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Abstract - Solar energy system cannot provide a continuous source of energy due to the 
low availability during the no-sun period and during winter. The wind system cannot 
satisfy either constant load demands due to different magnitude of wind speed from one 
hour to another. The variations/fluctuations of solar and/or wind energy generation do 
not match the time distribution of the load demand on a continuous basis. From solar and 
wind data collected in 8 sites in Bulgaria, a study has been performed about the available 
renewable energy. For each site, the wind and solar potential are quantified. Then, the 
characteristic of the renewable system (wind turbine or PV generator) are introduced to 
calculate the system electrical production and to compare it with the temporal load 
distribution in view to observe if renewable production fits the electrical consumption. 
This study will be performed for 3 PV modules technologies (c-Si, a-Si and CIS) and a 
conventional wind turbine power curve. 

 
1. INTRODUCTION 

The problem in a separate use of wind and solar energy is their discontinuity [1]: 
solar energy system, alone, cannot provide a continuous source of energy due to the low 
availability during the no-sun period and during the winter; wind system, alone, cannot 
satisfy constant load demands due to different magnitude of wind speed from one hour 
to another. In order to achieve the high energy availability required, we would have to 
oversize the rating of the generating system. But a better solution is to use hybrid 
systems where two or more renewable energy sources are exploited. At the beginning, 
such systems were used for remote areas or at sites that were located far from a 
conventional power system but today, there is a trend to update the existing source 
system (PV, Wind, hydro) into hybrid system including for grid connected applications. 
For remote electrification, the hybrid renewable energy systems must include energy 
storage. 

The sizing of such hybrid systems is much more complicated than single source 
systems, due to the high number of variables and parameters that have to be considered 
for the optimal design. This optimization often includes economical objectives, and it 
requires the assessment of system long-term performance in order to reach the best 
compromise for both reliability and cost. 

In general, the variations/fluctuations of solar and/or wind energy generation do not 
match the temporal distribution of the load. The complementary nature of the wind and 
solar resource was examined in 1981 by Aspliden [2] and more recently by Reichling et 
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al. [3]. Special attention was paid to the energy sources complementarily issue in studies 
of Wind/Solar hybrid systems. 

The aim of this work is to calculate the characteristic of a renewable system, using 
wind turbine and PV generator, which must fit as precisely as possible the electrical 
consumption. 

2. METHODOLOGY 
For various hybrid system configurations, we calculate the electrical production 

from wind turbine (WT) and photovoltaic (PV) system and compare it with the 
electrical load such as presented in figure 1. 

 
PVE = PV energy produced in i  period; WTE = Wind turbine energy in i  period; RENE = 

Renewable energy produced; LOAD,RENE = Renewable energy directly to the load in i  period; 

STO,RENE = Renewable energy to the storage in i  period; LOAD,STOE = Stored energy to 

the load in i  period; PSE = Energy produced by the power station in i  period; LOADE = Load 

energy in i  period; SUNΦ  = Global solar irradiation onto PV module plane in i  period; v = 

Average wind speed at wind turbine hub height in i  period. 

Fig. 1: Presentation of the studied system 

We considered two operation modes: 
- In the mode 1, the production system is constituted only of WT and a PV system. 
- In the mode 2, a conventional power plant is added to supply the load basis. 
We assume that the storage has an efficiency equal to 1 in charge and discharge and 

an infinite capacity. Numerous energies are calculated each hour during the simulation: 
- The energy produced by the PV system )i(EPV ; 
- The energy produced by the WT )i(EWT ; 
- The energy produced by the renewable system 

)i(E)i(E)i(E WTPVREN +=               (1) 
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- The energy produced by the conventional power plant )i(EPS  (in case 1, 
)i(EPS  = 0), )i(EPS  is constant during the day and equal to the minimum hourly 

load value. 
- The part of the renewable energy required by the load (L) )i(E L,REN  is such 

that: 

If )i(E)i(E)i(E PSLREN −≥  then )i(E)i(E)i(E PSLL,REN −=  

Else )i(E)i(E RENL,REN =                (2) 

- The stored part of the renewable energy )i(E STO,REN : 

If )i(E)i(E)i(E PSLREN −>  then )i(E)i(E)i(E L,RENRENSTO,REN −=  

Else 0)i(E STO,REN =                (3) 

- The part of the stored energy supplying the load )i(E L,STO : 

)i(E)i(E)i(E PSLREN −<  then )i(E)i(E)i(E)i(E PSRENLL,STO −−=     (4) 

- The stored energy )i(ESTO  is: 

)i(E)i(E)1i(E)i(E L,STOSTO,RENSTOSTO −+−=            (5) 

The maximum energy stored will be retained. 
Four parameters are calculated as optimization criteria: 
1. the absolute value of the difference between the produced renewable energy and 

the required load on an annual basis. 
2. the number of load faults i.e. the number of hours during which the load has not 

been totally satisfied; 
3. the load fault duration i.e. the time during the year during which the load has not 

been satisfied; 
4. the not satisfied load energy. 
Figure 2 shows the evolution of various energies for a hybrid system with a 65 kWp 

PV / 152 kW WT system. 

