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Abstract- This paper presents an economic model and 
helps an evolutionary approach to evaluate the impact of 
PV-FC hybrid system on the performance and operational 
costs which is network-connected. The using of wind and 
solar energies in the form of individual units, due to the 
low reliability and intermittent nature of these energies is 
not so much economical. Therefore, the combination of 
these technologies in the form of combined heat and 
power (CHP) system can be considered as a potential 
option to reduce the operational costs. In this paper, the 
integrated PV-FC cost model includes production costs of 
power, output thermal power from the reformer, power 
produced by PV, power trade with the network, and 
maintenance costs. In addition, the different tariff rates 
for purchasing and selling electricity in each hour of a 
day are considered. In order to estimate the optimal 
operational strategy for the hybrid system the genetic 
algorithm (GA) is used. At last, the simulation results 
show the reduction of operational costs in different 
conditions of utilization from the proposed system. 
 
Keywords: PEM Fuel Cell, Photovoltaic, Economical 
Model, Hybrid System, Genetic Algorithm. 
 

I. INTRODUCTION 
In recent years, using of renewable energy system 

applications, such as wind turbine (WT), photovoltaic 
(PV) array and fuel cell (FC) due to factors including the 
low costs and no loss of power transmission as the 
renewable energy sources have been grown. The PEMFC 
due to the lower operating temperature (80-100oC), fast 
start-up, higher efficiency than the conventional power 
plants, extremely low emission, flexible structure, and 
ability to produce both of electrical and thermal energies 
are the best candidates for residential and vehicular 
applications. [1] However, each of these technologies has 
disadvantages too. For example, the PV and WT are 
highly depending on the weather conditions and also the 
required amount of FC fuel is too expensive. But the 
combination of these technologies can be considered as a 
hybrid system with high reliability to satisfy both the 
electrical and thermal loads [2, 3].  

Also several research works have been done for 
selecting the parameters such as the size of hybrid 

systems [4]. The hybrid system can either be connected to 
the main network or work autonomously with respect to 
the network-connected mode or islanded mode, 
respectively. In the network-connected mode, when the 
consumable load changes, the power supplied by the 
main network and hybrid system must be properly 
changed. In this situation the power delivered from the 
hybrid system as well as network must be coordinated to 
meet consumable load [5]. 

The management of the distributed generation (DG) 
units requires an accurate economic model to describe the 
operating costs taking into account the output power 
produced. In [9-14] references, FC economic models as 
well as the system operational limitations have been 
presented, so the optimum output power from the FC has 
been estimated. In this model, the possibility of 
exchanging power with the local network and the 
utilization of output thermal power from the reformer in 
supplying thermal load have been provided. 

Energy management is one of the most important 
issues in the DG systems. The different strategies to 
manage the output power from the DG’s can be 
considered. Also, by choosing the appropriate share of 
these components in supplying the consumable loads, the 
objective function of cost optimization problem 
minimized and has practically caused the substructures of 
this system to operate at their maximum efficiency. 
Accordingly, in this paper the energy management of 
desired hybrid system in the form of an optimization 
problem, in order to get minimum operational costs has 
been performed. Here, the combination of FC and PV 
systems connected to the network is used to satisfy both 
the electrical and thermal loads. The genetic algorithm 
(GA) is employed to determine the parameters of the 
system for optimal operation during a day. In order to 
reach realistic results, the different electrical tariff rates in 
each hour a day have been considered. 

This paper is organized firstly as the economic model 
of proposed hybrid system, including PEMFC and PV is 
developed. Section III applies the methodology to energy 
management of the proposed hybrid system. The GA as 
an evolutionary search algorithm is described in section 
IV. The simulation results are discussed in Section V and 
concluded in section VII. 
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II. SYSTEM MODELING 
The proposed hybrid system consisting of 250 KW 

FC and 50 KW PV units which are used as the main 
sources connected to the network shown in Figure 1. This 
system can be extended and if necessary, according to the 
conditions of desired region, we can add other available 
energy sources to it. The rated power of the PV panel, 
and the number of panels used are free inputs to the 
program and can be changed. A robust energy 
management strategy is the key in minimizing the 
operational costs. In this paper, the most important point 
to choose an energy management strategy is the 
economic performance of proposed hybrid system. Since 
the output thermal power of the reformer is function of 
the part load ratio (PLR) and as a by-product [6], it can 
effect on the energy management. In order to design an 
optimum energy management and to see the performance 
of the designed system in various conditions, we should 
have sufficient information about component structures. 
In this section we investigate and introduce all sub 
systems of the main system. 

