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This paper presents a methodology to calculate the optimal size of a stand-alone hybrid Wind- 
photovoltaic (PV)-Battery system. The study was interested in the influence of the wind and solar 
potential and the shape of the load profile on the optimal configuration. The collection of one year of 
wind speed, solar radiation and ambient temperature, recorded every hour in Kayar and Potou located 
in the northwestern of Senegal were used with the manufacturer’s specifications of a wind turbine and a 
photovoltaic (PV) panel to calculate the power generated by the wind turbine and the PV modules for 
each hour of the day. The mathematical modeling of the principal elements of the hybrid wind/PV 
system is presented showing the main sizing variables. The results of simulations, by the use of the 
load profile n°1, show that the optimal configuration was hybrid system wind/PV/batteries with 71% and 
64% of energy coming from the wind turbine on the site of Potou and Kayar, respectively. The results 
also show that the load profile n°2 was more suited to the hourly wind and solar energy output for the 
two sites compared to the rest of the load profiles. 
 
Key words: Hybrid system, load profile, modeling, optimization, genetic algorithm, solar energy, wind energy. 

 
 
INTRODUCTION 
 
Fossil fuels play a key role in meeting the global energy 
demand. However, fossil fuel reserves are limited and the 
use of these sources has adverse impacts on the 
environment. Therefore, it is necessary to resort to 
renewable energy sources like solar and wind energy 
(Akdag and Dinler, 2009).  

In remote regions, electric energy is usually supplied 
by diesel generators. In most cases, supplying the 
energy demand using diesel fuel is expensive and has 
negative effects on the environment. Thus, the hybrid 
system (PV-Wind-Battery) can become competitive with 
the use of diesel generators (Colle and Abreu, 2004). 
Further, the use of a single renewable energy source 
such as wind or solar energy is inadequate to meet the 
demand for long periods due to the high cost of the 
system   including   battery   storage  (Zhou et al.,  2010;  
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Boudy et al., 2010a, 2012a).  
To meet this challenge, renewable energy sources such 

as wind and solar energy can be used in combination to 
create hybrid (PV-Wind-Battery) systems. Furthermore, 
the problem caused by the natural variation of the wind 
and the solar resources can be partially solved by 
integrating them efficiently. The hybrid system that 
combines solar and wind generating units with battery 
backup can attenuate their individual fluctuations and 
reduce energy storage requirements significantly (Boudy 
et al., 2010a) thereby reduces the overall cost of system. 

Some studies (Borowy and Salameh, 1996; Kellogg et 
al., 1998; Duffo-Lopes et al., 2005; Ekren, 2008) have 
used a technical method such as graphical construction 
method, probabilistic approach and iterative technique to 
size a hybrid system which was, most often, Wind-
Battery, Wind-Battery-Generator, PV-Battery or PV-
Battery-Generator. These sizing methodologies did not 
take into account some components of the system such 
as  regulator  (PV batteries charger)  and  inverter,  which  
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Figure 1.  Block diagram of the hybrid PV-Wind-Battery) system. 

 
 
 
also greatly affect the acquisition cost of the system.  

In this paper, the developed methodology for the 
calculation of the optimum size of a stand-alone hybrid 
system was based on the use of the genetic algorithm for 
sizing the optimal configuration of hybrid system Wind-
PV-Battery by minimizing the Annualized Cost of System 
(ACS). An original approach was to use the decision 
variables such as PV module size, wind turbine size, 
battery capacity, number of regulators and inverters in 
the optimization process. A study on the influence of wind 
and solar potential variation and the influence of the 
shape of load profile on the optimal configuration was 
carried out. The application of this methodology was 
carried out for the two sites kayar and Potou located in 
the northwestern coast of Senegal. In this area, there are 
remote village which are not connected to the national 
grid. On the other hand, most of gardening activities in 
the country are concentrated in this region thus, several 
sites were selected for studies, to produce electricity 
using wind and solar energy, on the basis that these rural 
areas constitute major agricultural belts (Boudy, 2005; 
Youm et al., 2005; Kebe et al., 2008; Boudy et al., 2008, 
2007, 2010b, 2011, 2012b; Drame et al., 2012). 
Furthermore, water pumping for irrigation and rural 
electrification are identified as one of the viable 
application of wind and solar energy (Youm et al., 2005).  

