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Abstract – In this paper, a hybrid system based on wind turbines, solar arrays and fuel cells is 
designed optimally in the view of economical and technical aspects. The objective of the hybrid 
system optimization is to minimize the system net peresent cost(NPC) while considering the 
reliability as a constraint. The economical designing aspect is defined as equivalent loss factor 
(ELF) of reliability. The NPC consist of capital, operation and maintenance, replacement and, 
especially, loss of load costs. The data of load, solar radiation and definitive wind speed are from 
the North West of Iran. It is assumed that between the system components, i.e., wind turbine, 
photovoltaic array and inverter, there is a forced outage probability. The cuckoo optimization 
(COA) and firefly algorithms(FA) are applied to optimize the hybrid system components and the 
results are compared with the last studies. The results show that the COA method is superior to the 
FA and the last studies, with respect to the economical and technical aspects and convergence 
speed. They also show that complete consideration of the components availability and the 
availability of inverter increases the generation costs of the system, but improves the system 
reliability indices, too. 
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I. Introduction 

 
      Application of renewable energies has grown 
substantially over the past decade. Many industrialized 
countries provide much of their required energy from 
renewable energy sources [1]. In a hybrid system, by 
combining two or more sources, the predictability of 
generation is increased [2-5]; that is, these resources 
cover their deficiencies to some extent. Fuel cells and 
batteries can be noted as the storage systems that 
combined with solar arrays and wind turbines, they are 
able to compensate for their power oscillations. In solar-
wind hybrid systems optimization, the optimal sizing of 
system component is very important in the design process. 
Different systems are already used in a hybrid system to 
generate power. Several studies have been done in the 
field of optimization of hybrid power generation system. 
In [6], a hybrid system consisted of solar arrays, fuel cell 
and SMES is used to supply the load. In [7], the units 
sizing and analysis of hybrid cost of wind/solar/fuel cell 

has been considered. The performance and sizing of solar 
array/wind turbine is studied in [8] and the sizing of a 
wind turbine driven diesel generator optimized in [9].In 
[10], a method has been proposed to determine the size of 
the solar-wind system with battery storage. In [11], 
authors determine optimal sizing of the system 
component subject to minimal cost and desired load 
reliability. In [12], effect of some parameters of size 
determination such as, sizing factor, which represents the 
ratio of the energy generated by system to the energy 
demand in a solar-wind system with battery storage, has 
been analyzed. In [13], optimal design of a solar-wind 
hybrid system is presented. In [14], a model for for solar-
wind hybrid system is introduced. In [15], a Genetic 
Algorithm (GA) is used to find angle of the solar panel 
installation and thus, maximum achievable energy from 
the sun. In [16], a hybrid diesel/wind/photovoltaic 
generation systems, which supplies a power load highly 
distant from the source, is introduced, considering the 
benefits of renewable energy from an economic 
standpoint. In [17], minimization of the power generation 
cost of solar-wind-fuel cell hybrid system is studied 
considering the reliability indices and constraints. In [18], 
the optimization of solar-wind-fuel cell system with the 
objective of system cost minimization and reliability as 
constraint is proposed using particle swarm algorithm 
(PSO) and the harmony search algorithm (HS) and finally, 

2* Corresponding Author :Department of Electrical  

Engineering, Gorgan Branch, Islamic Azad University, Gorgan, 
 Iran; E-Mail: ghanbari@gorganiau.ac.ir  
1-Department of Electrical Engineering, Golestan Science and 
 Research Branch, Islamic Azad University, Gorgan, Iran  
E-Mail: mehdi_rezaei@gorganiau.ac.ir 
 

Received  2018.01.22          ; Accepted  2018.12.10          



38 Optimization of Stand-alone Hybrid PV/Wind/Fuel-Cell System Considering Reliability Indices .......... 

 
in[19], using evolutionary differential algorithm the sizing 
of solar-wind-fuel cell system considering the cost and 
reliability indices optimized. 
In this paper, we aim to use and analyze effectiveness of 
the cuckoo optimization algorithm (COA) and firefly 
algorithm(FA) for optimization of a Stand-alone Hybrid 
Photo-Voltaic/Wind/Fuel-Cell (PV/WG/FC) System. The 
rest of the paper is as follows. In section 2, mathematical 
modeling of hybrid PV/WG/FC system and its 
components are presented. In section 3, the ratio of the 
reliability to the system cost, reliability indices and 
formulation of the expected generated energy by the 
system is evaluated. In section 4, the optimization 
problem’s structure including objective function and 
constraints is detailed along with analysis of COA. Lastly, 
section 5 and 6, respectively, illustrates the simulation 
results and concludes the paper. 
 

