding initial cost subsidization) as a function of the PV panels’
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Fig. 10. Minimum initial cost estimation, excluding state subsidization.
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number “z” for Mf¼ 1000 kg/year and for all the “b” values exam-
ined. According to the results obtained one may state that for every
“b” value examined the corresponding initial cost curve presents
a minimum value, which however is realized for different “z”
values, depending of the exact “b” value used. Note, that as already
mentioned theminimum initial cost solution is obtained for panels’
tilt angle between 45 and 60 degrees and the corresponding initial
capital to be invested is approximately 170,000V or 100,000V
including 40% (minimum) state subsidization.

In the same Fig. 10 one may also see the corresponding initial
cost curves for all the PV panels’ tilt angles examined and for
a wide range of annual diesel-oil quantities consumed, i.e.
Mf¼ 1000e5000 kg/year (or 8% up to 40% of Mf

*). As it is obvious
from the results obtained, there is a similar (ICoez) pattern as in
the Mf¼ 1000 kg/year case, for all the Mf values examined (i.e. all
the constant “b” curves present a minimum while there is an
absolute minimum for every Mf¼ ct group). On the other hand,
the PV panels range is gradually decreased, while the initial cost is
reduced as the Mf value increases. This last observation is justified
by the fact that using greater diesel-oil quantities mean that less
PV-panels and smaller batteries are required in order to guarantee
the T/C station energy autonomy. However, one should keep in
mind that this conclusion is not accurate for long-term evaluation
of similar hybrid installations, since one should take into account
the higher annual diesel-oil quantities consumed and the
unknown evolution of the diesel-oil price in the course of time, on
top of the increased environmental impacts due to the more
intense use of fossil fuels [22]. For this purpose a life-cycle
costebenefit analysis is required, which is the subject of a parallel
investigation already under preparation.

Finally, in Fig. 11 one has gathered the minimum initial cost
points (40% subsidization included) for every “b” value examined
and for every “Mf” value investigated. According to the results
obtained, on top of the initial cost reductionwith the augmentation
of the annual diesel-oil consumed, one may also see that the
minimum cost panels’ tilt angle is remarkably reduced from 50 to
60 degrees down to 20e30 degrees as the Mf value increases.
Besides, in the same figure one may also find the minimum initial
cost curve for all the Mf values examined.

6. Conclusions

An integrated method that is able to define the appropriate
dimensions of a hybrid photovoltaic-diesel-battery power station,
used to guarantee the energy autonomy of a representative T/C
station on annual basis, is currently presented. The results
obtained are based on long-term experimental measurements and
operational characteristics provided by the manufacturers of the
proposed system components. For this purpose a fast and reliable
numerical code has been developed, in order to estimate the
dimensions of the proposed hybrid power station on the basis of
an extensive energy balance for the entire time period examined.
In this context, for every annual diesel-oil quantity examined and
for every panels’ tilt angle selected one has the ability to estimate
the corresponding (Qmaxez) energy autonomous curve. Finally, on
the basis of the proposed analysis, one may also estimate the
optimum panels’ tilt angle that minimizes the first installation cost
of the proposed PV-based hybrid power station.

Among the most interesting findings of the present research is
the pattern of the energy autonomous curve (Qmaxez) along with
the impact of both the panels’ tilt angle and the annual diesel-oil
quantity. Accordingly, one may underline the existence of an
optimum configuration for every “b” and “Mf” value examined. In
fact, for every “Mf” value investigated there is an absolute
optimum, resulting for a specific “b” value. In this context, note
that the optimum “b” angle strongly depends on the “Mf” value
available, thus high “b” angles have been proposed for low diesel-
oil contribution and low “b” angles have been selected for high
“Mf” values.

Recapitulating, the proposed hybrid power station appears to be
one of the most attractive solutions for the energy support of
remote T/C stations, providing increased levels of reliability and
presenting low maintenance needs. Special attention should be
paid in order to define the optimum PV panels’ tilt angle, while the
exact contribution of the diesel-electric generation on annual basis
should be based on a long-term costebenefit analysis of the entire
installation.
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