To achieve the target of this study, technologies of a 
small wind turbine (EolSenegal/500W), a Battery (Banner 
C20-963.51/180Ah/12V), a PV module (monocristallin 
150Wc/24V), a regulator (REGTARGOM430/ 40A/48V) 
and an inverter (SINWAVE/3.5 kW/48V) were used. 
 
 
MODEL OF THE HYBRID SYSTEM COMPONENTS 
 
Figure 1 shows a schematic diagram of a hybrid system (solar- 
wind-battery). The energy produced by  the  wind  turbines  and  the 

 
 
 
 
PV modules was used to power the load. The remainder is sent to 
batteries to be stored. If demand exceeds the energy generated by 
the wind turbines and PV modules, then the battery provides the 
energy deficit. Figure 1 depicts the various components of the 
hybrid system (PV-Wind-Battery). 
 
 
PV array performance model 
 
The photovoltaic module performance is highly affected by the 
weather, especially the solar irradiation and the PV module 
temperature. In this paper, a simplified simulation model is used to 
estimate the PV module performance. 

To estimate the PV array output, the solar radiation available on 
the module surface, the ambient temperature and the manufacture 
data for the PV module (Table 1) are used as model inputs. The 
calculation method of the PV array output is given by Equation 4. 
The short circuit current and open circuit voltage of a solar 
photovoltaic module are given by Equations 1 and 2 (Koutroulis et 
al., 2006): 
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Iscst (A) is the short circuit current standard, Ki (A/°C) is the short 
circuit current temperature coefficient, G (W/m²) is the global 
irradiation incident on the PV module, Vocst (V) is the open circuit 
voltage standard, Kv (V/°C) is the open circuit voltage temperature 
coefficient and Tc (°C) is the temperature which can be estimated 
from the ambient temperature Ta (°C) and the solar radiation 
(Equation 3):  
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NCOT (°C) is the nominal operating cell temperature.  
A photovoltaic module power output at time t is given by Equation 
4. 
 

FFIVP scocpv 
     

                           (4) 

 
FF (dimensionless) is the fill factor, dependent on technology of 
solar modules, which is the ratio between the nominal and the 
maximum power standard (Koutroulis et al., 2006). 
 
 
Wind turbine performance model 
 
The average power output from a wind turbine is the power 
produced at each wind speed multiplied by the fraction of the time 
that wind speed is experienced, integrated over all possible wind 
speeds. In integral form, the equation is (Borowy and Salameh, 
1994; Boudy et al., 2012a, 2012b):  
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Table 1. Specifications of the components. 
 

Components Specifications 

Type of wind Turbine Elosenegal/500W/24 

Cut-in speed (m/s) 3 

Nominal speed (m/s) 7 

Maximum speed (m/s) 10 

Nominal power (W) 500 

Nominal voltage (V) 24 

Cost (Euro) 1 077 

  

Type of module PV  150W/24V 

Rate voltage (V) 24 

Voltage of open circuit (V) 43.4 

Current of short-circuit (A) 4.7 

Power peak (W) 150 

Fill factor 0.74 

Cost (Euro) 900 

  

Type of battery  Banner C20-963.51 

Nominal voltage of battery (V) 12 

Nominal capacity  (Ah) 180 

Cost (Euro) 285 

  

Type of regulator  REGTARGOM430 

Nominal current (A) 40 

Nominal voltage (V) 48 

Cost (Euro) 398 

  

Type of inverter  SINWAVE 

Nominal Power (W) 3 500 

Nominal voltage (V) 48 

Cost (Euro) 2799 
 
 
 

f(v) is a probability density function given by Equation 6, Pw, is the 
electrical power output of the wind turbine defined by Equation 7 
(Justus, 1978; Boudy et al., 2011, 2012b). 
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A is scale factor, unit of wind speed, K is shape factor, 
dimensionless, v is wind speed in (m/s). 
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Figure 2.  Power curve of a wind turbine. 

