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ABSTRACT
This paper introduces a method to unit sizing hy-

brid Photovoltaic/Fuel Cell generation system for a
typical domestic load that is not located near the elec-
tric grid. In this configuration the combination of a
battery, an electrolyser, and a hydrogen storage tank
are used as the energy storage system. The aim of
this design is finding the configuration, among a set
of systems components, which meets the desired sys-
tem reliability requirements, with the lowest value of
levelized cost of energy over 20 years of operation.
An energy based modelling has been developed using
Matlab/Simulink to observe evolution of the system
during a typical day, and the results are reported and
discussed in the paper. An overall power management
strategy is designed for the proposed system to man-
age power flows among the different energy sources
and the storage unit in the system. The results show
that a system composed with a photovoltaic gener-
ator, a fuel cell, an electrolyser and a battery can
deliver energy in a stand-alone installation with an
acceptable cost.

Keywords: Hybrid energy system, Optimization,
Reliabi-lity, Simulation, Unit sizing

1. INTRODUCTION

Mankind needs energy to overcome the difficulties
on the earth throughout the history, so energy is a key
element in the interactions between nature and soci-
ety. However, energy production, transportation and
consum-ption activities bring some problems which
are more apparently today. These problems related
to energy may be classified as below [1]:
• depletion of fossil fuel resources,
• growth in energy demand,
• global warming (climate change),
• global unrest,
• local pollution,
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• fluctuating oil and natural gas prices, etc.

The aforementioned limitations, have led the re-
search community to seek for alternative Renewable
Energy Sources (RES). Special emphasis has been
given on the development and implementation of fuel
cell (FC) systems, for both academic purposes and
industrial applications. Fuel cells may be considered
as continuous chemical reactors which convert fuel
and oxidant chemical potential into electrical energy.
The key advantages of fuel cells compared to the con-
ventional electrical power generation technologies are:
higher efficiency, especially when the waste heat is
used for co-generation, quiet operation suitable for
residential applications, and almost zero levels of pro-
duced pollutant gases. The most important drawback
concerning fuel cell technology is that the basic fuel
they use (hydrogen) does not exist free in nature [2].

The major application of a stand-alone power sys-
tem is in remote areas where utility lines are uneco-
nomical to install due to terrain, the right-of-way dif-
ficulties or the environmental concerns. According to
the World Bank, more than 2 billion people live in
villages that are not yet connected to utility lines [3].
These villages are the largest potential market of the
hybrid stand-alone systems. Many alternative energy
sources including wind, photovoltaic (PV), FC, diesel
system, gas turbine, and micro turbine can be used
to build a hybrid energy system [4-11].

In previous studies, the optimal sizing problem is
solved for wind-fuel cell hybrid system [9], and for
wind-solar-fuel cell hybrid system [10]. Furthermore
the optimal sizing of wind-solar-battery hybrid sys-
tem is performed by means of genetic algorithm [11].

In this paper, a stand-alone hybrid alternative en-
ergy system consisting of PV, FC, electrolyser, and
battery is proposed for stand-alone applications. PV
is the primary power source of the system, and the
FC-electrolyser combination is used as a backup and a
long-term storage system. A battery bank is also used
in the system for short-time backup to supply tran-
sient power. The details of the major system com-
ponents, system reliability and economical model are
also discussed in the paper.

An overall power management strategy is designed
for the system to coordinate the power flows among
the different energy sources. Simulation studies have
been carried out to verify the system performance
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Fig.1: Photovoltaic/Fuel cell Hybrid System

using practical load profile and real weather data form
Shiraz area in south-west Iran. It is to mention that
there are many similar regions around the world with
this typical situation that can be expanded.

The paper is organized as follows: Firstly,
the mathematical model of hybrid PV/FC system
(HPFS), including PV modules, FC stack, electrol-
yser and battery storage, is developed. Secondly, the
system reliability model, which is based on loss of
power supply probability (LPSP) technique, and the
system economical model, based on the levelized cost
of energy (LCE) concept, is presented. Section 5 de-
scribes power management strategy. Lastly, the sim-
ulation results and conclusion are presented.