 

 
 

Figure 1. The configuration of the network connection proposed hybrid 
system 

 
A. Mathematical Model of Solar Array  

The model used in this paper is the double diode 
model whose equivalent circuit is shown in Figure 2.  

 

 
 

Figure 2. Equivalent electric diagram of a solar array [7] 
 

The proposed model consists of 150 arrays with 
maximum capacity of 50KW which every of arrays 
includes 18 series and 70 parallel modules. The electrical 
output power of the PV array, ,pv jP  at interval j with 

respect to temperature o( K)jT  and radiation 2(w/m )jE , 

can be determined by the following equations [7]: 
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where 1sI  and 2sI  correspond to the reverse-saturation 
current of the solar cell, q is the electron charge and has 
value of 1.6×10-19 C, K is the Boltzmann’s constant and 
has value of 1.38×10-23 J/K. The other constants for the 
solar cell are given in Table 1. 

 
Table 1. The constants of a solar array [7] 

 

parameter Constant values 

phI  k0 = -5.729×10-7 k1 = -0.1098 

1sI  k2 = 44.5355 k3 = -1.264×104 

2sI  k4 = 11.8003 k5 = -7.3174×103 

sR  k8 = 1.47 
k9 = 1.6126×103 
k10 = -4.474×10-3 

pR  k11 = 2.303×106 k12 = -2.812×102 

A  k6 = 2 k7 = 0 

 
B. Recovered Thermal Power of the Reformer 

In this system, the output thermal power of the 
reformer is used to supply thermal load where the 
temperature of output power reaches to about 365 oC, and 
if necessary it can be done through the direct use of 
natural gas. Since the performance temperature of the FC 
is too low (70-80 oC), the output thermal power of the FC 
is ignored [9]. This output thermal power can be used to 
supply residential thermal loads such as cooking, space 
and water heating, and etc. If the thermal power 
generation is more than the thermal demand, the surplus 
thermal power can be sold to other residential consumers 
or can be stored and reused in the other hours of a day. In 
order to determine the efficiency and thermal to electrical 
ratio the PLR is used, and they can be calculated as 
follow [10]: 
if <0.05

0.2716 0.6801

j

j TE, j

PLR

η , r� �
 (9) 
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The thermal power received from the reformer is 
calculated as follows: 

 ( )th, j TE, j j aP r P P��   (11) 

where ,th jP  is the output thermal power from the 

reformer at interval j (KW) and aP  is the power for 
auxiliary equipments (KW). 

 
C. Cost Function of the Hybrid System 

In this paper, the proposed model in [6, 11] references 
along with the PV system has been spread and also is 
developed regarding the fact that the tariff rate of 
electricity is different in each hour of a day. This makes 
the model more realistic. The recommended objective 
function of the cost optimization problem subject to 
operational constraints is considered as below: 
ObjFun min( )j j

j j

Cost Income� �� �  (12) 

subject to: 
min max

jP P P� �  (13) 

1j j uP P P�� � �  (14) 

j 1 j DP P P� � � �  (15) 

� �1 1( ) 0on
j j jT MUT U U� �� � �  (16) 

� �11( ) 0off
j jjT MDT U U �� � � �  (17) 

max
start stopn N� �  (18) 

The objective function consists of two main parts. The 
first term is the performance costs of the hybrid system 
that includes fuel cost, and cost of purchasing power 
(electrical/thermal) if the power generated is less than the 
demand. Besides, startup cost, the performance and 
maintenance cost of the hybrid system are also included 
in the first term. The second term of the objective 
function includes the system revenues that are obtained 
from the sale of surplus electrical and thermal power. 