 
 

vcin, vr and vcou are the cut-in wind speed, rated wind speed and cut-
off wind speed given in (m/s). A plot of Pw versus v is shown in 
Figure 2. 

Substituting Equation 6 and Equation 7 into Equation 5 yields 
Equation 8 (Johnson, 1985; Borowy and Salameh, 1994) 
 












































































































k

cou

k

cin

k

r

k

r

k

cin

rwa
A

v
exp

A

v

A

v

A

v
exp

A

v
exp

PP
  (8) 

 
For small-scale wind turbines, the cut-in wind speed is relatively 
smaller and wind turbines can operate easily even when wind 
speed is not very high.  

The total power output of the two generators (wind turbine and 
PV array) is given by Equation 9 (Boudy et al., 2012a). 
 

waagpvpv PNPNPT 
 
                  (9)  

 

Npv and Nag are the total number of solar modules and wind 
turbines, respectively. 
 
 
Battery performance model 
 

The nominal capacity of the battery is modeled using Equation 10 
(Borowy et al., 1996): 
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Where Nbt is the total number of batteries, Nbs is the number of 

batteries in series, bt is the nominal capacity (Ah) of one battery. 

During the charging process, the available battery capacity at 
time t can be calculated by Equation 11 (Koutroulis et al., 2006): 
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is the capacity of the storage system at time t given in (Ah), nbt 

is the battery charging and discharging efficiency. It is difficult to 
measure separate charging and discharging efficiency, so 
manufacturers usually specify roundtrip efficiency. In this paper, the 
battery charging efficiency is set to 80%, and the discharge 
efficiency is equal to 100% (Duffo-Lopes et al., 2005). 

U (V) is the nominal system operating voltage and Pbt
 
is the 

power received by the battery from generator or requested by the 
demand. 
The minimum battery capacity can be given by Equation 12 
(Abdelhamid et al., 2011): 
 

)Pd(1rmin 
  

                            (12)  

  

Where r   
is the nominal battery capacity and Pd is the depth of 

battery discharge. 
 
 
Regulator performance model 
 
The solar regulator which monitors the load and the battery 
discharge is dimensioned according to its input current, which is 
given by the Equation 13 (Boudy et al., 2012a). 
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Npv is the total number of PV modules, Npvs is the number of PV 
modules in series, nrg (%) is the regulator efficiency. 
 
 
Inverter performance model 
 
The inverter is a device which converts DC current of DC bus to an 
AC current for AC loads. 
The power transiting the inverter to serve the demand is given by 
Equation 14 (Boudy et al., 2012a). 
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nin is the inverter efficiency specified by the manufacturer (%), Pch is 
the instantaneous demand (W). 

 
 
Economic model based on the annualized cost system (ACS) 
concept 
 
The energy optimization of a hybrid system can be done by using 
an economic criterion. We should introduce an objective function for 
the various system components. It is a question in our case of 
establishing a function cost which includes the replacement (Crap), 
maintenance (Cmain) and capital cost (Ccap) of each component. The 
Equation 15 gives the function cost of the system. 
 

(x)C(x)C(x)Cg(x) repmaincap             (15) 

 
x= [Npv  Nal, Nbt, Nrg, Nin] is the vector of decision  

 
 
 
 
Annualized capital cost 
 
The annualized cost of each component (PV array, Wind turbine, 
battery, regulator and inverter) is calculated using Equation 16. 
 

)YCRF(i,(x)C(x)C projcapacap                           (16) 

 
Yproj is the component lifetime (year) and CRF is the capital 
recovery factor, a ratio to calculate the present value of an annuity 
(a series of equal annual cash flows). The equation for the capital 
recovery factor is given by the Equation 17. 
 

 

  1i1

i1i
)YCRF(i,

proj

proj

Y

Y

proj



                              (17) 

 

The annual real interest rate i  is related to the nominal interest rate 

'i  and the annual inflation rate inf  by the Equation 18. 
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Annualized maintenance cost 
 
The system maintenance cost, which has taken the inflation rate 
(inf) into a count, is given as showing in Equation 19. 
 

      jproY
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Where: amainC  is the maintenance cost of the projY th year. 