2. MODELING OF THE HYBRID PV/FC
SYSTEM COMPONENTS

As shown in Fig. 1 this paper develops the hy-
brid system consisting of proton exchange membrane
(PEM) FC and PV modules that uses battery to store
the energy and electrolyser to produce hydrogen (H2).
The hydrogen can be produced, during the surplus
of energy production, from water by electrolysis and
stored in a container for further use. Indeed the elec-
trolyser in this model is used as a dump load.

2.1 PV Model

As the operation and the performance of a PV gen-
erator is interested in its maximum power, the models
describing the PV module’s maximum power output
behaviours are more practical for PV system assess-
ment. In this paper, a mathematical model for es-
timating the power output of PV modules is used.
The estimation is carried out using a computer pro-
gram, which uses a subroutine for determining the
power output of a PV module. Using the solar ra-
diation available on the tilted surface, the ambient
temperature and the manufacturer’s data for the PV
modules as model inputs, the power output of the PV
generator (PPV) can be calculated according to the
following equation [12]:

PPV = ηgNAmGt (1)

Where ηg is the instantaneous PV generator ef-
ficiency, Am the area of a single module used in a
system (m2), Gt the global irradiance incident on the
titled plane (W/m2) and N is the number of modules
used in system. All the energy losses in a PV gen-
erator, including connection losses, wiring losses and
other losses, are assumed to be zero. The instanta-
neous photovoltaic generator efficiency is represented
by the following equation [13].

ηg = ηrηpt [1− βt(Tc − Tr)] (2)

Where ηr is the PV generator reference efficiency,
ηpt the efficiency of power tracking equipment, which
is equal to 1 if a perfect maximum power point tracker
is used, Tc the temperature of PV cell (◦C), Tr the PV
cell reference temperature and βt is the temperature
coeffi-cient of efficiency, ranging from 0.004 to 0.006
(per ◦C).

Based on the energy balance proposed by [14], the
PV cell temperature can be expressed as follows:

Tc = Ta + Gt

(
τα

UL

)
(3)

Where Ta is the ambient temperature (◦C), UL is
the overall heat loss coefficient (W/m2 per ◦C), τ and
α represent, respectively, the transmittance and ab-
sorptance coefficients of PV cells. The overall heat
loss coefficient (τα /UL) can be estimated from the
nominal operating cell temperature (NOCT) as fol-
lows [15]:

(
τα

UL

)
=

NOCT − 20
800

(4)

Consequently, the instantaneous PV generator ef-
ficiency can be expressed as follows:

ηg = ηrηpt ×{
1− βt(Ta − Tc)− βtGt

(
NOCT − 20

800

)
(1− ηrηpt

}

(5)

Where ηpt, ηt, NOCT, Am are parameters that de-
pend on the type of module, and given by the man-
ufacturer of the modules. Note that 800 in (5) is in
(W/m2), and NOCT (◦C) ranges from 40 to 70 (◦C)
[16].

2.2 Electrolyser Model

The electrolyser is simply considered as a constant
gain corresponding to the electrolyser (ηELEC) and
an integrator to determine the amount of produced
hydrogen. The amount of hydrogen consumed by the
FC is also determined. The difference between both
gives the amount of available stored hydrogen, follow-
ing (6).
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SOCELEC =
∫

(PELEC × ηELEC)dt−
∫

PFC

ηFC
(6)

Where SOCELEC is the state of charge electrol-
yser, PELEC is electrolyser power, PFC is FC power
and ηFC is the efficiency of FC stack.

2.3 FC Model

The FC supplies the system during critical periods
when solar insulation is very weak and the lamp con-
sumption is very high (winter season). The PEMFC
is particularly well suitable for this work. It produces
electricity from the hydrogen without any greenhouse
emission, if hydrogen comes from a clean source like
an electrolysis process associated with renewable en-
ergy. PEM fuel cell has reliable performance under
intermittent supply and is commercially available at
large industrial scale capacities. This kind of fuel cell
is suitable for large-scale stationary generation and
has fast dynamic response with a power release re-
sponse time of only 1 to 3 seconds [17].This model
permits to calculate hydrogen consumption accord-
ing to the delivered power. It should be noticed that
the FC auxiliary system needs around 20% of the FC
net power (for cooling and air pressurization) [18].