 
III. ENERGY MANAGEMENT STRATEGY 

In this section, the most important purpose of 
applying energy management is to supply consumable 
electrical and thermal loads with minimum cost. In this 
paper the performance of the proposed hybrid system is 
connected to the network and there is the possibility of 
purchasing and selling electricity to the network. 
Therefore, the control strategy must be adopted in a 
manner that the proposed hybrid system provides the 
demand in the most economic mode. For this the cost of 
each one of the components must be considered in the 

proposed model. The formulation of objective function 
consists of cost of power purchased from the network and 
the revenues from selling surplus electricity to the 
network. They are introduced as follow [1]:  
 
A. Fuel Cost 

This term that is the fuel cost for electrical power 
produced by the FC can be written as the following: 

j
FUEL, j

j

a
f

P
C c

P

η

�
�  (19) 

where fc  is the price of natural gas for FC ($/KWh), T  

is the length of time interval (h), jP  is the electrical 

power produced by FC at interval j (KW). 
 
B. Cost of Purchasing Power from the Network 

If the demand is more than the electrical power 
produced, the hybrid system can purchase power from the 
network to meet both the electrical and thermal loads. 
The following equation can be used to compensate the 
shortage of electrical load from the network: 

max ( ,0)EL p, j el p, j el , j j pv, jC c T L P P� �� � �  (20) 

where ,el p jc �  is the tariff rate for purchasing electricity at 

interval j ($/KWh) which is different in each hour of a 
day, elL is the electrical demand (KW). 

If the thermal load is more than the output thermal 
power from reformer, the thermal generation shortfall can 
be calculated as follows: 

(1)
max ( 0)g th, j th, jGAS p, jC c T L P ,� � �  (21) 

where gc
 
is the fuel price for residential loads ($/KWh), 

,th jL  is the thermal demand at interval j (KW), and ,th jP  

is the output thermal power from reformer at interval j 
(KW). 

If the surplus thermal power is stored and reused at 
the other hours, the cost of purchasing natural gas can be 
calculated as follows: 

(2)
max ( 0)th, j th storage, j th, jGAS , gjC c T L P P ,�� � �  (22) 

where ,th storage jP �  is the amount of stored thermal power 

at interval j.  
 

C. Start-up and Maintenance Cost  
The operation and maintenance cost (COM) as a 

function of electrical power are calculated. Start-up cost 
is also proportional to the temperature and duration of 
inactivity FC ( offt ) and can be defined as follows: 

( )off /t τ
SUPC α β 1 e�� � �  (23) 

where � , �  are the hot and cold start-up cost 

respectively, offt  is the off time of the FC (h), and �  is 
the FC cooling time constant (h). 
 
D. Revenue of Selling Surplus Electrical Power  

In this case, the possibility of selling surplus electrical 
power to the network is provided. When the total 
electrical output power from the hybrid system is more 
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than the electrical demand, the daily revenue from selling 
surplus electrical power to the network is calculated as 
follows: 

max ( ,0)EL S, j el js, j pv, j el , jI c T P P L� �� � �  (24) 

where el sc �  is the variable tariff for selling electricity at 
interval j ($/KWh). 

 
E. Revenue of Selling Surplus Thermal Power 

If the output thermal power from reformer is more 
than the thermal load, this surplus power can be sold to 
the other residential  consumers and the daily revenue 
from the sale of surplus thermal power ($) is: 

max ( ,0)TH S, j th s, j th, j th, jI c T p L� �� �  (25) 

where th sc �  is tariff for selling thermal power ($/KWh). 
The revenue from the sale of unused thermal power to the 
other residential consumers at the end of the day is: 

, ,TH S th s th endI c P ��  (26) 

where th endP �  is the daily saving from selling surplus 
thermal power at the end of a day ($). 

 
IV. COST OPTIMIZATION PROBLEM IN GA 
In this paper the genetic algorithm (GA) is 

implemented to define the optimal settings by minimizing 
the cost objective function (12) subjected to the 
constraints given by (13-18). The GA differs from other 
search methods in several ways. The most important 
difference is that a GA works on a population of possible 
solutions, while other heuristic methods use a single 
solution in their iterations [15]. 