 
 
Annualized replacement cost 
 
The annualized replacement cost of a system component is the 
annualized value of all the replacement costs occurring throughout 
the lifetime of the project. In the hybrid system under study, only the 
battery, regulator and inverter need to be replaced periodically 
during the project lifetime.  
 

   compreparep Yi,SFFxCC                    (20) 

 
Ycomp is the components (batteries, regulators and inverters) lifetime 
(year); SFF is the sinking fund factor, a ratio to calculate the future 
value of a series of equal annual cash flows. The equation for the 
sinking fund factor is: 
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System optimization model with genetic algorithm 
 
The minimization of ACS function is implemented employing 
genetic algorithm (GA) developed by Leyland (Leyland, 2002; 
Molyneaux, 2002). This multi objective optimization tool was 
designed for  the  optimization  of  the  energy  systems,  which  are  



 
 
 
 

  
 
Figure 3.  Real and Weibull distribution on the site of Kayar. 

 
 

generally non-linear and uses a statistical technique of grouping of 
the individual basis on the independent variable (creation of the 
families which evolves in independent manner). This method has 
the advantage of maintaining the diversity of the population and of 
making the optimal algorithm coverage even difficult to find 
(Sambou, 2008). Further, this method is not restricted by local 
optimum; it can find the global optimum system configuration with 
relative computational simplicity compared to conventional 
optimization methods such as dynamic programming and gradient 
techniques (Zhou et al., 2010). Furthermore, in a nonlinear multi-
objectives optimization problem, there is such a balance that we 
cannot improve one criterion without deteriorating at least one of 
others. This balance is called Pareto optimal.  

The hourly data used in the model are the solar radiation on 
horizontal surface, ambient air temperature, wind speed and load 
demand consumption on an annual basis. 

The PV array and the wind turbine outputs are calculated 
according to the PV and the Wind turbine system model by using 
the specifications of the PV module and the wind turbine, as well as 
the solar radiation and the wind speed data. The battery bank with 

the total nominal capacity
r  is permitted to discharge up to a limit 

defined by the maximum depth of discharge Pd. 
The initial assumption of system configuration will be subject to 

the following inequalities constraints (Boudy et al., 2012a): 
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Irrg is the nominal current of the designed regulators (A),   is the 

capacity of the batteries (Ah), 
min  is the minimum capacity of the 

batteries (Ah), Prond is the rated power of the inverter (W). 
 
 

Application on the sites of Kayar and Potou 
 

Presentation of the sites  
 

The sites, Kayar and Potou are located in the cost  northwestern  of  
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Figure 4.  Real and Weibull distribution on the site of Potou. 

 
 

Senegal in West Africa. This zone is characterized by wind potential 
adapted to small wind turbines (2 to 10 kW) (Boudy, 2005; Youm et 
al., 2005; Kebe et al. 2008; Boudy et al., 2008, 2010b, 2011, 
2012b) on one hand and on the other hand, this zone is 
characterized by good solar irradiation (Boudy et al., 2007; Drame 
et al., 2012). 

Figures 3 and 4 present the real and theoretical distribution of 
Weibull of the wind speed on one hand and on the other hand 
Figure 5 presents the profile of the irradiance on average over the 
one day respectively in the two sites (Potou and Kayar). It is noted 
that, the density of wind power is larger (95 W/m²) on the site of 
Potou than on the site of Kayar (72 W/m²). Then the wind potential 
is larger on the site of Potou than on the site of Kayar. However, the 
average daily value of solar radiation is more significant on the site 
of Kayar (4.4 kWh/m²/d) than on the site of Potou (3.9 kWh/m²/d). 

To study the effect of changes in load profiles on the optimal 
configuration, three types of loads having the same quantity of 
energy (94 kWh/d) (Figure 6) were used. 

Profile 1 gives the load of a village whose fluctuation during the 
day corresponds to the operation of public equipment (refrigerators, 
domestic mill, welding machines, and other equipment). The peak 
of the demand observed at night corresponds to the use of the 
domestic equipment and some commercial equipment. It can be 
observed that the power is constant between 5 a.m. and 5 p.m. for 
load profile 2. This corresponds to the operation of a desalination 
and water pumping system, commercial refrigerators and domestic 
equipment, etc. The peak of the power demand observed during 
the night is due to the domestic equipment (lighting, refrigeration 
and television. etc.) and the desalination and water pumping system. 

