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DESIGN, OPERATION AND ECONOMIC ANALYSIS
OF AUTONOMOUS HYBRID PV–DIESEL POWER

SYSTEMS INCLUDING BATTERY STORAGE

Demetrios P. Papadopoulos
∗
— Eleftherios Z. Maltas

∗

This paper presents a systematic techno-economic analysis of autonomous PV-Diesel energy system with battery storage.
This hybrid type power system was developed and installed on the roof of the Electrical Engineering Laboratory building
in the city of Xanthi, Greece, where a weather station is also installed providing necessary meteorological data since 2002.
Such system can be generally used to supply electrical loads of isolated remote areas. The actual design of such a system
is based on: a pre-defined load pattern to be supplied; the pertinent weather data; the relevant market prices; and the
applicable recent economic rates (eg June 2009 for the Greek case). The system is operated on a predictive manner using
a Programmable Logic Controller (PLC) which controls the main system parameters for safe and continuous power supply
to meet reliably the desired load demand. Three distinct systems of this type and of equal capacity, which combine energy
sources and battery storage have been proposed and assessed technically and economically.
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1 INTRODUCTION

Electrification of isolated or remote areas has been
a subject of consideration ever since electricity started
to affect human activities. In these areas the geographic
adverse conditions and/or the increased cost to expand
the utility grid usually lead to the implementation of au-
tonomous power energy systems[1–3]. In previous decades
the relatively low cost of operation and maintenance
(O&M) of a diesel generator (DG) based mainly on the
low prices of fuel, along with the high initial cost for PV
generators (PVGs) and the required power electronics,
resulted in extended use of DGs to supply power to meet
load demand in remote areas [4–7]. The conducted steady
and systematic Research and Development (R&D) of PVs
and their related Balance Of System (BOS) have caused
a significant decline in the associated prices. On the other
hand, the constant increases in energy demand and the
related utilization of natural resources have caused enor-
mous increase in fuel prices. These factors have made the
renewable energy sources (RES) a viable supplement and
perhaps a main alternative to be used in remote areas
where the cost of O&M and the fuel cost of DGs are rel-
atively high [8].

The advantages wrt . implementing PVs in an au-
tonomous system are several [9], but there is a real disad-
vantage concerning limited system reliability when there
is no solar irradiation for a longer period than the one
being considered by the designer for storage capacity of
the system. In such a case, the energy stored in the bat-
tery bank due to economic reasons cannot meet fully the
load requirements [10]. On the contrary, the non constant

yearly energy production of the PVG may lead to over de-

sign and thus to a more expensive PVG with relatively

greater battery storage capacity in order to meet the load

requirements. The unnecessarily larger size of PVGs and

ratings of the needed inverter can be avoided by using

a combination of a conventional energy source to supply

power, especially when the peak load demand is much

higher than the capacity of the PVG. In such cases the

use of a DG to supply the required load power, while it si-

multaneously charges the battery, results in providing the

necessary reliability and cost effectiveness characterizing

the overall hybrid power system (HPS) [11].

This paper presents three competing power systems,

with equal capacity, serving the same load, which were

proposed, developed and tested for their reliability, ef-

ficiency and cost effectiveness. These three investigated

systems were: 1) a DG one, 2) a DG-battery one, and

3) a PV with DG-battery one. The operating require-

ments and associated costs of the examined three power

systems (PSs) were used to perform the desired economic

analysis.

A weather station was used to provide the necessary

meteorological data, which in turn were processed ac-

cordingly for the purpose of estimating the energy the

PVG may yearly produce. A pre-defined variable daily

load pattern demand was selected and supplied separately

by the examined three different PSs. A different control

strategy was proposed and followed for each PS using a

PLC, which was properly programmed for each of the

three cases.
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2 OVERVIEW OF

AUTONOMOUS PS OPERATION

2.1 Meteorological data acquisition and process-
ing

The meteorological data wrt a site are usually obtained
through actual measurements or by using correlation-
prediction methods with reference to another site. As PV
designers aim to secure maximum economic return of the
required investment, usually global irradiation, ambient
temperature, wind speed at the actual site should be ex-
tracted and properly assessed for a period of time (prefer-
ably for more than one year).

Typical and mostly used integration of global irradia-
tion is the monthly daily mean irradiation, (Gd)m , given
by [12]

(Gd)m =
1

(m2 − m1)

m2∑

N=m1

Gd (1)

where Gd in W/m2 is the daily global irradiation, m1 is
the first day of the examined month, and m2 is the last
day of the examined month.