2.4 Battery Model

The battery input power (PBAT ) can be positive or
negative depending on the charge or discharge mode
of operation. The battery power is obtained from (7).

PBAT = PPV + PFC − PLOAD (7)

The state of charge (SOCBAT ) is deduced from
the battery power and efficiency [18,19]:

SOCBAT=
∫

(PBAT,charging×ηBAT−PBAT,decharging) dt

(8)
The FC is activated when the battery SOC is

lower than a threshold value. On the contrary, FC
is stopped and the electrolyser starts up when SOC
is higher to a threshold value. The battery power
given in (7) becomes the electrolyser power following
(9).

PELEC = PPV − PLOAD (9)

At any hour, the storage capacity (CBAT (t)) is
subject to the following constraints:

CBAT,min ≤ CBAT (t) ≤ CBAT,max (10)

Where CBAT,max and CBAT,min are the maxi-
mum and minimum allowable storage capacity, re-
spectively. Using for CPBAT,max the storage nominal
capacity (CBAT,n), then:

CBAT,min = DOD × CBAT,n (11)

Where, DOD(%) represents the maximum permis-
sible depth of battery discharge.

3. MODELING OF SYSTEM RELIABILITY

Several approaches are used to achieve the optimal
configurations of hybrid systems in terms of technical
analysis. In this study, the technical sizing model for
the HPFS is developed according to the concept of
LPSP to evaluate the reliability of hybrid systems
[20]. The methodology used can be summarized in
the following steps:

The total power (Ptot), generated by the PV gen-
erator and FC at hour t is calculated as follows:

Ptot(t) = PPV (t) + PFC(t) (12)

Then, the inverter input power (Pinv(t)), is cal-
culated using the corresponding load power require-
ments, as follows:

Pinv(t) =
PLOAD(t)

ηinv
(13)

Where PLOAD(t) is the power consumed by the
load at hour t, ηinv is the inverter efficiency (95% in
this study). It should be noticed that the electrolyser
power is added to PLOAD when it is activated. Three
states may be appearing:

a) The total power generated by the PV and FC
is greater than the power needed by the load,
Pinv. In this case, the energy surplus is stored
in the batteries and the new storage capacity is
calculated using (8) until the full capacity is
obtained. The remainder of the available power
is dedicated to the electrolyser to produce
hydrogen.

b) The total PV and FC power is less than the
power needed by the load (Pinv), the energy
deficit is covered by the storage and a new
battery capacity is calculated using (8).

c) In case of inverter input and total power
equality, the storage capacity remains
unchanged.

In case (a) when the batteries capacity reaches a
maximum value (CBAT,max), the control system stops
the charging process. The wasted energy, defined as
the energy produced and not used by the system, for
hour t is calculated as follows:

WE(t) = Ptot(t)∆t

−
(

PLOAD(t)
ηinv

∆t +
(

CBAT,max − CBAT (t− 1)
ηcha

))

(14)
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In case (b), if the batteries capacity decreases to
its minimum level (CBAT,min), the control system dis-
connects the load and the energy deficit, loss of power
supply for hour t can be expressed as follows [21]:

LPS(t) = PLOAD(t)∆(t)
−((PPV (t)+PFC(t))∆t+CBAT (t−1)−CBAT,min)ηinv

(15)

Where ∆t is the step of time used for the calcu-
lations (in this study ∆t = 1 h). During that time,
the power produced by the PV and FC is assumed
constant. So, the power is numerically equal to the
energy within this time step.

The loss of power supply probability, for a consid-
ered period T, can be defined as the ratio of all the
LPS(t) values over the total load required during that
period. The LPSP technique is considered as techni-
cal implemented criteria for sizing a hybrid PV/FC
system employing a battery bank and an electrolyser.
The technical model for hybrid system sizing is de-
veloped according to the LPSP technique [22].

LPSP =
T∑

t=1

LPS(t)/
T∑

t=1

PLOAD(t)∆t (16)

Where T is the operation time (in this study, T = 1
year). One more concept can be introduced too. The
concept is the energy excess percentage, which is de-
fined as the wasted energy divided by the total energy
produced by the PV and FC during the considered
period.