 The major steps of GA are as follows: First, The 
operation of GA begins with an initial population of 
chromosomes. Then the fitness of each chromosome is 
defined by the objective function. The selection operator 
chooses the chromosomes with better fitness among the 
population by randomized methods and forms a mating 
pool. Using crossover and mutation operators, a new 
population is produced. The iterative loop is executed 
until the termination condition is satisfied [16, 17]. 

 In order to determine the number of variables 
(chromosomes), the hours of a day is divided into 0.1-
hour time intervals. In this case the length of each string 
or chromosome is 240. Each chromosome presents the 
power generation of FC in the related step time. For the 
studied problem in this paper, the GA parameters are 
selected as Table 2. 
 

V. SIMULATION RESULTS AND DISCUSSION 
In this section, the proposed model has been applied 

to a 250 KW FC and 50 KW PV connected to the 
network, which has been tested for supplying both 
electrical and thermal load profiles [2]. The hourly solar 
irradiance data for a sunny day is shown in Figure 3.  

The FC parameters, gas prices and GA default 
parameters are according to Table 2. Table 3 gives 
different tariff rates for purchasing and selling electricity 
in each hour of a day. In this paper the output thermal 
power from the reformer is used besides the electrical 
power to supply thermal load. In order to give incentive 

to other residential consumers to use this energy, its price 
should be lower than other ways of supplying thermal 
load [1]. In this research, the results are compared with a 
base case (without considering the FC and PV units). 

The Figures 4 and 5 show the electrical and thermal 
load profiles (with a peak of 300 KW) that are used to 
simulate total hourly operation of proposed hybrid system. 
 

 
 

Figure 3. Irradiance data for a sunny day 
 

Table 2. FC and GA parameters [9] 
 

Maximum limit of generating power, max (KW)P  250 

Minimum limit of generating power, min (KW)P  0.0 

Hot start up cost, ($)�  0.05 

Cold start up cost, ($)�  0.15 

The FC cooling time constant, (h)�  0.75 

Minimum up-time, MUT (number of intervals) 2 
Minimum down-time, MDT (number of intervals) 2 

Lower limit of the ramp rate, (KW)DP�  20 

Upper limit of the ramp rate,  (KW)UP�  25 

Length of time interval, (h)T  0.1 

Fuel price for residential  load,  � �$ / kWhgc  0.06 

Price of natural gas for FC,  � �$ / kWhfc  0.04 

Thermal power selling price,  � �, $ / kWhth sc  0.04 

Thermal storage efficiency,  � �, %st thc  90 

Maximum number of start-stop,  maxN  5 

Maximum number of evolutionary generation 8000 
Number of individuals 450 

 
Table 3. Tariff rates for purchasing and selling electricity 

 

Time, (h) 
Purchasing Tariff  

  � �, $ / KWhel pC 
Selling Tariff 

� �, $ / KWhel sC 

0-6 0.05 0.03 
6-8 0.07 0.05 
9 0.09 0.07 

10-11 0.1 0.07 
12-16 0.11 0.08 

17 0.13 0.09 
18-19 0.14 0.1 

20 0.17 0.14 
21 0.15 0.1 
22 0.1 0.07 
23 0.07 0.05 

 
A. Base Case (without FC and PV) 

In this case, only the network and natural gas is used 
to meet the both electrical and thermal loads and other 
resources are not considered. The daily cost components 
for supplying residential loads without running FC and 
PV units are given in Table 4. The simulation results 
show that the daily cost for providing electrical and 
thermal loads is $ 708.40. 
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Figure 4. Electrical load profile 

 

 
 

Figure 5. Thermal load profile 
 

Table 4. Cost components for base case 
 

components ($) revenueDaily cost/ Base case 
Purchased electricity cost 445.39 
Sold electricity revenue 0.00 

Residential  natural gas cost 263.01 
Revenue from sale of thermal power 0.00 

Total cost 708.40 

 
B. Case 1 

In this case, the model is tested without considering 
PV unit and the FC in terms of network connectivity 
which is used to supply electrical and thermal loads. A 
summary of test results is given in Table 5. It is clear 
from the table that using FC in combination with the 
network results in a lower overall cost compared to the 
cost of previous case. The power trade with the network 
and electrical/thermal output power from the FC are 
shown in Figures 6, 7 and 8 respectively. As Figure 7 
depicts, in the first hours of the day (12 pm to 6 am), 
when the purchasing tariff rate is low; production by FC 
is not economically advantageous. Therefore, the most of 
consumable load is met by the purchased power from the 
network. From 6 am to 4 pm, the production of FC is 
more significant and the electrical/thermal power 
produced by the hybrid system follows up the electrical 
load and a part of the thermal load. The results show that 
using of the FC saves the system $ 53244.55 annually 
compared to the case of supplying load without running 
FC and PV. 