Cell temperature Tc in ◦C is another parameter which
alters the performance of a PVG. An increase of Tc causes
associated increase of the PVG’s current, but also asso-
ciated noticeable decrease in PVG’s voltage and power.
If the meteorological station provides only the ambient
temperature and the global solar irradiation, then the
cell temperature can be approximated by [13]

Tc = Ta + 0.02G (2)

where, Ta is the ambient temperature.

Furthermore, if the wind speed u in m/s is given at
the actual site, then Tc can be better approximated by
[14]:

Tc = 3.12 + 0.899Ta + 0.025G− 1.3u . (3)

If G and Tc are known, then [15-16]:

P (G, Tc) = PSTC

ISC(G, Tc)Voc(G, Tc)

ISCSTC
VocST C

(4)

where P (G, Tc), ISC(G, Tc) and Voc(G, Tc) are the power,
the short-circuit current and the open-circuit voltage of
the PV module at (G, Tc) conditions, respectively; and
PSTC , ISCST C

and VocSTC
are the power, the short-

circuit current and the open-circuit voltage of the PV
module at STC, respectively and are given by the manu-
facturer of the PV module.

2.2 Energy production by the PVG

The energy being produced by the PVG is propor-
tional to the global irradiation. It is also related to the
temperature of the cell and the air mass. For the PVG
sizing the following systematic procedure can be used [17]

The daily required energy, E′

PV , in Ah from the PVG
is

E′

PV =
EPV

Vs

(5)

where: EPV is the required energy in Wh and Vs is the
system voltage on the DC side in V.

Taking into consideration the inverter losses and the
meteorological data the required design current Id in A
of the PVG is

Id =
E′

PV

tpshninvfpv

(6)

where, tpsh are the peak-sun hours of the considered
month for the design in hrs, and fpv is the derating factor
of the PVG. Then the number of modules mp connected
in parallel is

mp =
Id

Im

(7)

where: Im in A is the PV module current in STC. Simi-
larly, the number of modules ms connected in series is

ms =
Vs

Vm

(8)

where Vm is the module voltage in V.

2.3 Energy production by the DG

The power which may be supplied to an autonomous
system by the DG is equal to the total load demand.
If not given by the manufacturer of the DG, the fuel
consumption (FC) vs the supplied load (SL) curve should
be established as follows

FC = a × SL + b (9)

where only two points are needed. These two measure-
ments are usually taken for 40 % and 80 % operation of
the DG wrt nominal output power.

The coefficients a and b can be calculated using the
least square method for a number of experimental mea-
surements as follows

a =
N

∑
(SLi × FCi) −

∑
SLi

∑
FCi

N
∑

SL2

i − (
∑

SLi)2
(10)

and

b =

∑
FCi − a

∑
SLi

N
(11)

where, i is the examined measurement (ie 1, 2, . . . , N ),
SLi is the load being supplied and FCi is the fuel be-
ing consumed by the DG when it supplies load SLi . The
above mentioned curve is of significant importance for the
economic assessment of every PS for possible use. Simi-
larly, the efficiency nDG of the DG is strongly dependent
on the load it supplies and is given by

nDG =
Pout

Pin

=
SL

MCV × FC
(12)
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Fig. 1. The three distinct topologies of the examined PSs: (a) PS1 configuration, (b) PS2 configuration, (c) PS3 configuration

where MCV is the Minimum Calorific Value (considered
9.58 kWh/lt) [18].

By using (9), then (12) may be transformed to

nDG =
Pout

Pin

=
SL

MCV (a × SL + b)
. (13)

If the load to be supplied is less than 30 % of the DG
rating capacity, the DG operation should be prevented
not only due to its low performance, but mainly due to
the damage the machine may suffer, which will limit its
useful life [19]. In such a case, either the load should
be supplied by the battery or the charger itself should
have enough rated power to charge the battery (without
causing damage to it) and the total load being served
should be rated close to 7089% of the DG nominal power
output [19].

2.4 Battery bank

The battery bank combined with the inverter’s output
power should support as much of the load demand as pos-
sible in order to avoid frequent (unnecessary) use of the
DG. When designing a hybrid PV–DG system the selec-
tion of the battery is a significant factor, since its capacity
determines not only the energy it can supply but also the
peak load that can be served by the battery-inverter sub-
system (due to the voltage drop of the battery, which is a
function of the supplied load and at the same time is the

input voltage of the inverter). In general the capacity of
battery is calculated as follows [17]

EBAT =
EL-BAT d

ninvVsncntDODnbat

(14)

where, EBAT is the required battery capacity in Ah,
EL-BAT is the daily supplied energy to the load by the
battery in Ah/d, d is the number of days the battery can
supply the load, ninv is the efficiency of the inverter, Vs

is the system voltage on the DC side in V, nc is the cable
efficiency, nt is the temperature efficiency, DOD is the
used depth of discharge, and nbat is the efficiency of the
battery.