Load profile 3 illustrates low consumption during the day 
(population working in the fields in the morning), and high power 
demand in the night due to the use of lighting, TV plus the previous 
consumption (desalination and water pumping system, commercial 
refrigerators, etc.). 
 
 

Components characteristics 
 

The specifications of the components used in this study are 
presented in Table 1. 
 
 

RESULTS AND DISCUSSION 
 

The methodology presented  above  was  applied  on  the  
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Figure 5.  Profile of irradiation on Kayar and Potou. 

 
 
 

 
 
Figure 6.  Various profiles of load. 
 
 
 

two sites (Kayar and Potou) to size an optimal hybrid 
systems solar-wind-battery for decentralized electrifi-
cation. The results obtained are presented in two forms: 
 
1. Influence of the potentials on the optimal configuration, 
2. Influence of load profiles on the optimal configuration. 
Figure 7 and Figure 8 depict the total Annualized Cost of 
System (ACS) during the processing of optimization in 
Kayar and Potou respectively using load profile 1. It can 
be noted that from a configuration, the cost of the 
following configurations is constant. The optimal confi- 
guration for each load profile was computed (Table 2). 
The studies of the performance of the system have been 
achieved determining the state of charge of batteries on 
sites Potou and Kayar (Figure 9). Figure 10 gives the 
state of charge on batteries for each load profile using the 

 
 
 
 

 
 
Figure 7. System total cost during AG optimization (Potou). 
 
 
 

 
 
Figure 8. System total cost during AG optimization (Kayar). 
 
 
 

solar and the wind potential of the site of Potou. 
 
 
Influence of variation of the potential on the optimal 
configuration  
 
The results of sizing are summarized in Table 2. For the 
two sites Potou and Kayar, the optimal configuration is a 
hybrid system with a request of the wind turbines for 
Potou and a request of the PV modules for the site of 
Kayar. That can be explained by the fact that, the wind 
potential is more favorable on Potou and the solar 
potential is more favorable on the site of Kayar. Further, 
the diurnal variation of the load profile is more suitable to 
the diurnal variation of the solar radiation in the site of 
Kayar than in the site of Potou. However the fraction of 
the output energy from the  wind  turbines  is  higher than  
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Table 2. Influence of the wind and solar potential on the cost of optimal configuration. 
 

Site 
Load 

profile 
Number of PV 

module 
Number of Wind 

turbine 
Number of 

battery 
Number of 
regulator 

Number of 
inverter 

ACS (Million euro) 
Total production 

(kWh) 
Percent of wind turbine 

production (% ) 
Percent of PV array 

production (%) 

 

Potou 

1 110 41 160 7 6 0,134 55638 71 19 

2 106 43 140 7 4 0,125 52973 73 17 

3 106 40 148 7 4 0,126 53118 72 18 

           

Kayar 

1 120 41 124 8 6 0.124 51365 64 36 

2 130 32 108 8 4 0.120 45662 56 44 

3 120 37 116 8 4 0.121 48149 62 38 
 
 
 

the fraction of the output energy from the PV 
modules that is observed for all the sites and for 
all used load profiles (Table 2). 

We can also notice that the annualized cost of 
system (ACS) is higher for Potou compared to the 
cost of system for the site of Kayar, that is, 
because the load profiles used are better suited to 
the output energy in Kayar than in the site of 
Potou. So the systems requesting for more size of 
battery for the site of Potou, resulted in a higher 
Annualized Cost of System (ACS). The wind 
turbine sized on Potou and Kayar intervene more 
during the day time. The calculated battery makes 
the help rendered to the system more possible the 
moment the wind turbines and the PV modules 
cannot produce sufficient energy.  