 
Table 5. Cost components for strategy 1 

 

components ($) revenueDaily cost/ Case 1 
Fuel cost 408 

Purchased electricity cost 44.46 
Sold electricity revenue 6.14 

Residential  natural gas cost 128.31 
Revenue from sale of thermal power 30.57 

FC O&M cost 18.47 
Total cost 562.53 

 
Figure 6. Electrical power trade with the network for case 1 

 

 
Figure 7. Electrical load and power generation for case 1 

 

 
Figure 8. Thermal load and generation for case 1 

 
C. Case 2 

This case is like the case 1 with the difference that the 
surplus thermal output power from the reformer is stored 
and reused in each hour of a day. The stored thermal 
power will be sold to other domestic consumers at the 
end of the day. The test results are shown in Table 6. This 
table shows that storing and reusing thermal power saves 
the system $ 57989.95 annually compared to the base 
case.  

It can be concluded from the findings that storing 
thermal power along with gas compensation results in a 
lower overall cost than selling thermal power. The 
electrical power trade with the network and the electric 
load/generation are shown in Figures 9 and 10, 
respectively. Figure 11 shows the thermal load/generation 
which is recovered from the reformer. According to 
Figure 9 in the first hours of the day, the system 
purchased more power from the network due to low tariff 
rate of energy. So, FC must produce a lower amount of 
power.  

During low thermal demand periods (9 am to 7 pm) 
the output power from the FC has been more influenced 
by the thermal load and the system storing the surplus 
thermal power. In this case, the required amount of 
electrical power can be purchased from the network or 
met by natural gas. During the high thermal load period 
(after 7 pm) the hybrid system a use stored thermal 
power, and produces enough electrical power to satisfy 
the electrical load. 
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 Comparing this case with the case 1 shows that the 
strategy of storing the surplus thermal power makes the 
system obtain $ 3354.35 annually. In conclusion, the 
storing of thermal power is better than the selling of it in 
terms of the overall cost and total savings. 

 
Table 6. Cost components for strategy 2 

 

components ($) revenueDaily cost/ Case 2 
Fuel cost 310.56 

Purchased electricity cost 106.21 
Sold electricity revenue 4.78 

Residential  natural gas cost 124.36 
Revenue from sale of thermal power 0.00 

FC O&M cost 13.18 
Total cost 549.53 

 

 
Figure 9. Electrical power trade with the network for case 2 

 

 
Figure 10. Electrical load and power generation for case 2 

 

 
Figure 11. Thermal load and generation for case 2 

 

D. Case 3 
In this test case, in addition to the FC stack the model 

is tested by using of 50 kW PV system, which is operated 
at its full capacity all the time [2]. The obtained revenues 
and costs of components are given in Table 7. The power 
trade with the network, and the electrical load and output 
power from the FC and PV are shown in Figures 12 and 
13, respectively. The thermal load and output thermal 
power from the reformer are given in Figure 14. 
According to Figure 11, due to the production of PV in 
the mid-day hours, the output power from the FC at this 
time has decreased and the possibility of selling surplus 
electrical power to the network is provided by the FC. 
 

 

Table 7. Cost components for strategy 3 
 

components ($) revenueDaily cost/ Case 3 
Fuel cost 372.62 

Purchased electricity cost 41.13 
Sold electricity revenue 16.3 

Residential  natural gas cost 133.11 
Revenue from sale of thermal power 23.89 

FC O&M cost 17.15 
PV O&M cost 2.69 

Total cost 526.51 

 

 
Figure 12. Electrical power trade with the network for case 3 

 

 
Figure 13. Electrical load and power generation for case 3 

 

 
Figure 14. Thermal load and generation for case 3 

 
E. Case 4 

In this case, the effect of storage and reuse of the 
surplus thermal power on the optimal operation of 
proposed hybrid system is evaluated. The obtained results 
show that the combination of FC and PV units along with 
storing thermal power results in the lowest operational 
cost and the highest efficiency. The purchasing/selling 
electrical power from/to the network, the electrical load 
and power output from the FC and PV, and the thermal 
load and generation are given in Figure 15, 16 and 17, 
respectively. Cost and revenue components are given in 
Table 8. It is clear from the results that the daily cost of 
components with a significant reduction of $ 193.87 
compared to the base case is equivalent to 517.32. 