 
Fig. 2: First running case (PV peak power 65 kWp – WT system 152 kW) 

a) Energies produced and consumed b) Energy stored 
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The hybrid system in this study is composed of: 
- a PV system with a peak power from 0 to 2 times the annual peak load with a step 

equal to nearly 0.8 kW according to the used technology (m-Si, a-Si and CIS) 
- a WT with a nominal power between 0 and 2 time the annual peak load with a step 

of 2 kW 
- the renewable system nominal power of the (WT+PV) is always lower or equal to 

2 times the annual peak load. 

2.1 The energy consumption 
We consider that the load to supply is the consumption of a small Bulgarian village 

with 2,216 inhabitants, 8 village cafes, 4 clothing stores, 9 grocery stores and a 
construction equipment store. The load data were measured at a Medium Voltage/Low 
Voltage transformer providing electricity to this village. The annual consumption peak 
power is about 312 kW for an annual consumed energy of about 1.23 GWh. The 
average values of the hourly energy consumption for each month are presented in Fig. 3. 

2.2 The meteorological Bulgarian sites 
Hourly wind speed and solar radiation data measured in 8 meteorological stations in 

Bulgaria are used for this analysis. The studied locations are shown in Fig. 4 with the 
main characteristics of the wind distribution and the monthly distribution of the solar 
energy in each site. 

 
Fig. 3: Load consumption of the Bulgarian village 

  
Properties of the studied sites 
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Wind potential 

 
Solar potential 

Fig. 4: Situation of the sites – Wind and Solar potential. 

2.3 Estimation of PV production 
A grid connected PV system is composed of PV modules connected to an inverter. 

We took into account the PV technology and we chose to use a PV efficiency model 
available for 3 technologies: m-Si, aSi and CdTe.  

Durisch et al. [4] developed a new method for the calculation of the PV energy and 
used a semi-empirical efficiency formulation with 3 parameters: cell temperature cellθ , 
solar irradiance Φ and relative air mass AM : 
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where 0φ  = 1000 W/m², 0,cellθ  = 25 °C and AM0 = 1.5. AM is calculated according to 
Kasten and Young [5]. p , q , m , r , s  and u  have been determined for m-Si (BP 
585F); a-Si(UniSolar UPM US-30); Siemens (CIS ST40) PV modules and are available 
in reference [4]. To estimate cellθ  we used the Ross formula [6]: 
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φ×+θ=θ hacell                (7) 

For the inverter, we used an efficiency model [7]. We present in Fig. 5, an 
experimental validation for two days of a 700 Wp m-Si PV system. For the inverter, we 
chose to use an efficiency curve presented in Fig. 6. 

 
Fig. 5: Experimental verification (700 W mSi BP585F PV module) 

 
Fig. 6: Efficiency curve of the inverter 

2.4. Estimation of WT production 
The WT production is estimated by its power curve. We calculated the wind speed 

at the hub height (which varies according to the nominal WT peak power) using the 
measured wind speed and Justus’ formula [8] where the wind shear exponent is taken 
equal to 0.15. To make this study independent of the WT rated power, we defined the 
reduced power p as : 

rPPp =                 (8) 

For the power curve, we retained the model of Pallabazer [9-10] expressed by (Fig. 
6):  
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Fig. 6: The Pallabazzer model 

3. RESULTS 
3.1 First operation mode 

In this mode, only WT and PV systems supply the load. We present in Fig. 7, for 
various configurations of the hybrid system located at Botev and Varna, in the case of 
m-Si technology. The value of the 4 parameters are plotted. Each parameter reaches a 
minimum value considered as the optimal configuration. 
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Fig. 7: First operation mode using m-Si PV technology: 
the 4 criteria,  a) Botev – b) Varna 

In this example, the number of faults is less sensitive to the installed power variation 
than the other parameters. The curve form depends on the site; in some cases, the 
optimal value is either unique (Varna) or numerous (Botev). Criterion 1 always presents 
a unique optimal solution, whereas the other criteria may display several ones; when the 
optimal configurations are numerous then a unique optimal configuration is chosen by 
minimizing the criterion 1. 