2.5 Bidirectional Inverter (Inverter-Charger)

The inverter nominal output power specifies the peak
load that can be supplied. In a hybrid PV-DG power sys-
tem an inverter with nominal power output less than the
peak load demand can be used when the peak load is di-
rectly supplied by the DG. In most cases, when the base
load and the peak load of the PS do not have significant
fluctuations, it is preferable to implement an inverter that
can supply the peak load, which results in a PS fully con-
trolled by the inverter, and thus decreasing significantly
the other related time intervals (eg DG startup period
etc) where no load can be served. When the DG is in
operation the bidirectional inverter becomes a charger of
the battery and all the load is supplied by the DG.
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Fig. 2. PLC controlled daily load pattern demand Fig. 3. Daily load duration curve

Table 1. Composition components of the examined three PSs

Examined Power Systems
PS1 PS2 PS3

DG(One unit + + +
Yanmar YDG 3000SE)

PV (6 units Eurosolare - - +
PL-810)

Bidirectional Inverter - + +
(1 unit APSX 1250)

Secondary Charger - + +
(1 unit Micro 1260 Emmis)

Battery Bank (10 units - + +
Winner Apollo 100 Ah-12V)

2.6 Economic Analysis

In modern competitive energy markets it is essential
that every PS must prove also, besides its technical feasi-
bility, its economic viability. The generally accepted eco-
nomic criteria used for such evaluation are the following
[20–22]

• Net Present Cost (NPC).

• Net Present Value (NPV).

• Internal Rate of Return (IRR).

• Pay Back Period (PBP).

• Benefit to Cost Ratio (BCR).

• Cost Of Energy (COE).

From the above criteria the COE refers to each PS
individually, whereas the other indices refer to compar-
isons between two PSs, one of which is considered to be
the reference PS.

3 CASE STUDY

3.1 Experimental system configuration

For evaluation purposes a PS (in the form of Fig. 1)
being installed on the roof of the Electrical Engineering
Laboratory building in the city of Xanthi, Greece was
examined. The three different PS topologies, serving the

same load, are composed as shown in Table 1 and are
investigated thoroughly.

Various discrete loads: 25 W, 50 W, 100 W, 800 W,

and 1600 W are used to develop any desirable load pat-
tern demand. The above mentioned loads can be switched

on and off using suitable PLC commands. The size of the
PLC controlled load varies between 25 W to 3175 W. The

examined daily PLC controlled load pattern and the as-

sociated daily load duration curve are shown in Fig. 2
and Fig. 3, respectively.

3.2 SYSTEM CONTROL

The overall power system is fully controlled by a Pro-

grammable Logic Controller (PLC). Several signals re-

garding the solar irradiation, the hour of the day, the
battery voltage, the load to be supplied and the various

fuses condition constitute the inputs to the PLC. The
PLC outputs are the various loads that are used at spe-

cific intervals for everyday time, composing the constant
daily load curve. Taking this information into account the

PLC is programmed to start and stop the operation of the

DG when it becomes necessary, ie the DG mainly starts
to operate when the load is relatively high and cannot

be met by the battery-inverter subsystem. In addition,
if the battery voltage is low during daytime the PLC is

programmed not to operate the DG immediately, if the
supplied load is not considerably high as it happens dur-

ing cloudy intervals of the day. Finally, with the DG in

operation the PLC cuts off the secondary charger of the
battery bank when the total load exceeds the DG nominal

power capacity.

3.3 Meteorological Data

The statistical solar data of the selected site for the

years 2002–2006 were measured-recorded from he me-
teorological station with trade name BABUC-ABC by

Lastem, installed at the mentioned site in the city of
Xanthi, Greece since 2002 and at a height of 14 m (above

ground level), for the considered PSs collects all necessary

data for the assessment of the installed power unit. The
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Fig. 4. Horizontal monthly daily mean irradiation (Gd)m for the
examined site of Xanthi, Greece

Fig. 5. FC as function of LS: – Least square method;
• experimental values

Fig. 6. Efficiency as function of LS: – Least square method;
N experimental values

station provides global solar irradiation, ambient temper-
ature, wind speed, wind angle, wind direction, humid-
ity, atmospheric pressure, and rain gauge. The horizontal
monthly daily mean irradiation (Gd)m for the assessed
site is shown in Fig. 4.