In summary, the daily cost for different strategies are 
shown in Table 9. Comparing costs for all strategies 
reveals that Strategy 4 gives a lower cost over entire year. 

 
 



International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 14, Vol. 5, No. 1, Mar. 2013 

 80

Table 8. Cost components for strategy 4 
 

components ($) revenueDaily cost/ Case 4 
Fuel cost 295.50 

Purchased electricity cost 82.04 
Sold electricity revenue 7.64 

Residential  natural gas cost 131.23 
Revenue from sale of thermal power 0.00 

FC O&M cost 13.5 
PV O&M cost 2.69 

Total cost 517.32 

 

 
Figure 15. Electrical power trade with the network for case 4 

 

 
Figure 16. Electrical load and power generation for case 4 

 

 
Figure 17. Thermal load and generation for case 4 

 
Table 9. Costs and savings summary for all strategies 

 

 ($)Daily total cost  ($)Yearly savings  
Base case 708.40 0.0 

Case 1 562.53 53,242.55 
Case 2 549.53 57,987.55 
Case 3 526.51 66,389.85 
Case 4 517.32 69,744.2 

 
The total efficiency of the FC is calculated according 

to the following equation [18]: 

, ,
,

min( , )

[( ) / ]
j a th j th j

total j
j a j

P P P L

P P
�

�

� �
�

�
 (27) 

The Figure 18 shows the total efficiency for the 
strategies 1, 2, 3 and 4. It is clear that considering the 
thermal storage increasing the efficiency to as high as 
55%–60%. The results of numerical optimization show 
that the strategies 2 and 4 due to the use of thermal 
energy storage enhance the total efficiency, especially at 
the low thermal demand periods. 

 
 

Figure 18. Total efficiency curves for all strategies 
 

VII. CONCLUSIONS 
In this paper, the combination of FC and PV as a 

hybrid system is studied in an economic model. This 
model is used as a CHP system to supply residential 
loads. The paper considers the economic model which 
includes output thermal power from the reformer and 
electrical power trade with the network. Based on the 
maximum power received from the PV system, the FC 
satisfies both electrical and thermal loads which are 
network connected. During each hour a day, the different 
tariff rates for purchasing and selling electrical power is 
assumed. In order to estimate the daily optimal 
operational strategy for the hybrid system and to 
minimize the operating costs, the GA is used. The 
simulation results show the combination of FC and PV 
units along with the storing surplus thermal power 
considered as the best strategy in reducing the overall 
costs and savings per year. This case saves the system 
$193.87 daily or $70762.55 annually compared to the 
base case. 
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NOMENCLATURES 

jP : The electrical power produced by FC  

pvP : The electrical power produced by PV  

� : The electrical efficiency of FC 

TEr : The thermal to electrical power ratio 
maxP : The maximum limit of generated power 
minP : The minimum limit of generated power 

UP� : The upper limit of the ramp rate 

DP� : The lower limits of the ramp rate 
onT : The FC on-time (number of intervals) 
offT : The FC off-time (number of intervals) 

MUT : The minimum up-time (number of intervals) 
MDT : The minimum down-time (number of intervals) 

PLR : The part load ratio ( jP / maxP ) 

U : The FC on-off status (where U = 1 for running and 
U = 0 for stopping) 

start stopn � : The number of start-stop events 
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maxN : The maximum number of start-stop events 
T : The ambient temperature 
E : The intensity of solar radiation 

phI : The light generated current of PV 

sR : The series resistance  

pR : The parallel resistance 

A : The ideality factor 

sN : The number of cells connected in series 

pN : The number of parallel modules 
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