II. Hybrid System Modeling 

 
In this paper, a hybrid system consisting of solar arrays, 
wind turbines and fuel cells [17-19] is designed to supply 
a stand-alone load. The fuel cells are used as a storage 
system to compensate for power oscillations resulted from 
the solar array and wind turbines and, in turn, which 
provide continuous supply to the load. Fuel cell includes 
an electrol yzer and a hydrogen storage tank. The scenario 
of this study consider the following system component: 
solar arrays, wind turbines, electrolyzer, hydrogen storage 
tank, fuel cell and inverter. The hybrid system includes 
both DC and AC buses. This is shown in Fig. 1. 

 
Fig. 1: Hybrid solar-wind-fuel cell system [17-19] 
 
In hybrid system of Figure 1, when the total energy 
generated by renewable sources is equal to the load 
demand, we assume that the whole power generated by 
the solar arrays and wind turbines is delivered to the load 
through the inverter. In conditions that the total energy 
generated by renewable sources is larger than the load 
demand, the excess power is injected into electrolyzer in 
order to produce the hydrogen, and in turn, store the 
excess the leftover.  Accordingly, when the total energy 
generated by renewable sources is less than the load 
demand, the load power shortage can be compensated by 
fuel cell. If the fuel cell is not able to compensate for the 
power shortage, a percentage of the load is disconnected 

or lost. 
 

A. Solar Array System Modeling 

 
The power generated by the solar array, in terms of the 
intensity of radiation emitted by the array surface, is 
obtained as [17-19]: 
 

       (1) 
 

       (2) 
 

In (1) and (2), represents the output power of the 

solar array, , the radiation power perpendicular to the 

array surface [volt/m2] in the tth time step, , the 

rated power of each array obtained for , and

, the efficiency of DC/DC converter between 

each array and DC bus. and , respectively, 
represent the horizontal and vertical solar radiation 
intensities. In order to achieve maximum output power of 
the solar array, here, we assumed a solar tracking system 
actively, follows the sun trajectory. The output voltage of 
the system is equal to 48 V and connected to the DC bus. 
 

B. Wind Turbine 

 
The turbine used here is BWC Excel-R / 48 [20].  The 
output voltage is equal to 48 volts DC and the 
corresponding output power as a function of wind speed 
is [17-19]: 
 

(3) 
 

where, is the output power of the wind turbine,

, the wind speed, , the down cut speed, 

the, high cut speed [m/s], , the maximum turbine 

output power [KW] and , the output power in high 
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cut speed. Since we have sample data of wind speed at 
40m height, the wind speed at 15m height can be 
calculated as [17-19]: 
 

(4) 
 

where,  is the wind speed in height ,  is the 

wind speed at reference height  in terms of [m/s] 

and  is a number between0.14-0.25 [21]. 
 

C. Total generation power of renewable sources 

 
The total generation power is sum of the energies 
produced by solar arrays and wind turbines. Assuming the 
number of solar arrays and wind turbines, respectively, 

are and , the power generated by all renewable 
units delivered to the DC bus is calculated [17-19]: 
 

(5) 
 
Pulling out of the renewable units might be occurred due 
to reasons such as maintenance service or failure; this 
effect must be accounted for in reliability calculation of 

the hybrid system. If be the number of solar array 

and , the number of wind turbines pulled out from 
the system, the total power generated by renewable units 
can be obtained as [17-19]: 
 

(6) 
 

D. Electrolyzer 

 
Electrolyzer is a device that produces hydrogen and 
oxygen from decomposition of water by electrolysis 
process. The electrolyzer output power can be obtained by 
[17-19]: 
 

(7) 
 

where, is the electrolyzer efficiency and , the 
power injected by renewable sources into electrolyzer. 
 