EXC(T ) =
WE(T )
Etot(T )

(17)

For a given LPSP value and a defined period,
many configurations can technically meet the re-
quired reliab-ility demand of power supply. The opti-
mal configuration can be identified finally from these
set of configurations by achieving the lowest LCE.
This can be performed by applying an economical
model developed in Section 4.

4. ECONOMICAL MODEL

There are different financial analysis models based
on “discounted cash flow analysis” such as, net
present value, required revenues analysis, profitability
index, internal rate of return and levelized cost [16].
These analysis models are termed as financial indica-
tors and are used for comparison of different projects.
The choice of model would depend on the sector for
which the analysis is being performed. As the project
is related to electricity generation, it was categorized
as a private utility sector project. In this section, an
economic sizing model is developed for the HPFS ac-
cording to the levelized cost of energy concept. The
LCE is defined as [23]:

Table 1: Details of Components
PV Array
Technology Polycrystalline
Maximum Power 120W
Efficiency 12%
Module unit 1.07m2

Short circuit current 7.74A
Open circuit voltage 21V
Capital cost 4.84US$/Wpeak

Lifetime 20 year
Fuel cell array
Technology PEMFC
PEMFC stack 100W
Efficiency 50%
Operating Temperature 80◦c

Capital cost 8 US$/W
Replacement cost 6 US$/W
Lifetime 5000 hour
Electrolyser
Technology Alkaline
Efficiency 74%
Capital cost 20 US$/W
Lifetime 20 year
Battery
Technology Lead-acid
Capital cost 20 US$/W
Lifetime 5 year
Charging efficiency 80%

LCE =
TPV × CRF

ELOAD
(18)

Where ELOAD is the yearly output in (KWh),
TPV and CRF are the total present value of ac-
tual cost of all system components and the capital
recovery factor, respectively, which can be expressed
as follows [23]:

CRF =
i(1 + i)n

(1 + i)n − 1
(19)

TPV = CPV + CFC + CELEC + CBAT (20)

Where i is the annual discount rate, nis the sys-
tem lifetime in years, CPV the sum of present value
of capital and maintenance costs of the PV genera-
tor in system life, CFC the sum of present value of
capital and maintenance costs of the FC in system
life, CELEC the sum of present value of capital and
maintenance costs of the electrolyser in system life
and CBAT is the sum of present value of capital and
replacement costs of battery bank in system life. The
configuration with the lowest LCE is taken as the op-
timal one from the set of configurations, which guar-
antee the required LPSP. The annual discount rate is
considered as 10%, system lifetime is 20 years and the
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details of proposed hybrid system components can be
found in table 1 [10,18,24,25].

Fig.2: Block Diagram of the Overall Control Scheme
for the Proposed Hybrid Alternative Energy System

5. POWER MANAGEMENT STRATEGY

An overall control strategy for power management
among different energy sources in a multi-source en-
ergy system is needed. Fig. 2 shows the block dia-
gram of the overall control strategy for the proposed
hybrid alternative energy system. The power differ-
ence between the generation sources and the load de-
mand is calculated as:

PNet = PPV − PLOAD − PSC (21)

Where, PSC is the self-consumed power for the
system operation. The governing control strategy is
that, at any time, any excess PV generated power
(PNet > 0) is supplied to the battery or the electrol-
yser to generate H2 that is delivered to the hydrogen
storage tanks through a gas compressor. Therefore
the power balance equation given in (21) can be writ-
ten as:

PPV = PLOAD + PBAT,Charging + PSC ,

(SOC < SOCMAX) (22)

PPV = PLOAD + PELEC + PSC ,

(SOC = SOCMAX) (23)

When there is a defect in power generation
(PNET < 0), the battery and/or the FC stack begins
to produce energy for the load. Therefore, the power
balance equation for this situation can be written as:

PPV + PBAT,Discharging = PLOAD + PSC ,

(SOC > SOCMIN ) (24)

PPV + PFC + PBAT,Discharging = PLOAD + PSC ,

(SOC < SOCMIN ) (25)

(a)

(b)

Fig.3: Hourly Values of Meteorological Parameters:
(a) Solar Irradiation, (b) Ambient Temperature

Fig.4: Hourly Load Profile.