In Tables 1 to 4, we present the optimal configurations for each photovoltaic 
technology and for each site. The WT rated power does not vary according to the site 
excepted for Kaliakra and Botev where the optimal WT power is reduced due to a wind 
potential higher than in the other Bulgarian sites.  

This wind potential is so high that the PV peak power is also reduced. The hybrid 
system, in these two sites, has the best performances. Pleven also presents good 
performances. For these three windy sites (Botev, Kaliakra and Pleven), the maximum 
stored energy is high. The more windy is the site, the higher is the stored energy in the 
optimal configuration.  

The number of fault hours is very high and varies between 17 % and 66 %. The WT 
and PV plant installed powers are relatively balanced, but the annual wind production is 
generally very different from the annual PV production (excepted for Varna). The PV 
technology has not a high influence on the optimal sizing. 
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Table 1: Criterion 1 

 

Table 2: Criterion 2 
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For criterion 2, the results are very different from criterion 1. Excepted for Botev, 
the optimal configuration is not a hybrid system but a standalone WT system for windy 
sites and a standalone PV one for poor windy sites. For Botev, Kaliakra and Pleven the 
number of faults is null or very small because an important part of the WT energy was 
stored, and this stored energy was used to supply the load when no energy was available 
from the WT and PV system. 

The results are very close to the previous ones. The only difference is Varna with the 
aSi technology for which the optimal system which was a standalone PV system based 
on the second criterion becomes a standalone WT system in the case of criterion 3. 

Table 3: Criterion 3– only if different from results from criteria 2 

 

Table 4: Criterion 4– only if different from results from criteria 3 

 

3.2 Second operation mode 
In this mode, a conventional power plant is added to the hybrid renewable plant to 

supply the load basis. Each day, the load minimum power is supplied by the 
conventional power plant and the hybrid system only provides electricity to meet the 
remaining load. We present in Fig. 8, the values of the 4 criteria for Botev and Varna for 
the m-Si technology. 
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Fig. 8: Second operation mode using m-Si PV technology: 

the 4 criteria a) Botev – b) Varna 

The form of the curves for mode 2 (Fig. 8) is different from mode 1 (Fig. 7). As for 
the mode 1, when there are several optimal configurations, we add a second 
optimisation criterion to obtain a unique solution. 

As for mode 1, the optimal configuration is approximately the same whatever the 
PV technology and the site are. The WT nominal power is reduced by a factor of 4, and 
for the PV plant by a factor between 2 and 3 compared to the powers calculated for 
mode 1. The number of faults and the fault time are about the same than for the first 
operation mode but the fault energy and the maximum stocked energy are greatly 
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reduced. A comparison of results based on criterion 1 for the two operation modes is 
shown for m-Si technology in Fig. 9. 

Table 5: Criterion 1 

 

 
Fig. 9: Comparison of operation modes for criterion 1(m-Si PV) 

We note an important decrease of the system size. The fault number is greatly 
reduced and often null. Excepted for Botev, the maximum storage increased in mode 2. 
Fig. 10. illustrates the differences between the two operation modes for m-Si PV 
technology. 

For the two last criteria, the results are the same as for criterion 2, and consequently 
the comments are similar. 
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Table 6: Criterion 

 

Table 7: Criterion 3 

 
Table 8: Criterion 4 
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Fig. 10: Comparison of operation modes for criterion 2(m-Si PV) 

4. CONCLUSION 
This work is a first approach for a more general project to develop a methodology to 

simulate the behaviour of various energy systems coupled together with the objective to 
supply an electrical load with the best energy management, and using in an optimal 
manner the totality of the electricity produced by the renewable energy system. 

To reach this objective, the utilization of energy storage is inevitable. Obviously, the 
hypothesis used in this paper concerning the charge-discharge efficiency of this storage 
means is not realistic since it has been taken equal to 100 %. Special attention should be 
paid to the available storage means as pumped hydroelectric storage, fuel cells or others 
ones. Moreover, we noted that, in the case of the second operation mode which is closer 
to reality, the size of the storage required to obtain a good performance is substantially 
increased. 

Special attention must also be paid to the hypothesis concerning the operation mode 
of the conventional power plant. A conventional power plant using fossil fuel cannot 
always adapt its electrical power production to a given value, as supposed in this work. 
Generally, the conventional plant can modulate its produced power between 60 % and 
100 % of its nominal power particularly for medium and large power plant. 

We noted that the optimal configuration between wind turbine and PV system is 
highly dependent on the renewable energy potential of the site and on the relative 
repartition (in time and energy) between the wind energy and the solar one. 

This study must be greatly improved but it has the credit to pose the problems and to 
consider solutions. 

It is obvious that an economical study must be added to complete this work and to 
consider this other important optimisation criterion. 
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