3.4 PS1 configuration

In PS1 only a DG is used, see Fig. 1(a) and Table 1.
For the purpose of serving the maximum load demand
shown in Fig. 2 (ie 1850 W) a YDG-3000SE with rated
nominal output power of 2.5 kW is used. In order to
determine the fuel consumption (FC) vs load supplied
(LS) curve, extended experiments were conducted. Start-
ing with load from 700 W to 2.5 kW by a step of 100 W,

five hour experiments were conducted and the consumed
fuel was measured. The values of coefficients a and b were
calculated from the conducted 19 experiments using the
least-square method as described in § 2.3. The calculated
values of coefficients a and b for the examined DG were
obtained by using (10) and (11) and are shown in Table 2.
The calculated FC as function of LS is shown in Fig. 5.

Table 2. Numerical values of coefficients a and b for DG type
Yanmar YDG-3000SE

Coefficients a b

Numerical Values 0.246 315.24
Units ml/Wh ml/h

Using the information of Fig. 5 the daily fuel con-
sumption was calculated to be 9.684 lt., whereas by using
(13) the DG efficiency as function of LS is computed and
shown in Fig. 6.

Similarly the average efficiency of PS1 is calculated to
be 7.09 % due to the many hours of operation supplying
low load. It is to be noted that in this case at least two
identical DGs are to be used, since for practical reasons
one DG unit should not operate continuously for a period
longer than five hours.

3.5 PS2 configuration

In PS2, see Fig. 1(b) and Table 1, the DG was com-
bined and supported with a 1000 Ah12 V battery bank, a
1250 W bidirectional inverter and a 60 A –12 V secondary
charger. The capacity of the bidirectional inverter was se-
lected to supply the base load, and being able to supply
continuously load up to 30 % of the DGs nominal capac-
ity when the latter starts its no load operation and the ca-
pacity should be at least 750 W. The secondary charger’s
capacity was selected to secure economic use of the con-
sumed fuel when the DG is in operation and increase its
performance, while combined with the bidirectional in-
verter (operating also as charger) it would not charge the
battery bank with current higher than the recommended
by the manufacturer. The capacity of the battery bank
is selected to be able to serve the daily base load and to
be charged by both the bidirectional inverter and the sec-
ondary charger without severe fast charging that would
decrease its life cycle. In this case one DG is enough to
serve the peak load and charge the batteries, which com-
bined with the inverter serve the base load. In such cases
a second DG is only used as a backup in case of malfunc-
tion. The PLC was programmed not to put the DG in
operation if the supplied load was less than 275 W. Also,
when the load supplied by the DG was more than 60 %
of its rated capacity the secondary charger was switched
off and the battery was charged only by the bidirectional
inverter which, when the DG is in operation, operates as
charger. The conducted experiment lasted ten days. The
DG daily operation was on the average 5 hours and 32
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minutes, with 3.843 lt. fuel consumption. The respective
average efficiency of the DG was 24.36 % and the total
system efficiency was computed to be 17.86 %.

3.6 PS3 configuration

In PS3, see Fig. 1(c) and Table 1, a PV- DG HPS with
battery storage was implemented to serve the prescribed
load demand. The PS3 consists of the components used
in PS2 with an additional PVG and its BOS. Based on
the information of Fig. 3 loads above 750 W appear for
12.5 % of the day and correspond to 30 % of the DGs
nominal capacity (minimum accepted part load level).
Thus, in this case the load was divided into the “low”
load (up to 750 W) and the “high” load (above 750 W).
The “high” load was entirely supplied by the DG, whereas
the “low” load was mainly supplied by the PV-battery-
inverter subsystem. The latter subsystem was designed
to supply the entire “low” load for the summer period,
whereas in winter part of the load was supplied by the
DG. The energy produced by the PVG was calculated
using the associated meteorological data, and the capac-
ity of the PVG was calculated by the methods described
in [17]. The required energy demand in Wh consumed
from the load being supplied by the PVG is:

EPV = EL − EDG − EBAT -DG = EL − EDG − t1(Pch1

+ Pch2)nch1,2nbatninv − t2Pch1nch1nbatninv (15)

where: EL is the total energy required for the daily load
pattern demand; EDG is the energy consumed by the load
supplied directly from the DG, EBAT -DG is the energy
consumed by the load from the battery which was stored
while the DG was in operation, t1 is the number of hours
that both chargers are in operation, Pch1 is the rated
power of charger1, Pch2 is the rated power of charger2,
nch1,2 is the total efficiency of the energy conversion from
AC to DC by the chargers, nbat is the battery efficiency,
t2 is the number of hours that only one of the chargers
was in operation, and nch1 is the efficiency of the energy
conversion from AC to DC by the charger which was
in operation. The computed results obtained from (14)
showed that the needed battery capacity is 939 Ah, which
means that 10 batteries of 100 Ah each must be used.
Based on (15) and by using the polycrystalline Eurosolare
PL-810 solar module, the above methods showed that
six solar modules of this type will compose the PVG. In
this system the PLC was programmed differently to take
into account the time of the day and the possibility of
short cloudy intervals that might lead to battery voltage
drop, resulting in DG operation. Also the DG would not
operate if the load to be supplied by the system was less
than 425 W, resulting to an even more efficient use of
the fuel and to increased performance of the DG. The
actual duration of the conducted experiment lasted six
months, the results of which when combined with the
related meteorological data, may be used by extraction
for one year period operation of the system. The mean
daily fuel consumption was 3.213 lt for a 4 hour and 32

minutes of daily DG operation. The respective average

efficiency of the DG was 24.66 %, the average efficiency

of the PVG was 10.11 % and the total system’s efficiency

was computed to be 12.77 %. The associated computed

results of the three examined cases are summarized in

Table 3.

Table 3. Computed efficiency of DG and PVG, and overall effi-
ciency of the three examined PSs

Examined Power Systems
PS1 PS2 PS3

DG efficiency (%) 7.09 24.36 24.66

PVG efficiency (%) −− −− 10.11

Overall power system 7.09 17.86 12.77
efficiency (%)

Table 4. Economic data and computed results

Examined System Value

PS1 5100
Initial cost (E) PS2 6 090

PS3 8 886

O&M Cost PS1 3 094.11
without PS2 698.38
fuel cost (E/yr) PS3 580.83

PS1 3 456.9
Fuel Cost (E/yr) PS2 1 371.84

PS3 1 146.94

PS1 91 044.27
NPC (E) PS2 36 954.65

PS3 33 966.39

PS2 vs PS1 50 551.04
NPV (E) PS3 vs PS1 53 343.80

PS3 vs PS2 2 792.76

PS2 vs PS1 452
IRR (%) PS3 vs PS1 132

PS3 vs PS2 18

PS2 vs PS1 0.19
PBP (years) PS3 vs PS1 0.83

PS3 vs PS2 7.92

PS2 vs PS1 52.06
BCR PS3 vs PS1 15.09

PS3 vs PS2 2.00

PS1 3.58
COE (E/kWh) PS2 1.45

PS3 1.34

3.7 Economic analysis

An economic analysis was performed taking into con-

sideration the current Greek market prices for the used

equipment: fuel cost (0.978 E/lt), with a yearly increase

in prices of 1.1 %, replacement of DG every 15 000 hrs

of operation, replacement of battery bank every 3 years

for PS2 and every 4 years for PS3, replacement of the

bidirectional inverter and the secondary charger every 10
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years, taking into consideration the salvage value of the
remaining equipment, and a discount rate of 7 %.

The relevant data for the economic assessment and the
associated computed results are shown in Table 4 for a
20 year period of PS operation. It is to be noted that the
indices NPV, IRR, PBP, BCR are computed assuming
that the PS1 is the reference system (which is to be sub-
stituted either by PS2 or PS3). Based on the information
of Table 4, it is seen that PS2 and PS3 are economically
much more efficient systems than PS1, since despite their
increased initial cost they have a PBP value less than one
year. On the other hand, the PS3 compared to PS2 has in-
creased initial cost but it is considered economically more
efficient due to the considered long operational period of
the system.

4 CONCLUSIONS

In this paper, three distinct PSs of equal rating that
serve the same load demand are proposed and assessed
techno-economically in a systematic manner. The ob-
tained computational results showed clearly that the con-
tinuously declining prices in PVGs and their related BOS,
combined with the increased fuel prices have made the use
of such PS an economically efficient, and environmentally
friendly solution for applications in remote areas.

The control of the operation of a PS by PLC con-
tributes to the optimization of the DG utilization based
on reduction of operating hours and, therefore, of associ-
ated fuel consumption and pollutants to the environment,
resulting not only in more economical and efficient gen-
eration of electrical energy but also in extending the life
time of the non-renewable energy sources. The PLC is
programmed in different ways according to the special
operating requirements of each PS being used.

From the conducted economic assessment analysis it is
clear that the use of a PV-DG hybrid power system is the
most attractive solution for such applications (in remote
areas) since its period of operation is extended. The use
of PS2 or PS3 results in substantial reduction of hours
of DG operation if they are designed and programmed
properly.
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