6. RESULTS AND DISCUSSIONS

The simulations are computed using 1 year of
hourly global solar irradiations on tilted plane (45◦),
as well as hourly mean values of ambient temperature,
given in Fig. 3. The estimated hourly load profile is
shown in Fig. 4. The load average in a day is 1(KW).

In this section, several simulations have been made
by considering different combinations taking into ac-
count, the power of PV and FC and the capacity stor-
age. Fig. 5 shows the great search results, based on
the LPSP concept, for an allowable LPSP and a load
profile defined in this study, performed on a Pentium-
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Table 2: Optimized Values
Parameter Number of Batteries FC LPSP EXC LCE Total cost

PV panels Capacity power
Optimum value 45 18KWh 500 W 0.6% 19.5% 1.125$/KW 86698US$

Fig.5: Cost Optimization of the Proposed Configuration

IV PC with 3.2 (GHz) processor speed, 1 (GB) RAM
and WinXP operating system. Out of limitations on
sketch dimensions, only two parameters of optimiza-
tion parameters are presented in the figure. The op-
timized parameters are presented in table 2.

In Fig. 6, the LCE is given as a function of ex-
cess energy part, according to these results; it is ob-
served that for a minimum value of LCE, an optimal
value of excess energy part is exists. For the system
configuration considered in this study, this value is
about 20%. A reduction in the excess energy part,
with the same conditions of the system reliability, in-
creases the LCE. Also the LCE is given as a function
of number of PV panels in Fig. 7. The lowest LCE is
obtained for 45 PV panel according to Fig. 7. It can
be presented similar explanations for two other pa-
rameters too that is neglected. The total cost of the
system through 20 years of operation is 86698 (US$)
and the breakdown of cost analysis of configuration
is depicted in Fig. 8.

In order to inspection to operation of system ac-
cording to power management strategy, Fig. 9 is pre-
sented. In this figure, operation of system in a typical
day and normal weather condition on 24 hours term
is shown. The parameters are optimum values that
are given in table 2. For a start, the FC does not
work because the battery SOC is high enough and
the solar power is weak, thus the load is supplied by
the battery (see Fig. 9 (a)). When the battery SOC
is lower than the nominal value, the FC is activated
and the load is supplied. But the FC is unable to
supply the load more than 500 W, thus in spite of
low SOC, battery supplies surplus of the load.

As long as the solar power rises during the day,
load is mainly supplied by PV and battery is in charg-

ing mode. When the battery SOC reaches its maxi-
mum allowable value, the battery charging is stopped
and the electrolyser is activated. On condition that
the FC is working, it supplies the load up to 500 (W);
over this value, either PV supplies the additional load
or the battery supplies it at the time of the solar ra-
diation does not exist.

During the day, PV charges battery and when bat-
tery reaches its nominal SOC, FC is stopped. The
battery SOC in different modes of battery operation
is shown in Fig. 9 (b). Also the battery SOC in a
one year period is presented in Fig. 10.

Fig.6: Levelized Costs of Energy as a Function of
Energy Excess Part for Optimal System Configura-
tions

7. CONCLUSIONS

The optimal sizing of autonomous hybrid PV/FC
system, using an optimization model, has been devel-
oped in this work. The system configurations can be
obtained in terms of a system power supply reliabil-
ity requirement by using the LPSP concept. The one
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Fig.7: Levelized Costs of Energy as a Function of
Number of PV Panels for Optimal System Configu-
rations

Fig.8: Breakdown of Cost Analysis of Configuration

(a)

(b)

Fig.9: Operation of System: (a)Powers Evolu-
tions During 24Hours, (b) Energy of Battery During
24Hours.

Fig.10: Energy of Battery During 1 Year.

with the lowest levelized cost of energy is considered
as the economical optimal configuration.

The system devices choice represents an impor-
tant step in the optimal sizing of the hybrid PV/FC
system. Including economical consideration, the hy-
brid system consisting 45 PV panels, 500 (W) FC
power and 18 (KWh) of batteries capacity found bet-
ter than others. However, the lowest LCE is obtained
by about 20 percent of excess energy. The use of
a third energy source (i.e. diesel generator) maybe
leads to a configuration with lower excess energy.
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