E. Hydrogen Storage Tank 

 
The task of this tank is storage of hydrogen received from 
pressurized electrolyzer. At each time step t, the energy 

stored in the tank is: 
 

(8) 
 

in which, is length of each time step equal to one hour 

and , the storage system efficiency. Then, mass of 
hydrogen stored in the tank is calculated from: 
 

(9) 
 

where Indicates high heating value of hydrogen 
equal to 39.7 kWh per Kg [22].The tank energy is 
constraint to be within its minimum and maximum values: 
 

(10) 
 

F. Fuel Cell 

 
The fuel cell generates the electrical energy out of 
hydrogen. In this study, polymer membrane fuel cell is 
used because of its high reliability. The polymer 
membrane fuel cell has fast dynamic response in range of 
1 to 3 seconds. Its output power is obtained as [17-19]: 
 

(11) 
 

Here, is the fuel cell efficiency. 
 

G. Inverter 

 
The inverter converts the DC power to AC power which is 
then transferred to the load. The relationship between 
input and output power of the inverter is: 
 

(12) 
 

where,  indicates inverter efficiency. 
 

III. Evaluation of Reliability/cost 

 
  The studied system is simulated for one year with one 
hour time steps; the ratio of reliability to cost is,then, 
derived accordingly.  With the economic factors given, 
the results are derived for 20 year useful life span. In this 
study, we assumed that the load growth, the uncertainly of 
load/solar radiation, and wind speed are all negligible. 
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A. Reliability Indices 

 
In this section, a number of reliability indices used in 
literatures are presented to evaluate reliability of the 
power system delivery [23-26]. The considered indices 
are: Loss of Load Expected (LOLE), Loss of Energy 
Expected (LOEE), Expected Energy not Supplied (EENS), 
Loss of Power Supply Probability (LPSP) and Equivalent 
Loss Factor (ELF). 
 

(13) 
 

In (13),  indicates expected loss of load in 
time step t and can be calculated from the following: 
 

(14) 
 

here, is the time length of each possible loss of load, 

, the probability of being in state  and , set of all 
possible states of the system under study. 
 

(15) 
 

where, , the expectation of loss of load in 
time t , is obtained as follows: 
 

(16) 
 

in which, is the amount of lost load per kilowatt-hour 

in state. The probability of lost power supply is also 
obtained as: 
 

(17) 
 

where, indicates the required load power per KWh in 
time t. finally, The Equivalent Loss Factor is calculated as: 
 

(18) 
 

B. Expectation Calculation of the Renewable 

Energy 

 
The expected value of the solar arrays and wind turbines 
output power is used to calculate  averages of reliability 
indices: 
 

(19) 
 

in which,  indicates being in the position  and 

, the power injected into DC bus generated by 
solar and wind renewable units. Since power is delivered 
to the load through the inverter, so the probability of the 
inverter be out of service should be considered.  The 
probability of the solar-wind-inverter units’ exits is 
obtained as [17-19]: 
 

(20) 
 

where  is the inverter availability. Combining (6) 
with the exits probabilities of solar-wind units,  the 
expected energy generated by the renewable units will be 
[17-19]: 
 

(21) 
 
Considering the availability of units, then, the energy 
generated by renewable sources is calculated as [17-19]: 
 

(22) 
 

in which, and , indicate the solar and wind 
availability, respectively. The availability of components 
is defined as [17]: 
 

(23) 
 

where, in (23), and , are the rates of the 
maintenance and component failure. 
 

IV. Optimization Problem 

 
The objective of this paper is the optimal sizing of system 
component including the number of wind turbines, solar 
arrays, angle of installation of solar arrays, electrolyzer 
capacitance, hydrogen tank, fuel cell and inverter with 
minimizing the system energy generation costs. 
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A. Objective Function 

 
Net present cost of the ith component of  hybrid system 
can be obtained as follows [17-19]: 
 

(24) 
 
where, N represents the number of unit or size of 
component per kWh or kg, CC,  the initial investment 
cost in dollars per unit, RC, the cost of each replacement 
in terms of dollars per unit, O & MC, annual maintenance 
cost in dollars per unit per year and R , the 20 year project 
life span.  The real interest, ir, is related to the nominal 
interest ir-nominal and the annual inflation rate (f) as: 
 

(25) 
 
In (24), PWA represents the present value factor of annual 
payments and K, a constant. Their relation is: 
 

(26) 
 

(27) 
 
here, y represents the number of replacements and L, life 
time span of the components. Net present value of the lost 
load is calculated as: 
 

(28) 
 

in which, represents the cost of lost load for each 
KWh in terms of dollar per KWh. Therefore, the objective 
function of the optimization problem can be expressed as: 
 

(29) 
 
in which, i, indicates the component and X, a vector with 
seven optimization problem variables including: number 
of wind turbine, solar arrays, angle of installation of solar 
array, electrolyzer capacitance, hydrogen tank, fuel cell 
and inverter. 
 