For the load profile n°1, the capacity of storage 
system dimensioned increases by 25% for Potou 
compared to the capacity of storage sized for 
Kayar. This is due to the over-sizing of batteries in 
the site of Potou. This storage system has to 
cover the peak of power called by the demand 
during the night time. However, these batteries 
will function only a little over their lifetime. That 
can add the lifetime of the battery bank. The state 
of charge of the battery bank sized for Kayar and 
Potou by using load profile n°1 is depicted by the 
Figure 9. It can be noted that the minimum state 

of charge of the battery bank is equal to 50% for 
the two sites. It can be noted, further, that a high 
frequency is observed for the battery bank 
charged (state of charge 100%). This is observed 
for the two sites. 
 
 
Influence of variation of the load profile shape 
on the optimal configuration  
 
The study of the influence of the load profiles 
shape on the optimal configuration was carried 
out for the site of Potou and Kayar. The optimal 
configurations obtained are illustrated by Table 2. 

It is observed that the fraction of output energy 
from the wind turbines is higher than 50% of the 
total output energy for all configurations obtained 
(Table 2). This remark follows that, the wind 
turbine used for sizing is well adapted to the wind 
potential and to the load profiles of demand. The 
application of sizing, by using the load profile n°2 
and n°3, shows a reduction in the number of the 
batteries compared to the load profile n°1. This is 
because the load profiles n°2 and n°3 are more 
adapted to the output energy from PV modules 
and the wind turbine together than the load profile 
n°1. This observation is seen for the two sites 
Kayar and Potou. 

The capacity of batteries increased by 14 and 
8% for the load profile n°1 compared to the 
capacity of batteries obtained by using the load 
profile n° 2 and n°3 respectively, on the site of 
Potou. Figure 10 gives the state of charge of 
batteries over one year for all the loads profiles on 
the site of Potou. The maximum depth of charge 
is 50% corresponding to the state of charge of 
50%. 
 
 
CONCLUSION 
 
A methodology to size a stand-alone hybrid PV-
Wind-Battery system using a genetic algorithm 
approach (GA) is proposed in this paper. The 
used models of the wind turbine, the PV panel 
and the storage unit composing the hybrid 
system, were presented. 

The optimal design of a hybrid system PV-Wind-
Battery with the use of the genetic algorithm 
approach is carried out for two sites Kayar and 
Potou located in the northwestern coast of 
Senegal. 

The study of the influence of the wind and solar 
potential on the optimal configuration was carried 
out. The results obtained showed an influence of 
variation of  the solar  and  wind  potential  on  the  
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Figure 9.  Battery state of charge distribution for the two sites Kayar. 

 
 
 

 
 
Figure 10.  Batteries state of charge distribution for the various 
profiles of load for the site of Potou. 

 
 
 
optimal configuration obtained. For example, for the two 
sites Potou and Kayar, the optimal configuration is a 
hybrid system with a request of the wind turbine for Potou 
and a request of the PV modules for the site of Kayar. 

The study of the load profiles influence on the optimal 
configuration has showed that, the load profile which is 
suitable for potential fluctuating can reduce the 
acquisition system cost. On the other hand, it would be 
interesting to perform the modeling, by incorporating the 
objectives of availability and reliability constraints of 
components in order to achieve a more accurate 
assessment of the cost of ownership system. 

 
 
 
 
NOMENCLATURE 
 
A         scale factor                                         m/s 
C cost                                                   euro 
CRF capital recovery factor  
FF fill Factor  
G global irradiation                         W/m² 
N number of components  
NCOT nominal operating cell temperature       (°C) 
P power                                                 W 
Pd depth of discharge                         % 
PT the total power at the output of two  
            generators (wind and solar)              W 
SFF sinking fund factor  
 
Subscripts: 
 
acap annualized capital cost  
amain annualized maintenance cost  
arep annualized replacement cost  
bt battery  
cin cut in  
comp components   
cout Cut-offt  
cap initial capital cost  
ch demand  
in  inverter  
main initial maintenance cost  
max maximum  
min minimum  
oc open circuit  
ocst open circuit standard  
proj project   
pv photovoltaic  
rep initial replacement cost  
rg regulator  
rin nominal output of inverter  
rrg nominal current of regulator  
sc short circuit  
scst short circuit standard  
wa wind turbine generator  
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