B. Problem Constraints 

 
To solve (29), first, the following constraints should be 
taken into account: 
 

(30) 
 

(31) 
 

(32) 
 

(33) 
 

here, represents the angle of installation of solar 
arrays. Constraint (31) shows that the number of solar 
arrays must be a positive integer. Constraint (32) indicates 
that the angle of solar arrays toward sun must be between 
zero and 90 degrees. Constraint (33) shows that at the 
start of the program,the tank energy should be higher than 
that of the initiation time.  
 

C. Optimization Methods  
In this section, the optimization problem is formulated for 
designing a Stand-alone hybrid PV/Wind/FC 
system,considering reliability indices, is presented.Then, 
FA, COA, and their roles in problem solving are 
described. 
 

C.1 Firefly Algorithm and Implementation 

FA method is an evolutionary optimization method 
introduced by Mr. Yang in 2007. The main idea behind it 
is the optical connection between firefly worms. It is 
considered as a subset of swarm intelligence algorithms 
[27]. The attractiveness of a firefly depends strongly on 
its light. The objective function is the same the intensity 
of a firefly light. So we can write [27]: 

(34) 
 

As the brightness of a firefly diminishes, its attractiveness 
decreases. The light intensity as a function of distance, in 
the simplest form, varies as [27]: 

                                (35)                                                                                                             
where,  rij is the distance between two variables and 
calculated as: 

(36) 
 
 
and γ is the absorption coefficient of light and I0 is the 
intensity of light at zero distance. Typically, the value is 
selected from 0.1 to 10.In (36), d is the number of 
variables to be designed. The attractiveness of a worm is 
dependent on the light intensity of the worm whichcan be 
calculated according to the following [27]: 
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           (37) 
here, B0 is the amount of attractiveness at zero distance, 
usually considered in articles to be one. If a worm has a 
lower brightness relative to its adjacent worm, it moves 
toward it according to [27]. 
 

         (38) 
where, α is a coefficient of the FA algorithm, which is 
assumed to be 0.1 here, and rand, a random number 
between zero and one. A FA works through the following 
steps: 
Step 1: After determining the parameters of the FA 
(including the number of firefly worms (n), B0, α, γ and 
the total number of algorithmic repetitions), input data 
including economic and technical design and load data, 
solar radiation and the wind speed are applied. 
Step 2: The primary population of the firefly is 
determined randomly from a set of decision variables. 
Step 3: The system equipment constraints are evaluated 
via objective function and the best set of variables is 
determined. 
Step 4: Update the population (based on the firefly 
algorithm) and randomly select variables. 
Step 5: Specify the target function for the updated 
variables of Step 4. If a better value is achieved, the 
objective function is replaced by that of step 3. 
Step 6: The convergence condition is inspected. If 
convergence conditions are satisfied, go to step 7, 
otherwise go to step 2. 
Step 7: Stop the algorithm and print the results (extract 
optimization variables) 
Here, the maximum iteration and population of the 
algorithm are assumed to be 200 and 70, respectively. 
 

C.2 COA and Implementation 
COA is one of the newest and most powerful evolutionary 
optimization methods. In COA,the design variable array 
is called “habitat[28]: 
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Since COA is a maximization algorithm, the cost function 
must be multiplied by minus one. To start the 
optimization algorithm, a habitat matrix is produced. The 
Eggs Laying Radius (ELR), which is proportional to the 
current number of eggs, is defined as [28]: 
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(42) 
After a few iterations, all the cuckoos arrive to an 
optimum point with maximal similarity to the host bird's 
eggs and also with highest food sources. This site will 
have the greatest overall benefit where minimal number 
of eggs will be destroyed. The main steps of COA can be 
expressed as follows: 
Step 1: Determine the cuckoo's current habitatrandomly. 
Step 2: Assign some number of eggs to each cuckoo. 
Step 3: Determine ELR for each cuckoo. 
Step 4: Cuckoos lay eggs within the nest of hosts in their 
egg laying radius. 
Step 5: some of eggs identified by the host, are destroyed. 
Step 6: Eggs not identified by the hosts will grow. 
Step 7: Evaluate the new cuckoo's habitat. 
Step 8: Determine the maximum number of cuckoos with 
one or more places to live and eliminate those that are in 
the wrong habitats. 
Step 9: Cluster the cuckoos using the K-means method 
and specify best group of cuckoos as the objective habitat. 
Step 10: Move Cuckoo's population toward the target 
habitat. 
Step 11: If stopping condition is satisfied, stop, otherwise 
go to step 2. 
In this paper, to solve our optimization problem using 
COA, the maximum number of iterations and population 
sizeare assumed to be 200 and 70, respectively. 
 

V. Simulation results 

 

A. The System Data 

 
The system data consists of annual radiation and wind 
information for one of the areas in North West of Iran, 
extracted with accuracy of one sample per hour [17-
19].Annual wind speed at 15m height and horizontal and 
vertical radiations, are shown, respectively, in figs. 2 to 5. 
Within the simulation, we used the annual load curve of 
IEEE standard load with a peak 50kW [17-19] (fig. 
5).Values of for system components are given in table 1. 
Scenarios assumed for the studied system include: loss of 
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load cost, load peak, load template, ELF, Real interest rate 
and system life, all given in Table 2. According to table. 2, 
here, the loss of load cost is considered 5.6 US$/kWh [17-
19]. 
 

 
Fig. 2 The annual wind speed at the height of 15 meters in 
a year 
 

 
Fig.3 Horizontal solar radiation intensity on the array 
surface in a year. 
 

 
Fig.4 Vertical solar radiation intensity on the array surface 
in a year. 

 
Fig.5 the IEEE annual load curve with a peak of 50 kW 
 

B. The Simulation Results of the Base State 

 
In this section, results of optimization of the hybrid 
system characterized in table. 1 using FA and COA are 
shown. The simulation is done in a computer with 
Pentium IV, CPU 3.2 GHz and 512 MB RAM. Table 3 
indicates agreement of our results using COA with those 
presented in [18-19], in which authors used the HS and 
the evolutionary differential algorithm methods. The 
results of the optimization including the system cost and 
reliability indices are presented in table. 4. From our 
results, in comparison with other researches, it is clear 
that COA performs better than FA.  Apart from the 
system cost, the reliability indices obtained by COA are 
better than that of FA in LOEE, LPSP and LOLE.The 

generated power of wind turbines and Photo-Voltaic array 
susing COA is illustrated in fig. 6. The hydrogen energy 
storage in the tank and LOEE and ELF reliability indices, 
respectively, are depicted in fig. 7and fig. 8. 
 

 
 
Fig. 6 The generated power by wind turbines and PV 
arrays 

 
Fig.7 The hydrogen energy storage in the tank 

 
Fig.8 The LOEE and ELF reliability indices curves 
 

C. The Sensitivity Analysis 

In this section, impact of PV and WT availability and 
inverter efficiency, on the economical and technical 
design variables, using COA is evaluated.  
 

C.1 Impact of Complete Availability of PV and 

WG 

For complete availability (100 %) of components (solar 
and wind), results are shown in tables 5 and 6. According 
to table 6, considering the complete availability of PV and 
WG, the system costs have been reduced and the 
reliability indices are improved.  
 
 
 

C.2 Impact of Inverter Efficiency  
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According to table 1, at the base mode, efficiency of the 
inverter is equal to 90%;here, however, the availability of 
inverter is considered to be 100%. The results obtained 
from optimization including the optimal sizing of system 
components are shown in table. 7;thecorresponding 
system costs and reliability indices are presented in table 
8. The results show that the NPC is declined from 2.69 
M$ to 2.59M$. Also, reliability indices are improved 
considerably in 100% inverter efficiency compared to 
90%.  
 
 

VI. Conclusion 

 
 In this paper, a method based on cuckoo optimization 
and firefly algorithm is presented to determine the optimal 

sizing of wind/solar/fuel-cell hybrid system considering 
economical and technical design aspects. The hybrid 
PV/WG/FC system is designed and optimized using the 
cuckoo optimization and firefly algorithms with the 
objective of net present cost minimization including the 
investment, maintenance and replacement costs and those 
related to the cost of load not supplied during 20 years of 
the system lifespan. Results of simulation illustrated 
superior performance of COA as compared with other 
methods. We observed improvements of the system 
reliability indices at the price of slightly increased costs. 
Also, via sensitivity analysis, impacts of the complete 
components’ availability and 100% inverter efficiency on 
the optimization problem have been evaluated. The results 
show that, compared to the base case, the system costs are 
decreased and the reliability indices are improved.  

 
Table 1 The rated parameters of the studied system component [17-19] 

Lifetime 
)Year( 

Efficiency 
)%( 

Maintenance 

andRepair Cost 

)US$/unit-yr( 

Replacement Cost 

)US$/unit( 
Investment Cost 

)US$/unit( 
Device 

20  - 75 15000 19400 Wind Turbine 
20  - 20 6000 7000 PV Array 
20 75 25 1500 2000 Electrolyzer 
20 95 15 1200 1300 Hydrogen Tank 
5 50 175 2500 3000 Fuel Cell 
15 90 8 750 800 ConverterDC/AC 

 
Table 2 The assumed conditions for studied system [17-19] 

Load Curtailment Cost Peak Load Load Pattern 
 

Real Interest 

Rate 
System Lifetime 

5.6 US$/kWh kW50 IEEE RTS 0.01 6% 20 Years 

 
Table 3 The optimal sizing of hybrid PV/WG/FC system (base case) 

       
Parameter 

10 209 111.60 123.11 41.71 46.83 34.09 FA 
9 196 104.93 176.75 39.86 47.66 33.40 COA 
8 223 119.44 143.24 43.42 45.72 33.12 PSO/HS [18] 

8 224 119.4 144.2 43.4 46.7 34.1 DE [19] 

 
Table 4 The amounts of cost and reliability indices of hybrid system (base case) 

 
)MUS$( 

)MUS$(  
  

)MWh/yr( 
  

)hr/yr( 
Parameter 

2.7 0.153 0.0081 2.34 0.0088 295.32 FA 
2.63 0.084 0.0043 1.31 0.0049 227.39 COA 
2.634 0.143 0.0067 2.34 0.0092 335.85 PSO/HS 

[18] 

2.7 0.15 0.008 2.4 0.009 336 DE [19] 

 
 
 

maxELF

WGNPVNe lPtankMFCPinvPPVθ

i
i

NPC∑lossNPCELFLOEELPSPLOLE
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Table 5 The optimal sizing of hybrid PV/WG/FC system (complete availability of PV and WG) by COA 

       Parameter 

10 209 111.60 123.11 41.71 46.83 34.09 FA (APV=AWG=0.96) 

9 201 110.87 173.29 41.67 46.55 34.40 FA (APV=AWG=1) 

 
 

 

Table 6 Amounts of hybrid system costs and reliability indices (complete availability of PV and WG) 

 
)MUS$( 

)MUS$(    
)MWh/yr( 

  
)hr/yr( 

Parameter 

2.69 0.153 0.0081 2.34 0.0088 295.32 FA 
(APV=AWG=0.96) 

2.65 0.104 0.0054 1.62 0.0060 264.35 FA (APV=AWG=1) 

 
 

Table 7 The optimal sizing of hybrid PV/WG/FC system (Inverter Efficiency) 

       Parameters 

10 209 111.60 123.11 41.71 46.83 34.09 FA ( 0.9invη = ) 

10 191 104.04 170.81 39.58 46.85 32.10 FA ( 1invη = ) 

 
 

Table 8 The amounts of cost and reliability indices of hybrid system (Inverter Efficiency) 

 
)MUS$( 

)MUS$(

 

  
)MWh/yr( 

  
)hr/yr( 

Parameters 

2.69 0.153 0.0081 2.34 0.0088 295.32 FA (0.9) 

2.59 0.099 0.0051 1.54 0.0058 255.36 FA (1) 

 
  

WGNPVNelPtankMFCPinvPPVθ

i
i

NPC∑loss
NPCELFLOEELPSPLOLE

WGNPVNelPtankMFCPinvPPVθ

i
i

NPC∑
loss

NPC

ELFLOEELPSPLOLE
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