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Abstract: The paper presents an optimized off-grid photovoltaic (PV)-wind battery model that con-

siders the value of loss of load probability (LOLP). The optimum combination of all model compo-

nents: wind turbines, PV panels, batteries and electrical load for the City of Osijek using MATLAB 

software is defined. The examined data are based on measured load values for the residential home. 

For values of LOLP in the range from 0.00 to 0.10 in steps of 0.01, optimal size of the presented 

system has been determined. In order to determine the optimal model, investment costs were taken 

into account in comparison with various LOLP values. 
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1. Introduction 

The utilization of fossil fuels in generating electricity is not only depleting reserves 

of fossil fuels, but also causes greenhouse gases emissions and increases global warming. 

Renewable energy sources (RES) can play an important role in reducing the usage of fossil 

fuels and provide cleaner air, lower carbon emissions and cost savings. The use of RES in 

electricity production and their share in energy consumption increases every day. Accord-

ing to [1], total capacity of renewable energy without hydropower capacity, in 2020 was 

1694 GW. The 2020 Off-Grid Solar Market Trends Report [2] finds that 420 million people 

had gained access to basic residential electricity services through the use of renewable 

technologies, mainly solar PV lighting systems and home PV systems. 

Electricity is a crucial for poverty alleviation, economic growth and improved living 

standards, especially the access to cleaner and affordable energy options which is the key 

in improving the existence of poor countries and countries in development. According to 

IEA [3], in 2019 there are 771 million people worldwide who do not have access to elec-

tricity, especially in rural areas. Many rural areas worldwide need electrical supply due 

their remote areas and resulting significant expense of electrical infrastructure. A key in 

helping deliver affordable electricity in such areas are small-scale off-grid hybrid electric 

system consisting of small wind system and home PV systems. However, due to unpre-

dictable nature of RES such as wind and solar, the essential in designing an off-grid hybrid 

system is to find an optimal system size considering reliability and costs, and supply to 

the load becomes fulfilled at any given time. 

Elbaz and Güneşer in [4] presented a new approach to sizing the stand-alone offshore 

wind-powered hybrid PV using crow algorithm for optimizing. Moghaddam, Bigdeli, 

Moradlou and Siano [5] used this algorithm, considering the reliability index for improv-

ing the load supply. 
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There is a lot of research related to optimization and modelling of an off-grid hybrid 

energy systems using some determinant factors. In [6,7], authors designed a hybrid PV-

wind system using HOMER (microgrid software by HOMER Energy, Boulder, USA) with 

focus to achieve low net present cost (NPC) and cost of energy (COE) with reduced carbon 

emissions, but also in [7], with taking into account operating cost. Another hybrid PV-

wind system optimization considering NPC, COE, renewable fraction, local load demand, 

availability of renewable energy resources, system economics and greenhouse gas emis-

sions is presented in [8]. In [8], in addition to minimizing the system life-cycle costs, the 

authors also took nominal discount rates into account. Abaye and Paliwal in [9] presented 

techno-economic simulation and feasible analysis of system standalone hybrid PV-wind 

system using diesel and storage battery as a back up to get a best feasible optimized sys-

tem. Authors in [10] used HOMER to design a technical and economical feasible 

standalone/hybrid (PV/Wind/Diesel/Battery) off-grid system bringing out the advanta-

geous effect of hybrid systems on social and economic life of rural people. In [11] authors 

compared and analyzed different combinations of energy resources including solar, wind, 

hydro, and diesel in optimal designing of a hybrid power system while taking into cogni-

zance the constraints of environmental pollutant emission. In [12], authors described mod-

elling and simulation of the switching mechanism of an off-grid hybrid system with stor-

age batteries. In [13], authors presented optimal energy management for off-grid hybrid 

system using hybrid optimization technique and taking into account load responsiveness. 

In [14], authors presented a PV-system model that has battery storage in order to help 

investors in deciding on the optimal combination of system components, taking into ac-

count price of components and LOLP. 

The paper presents optimized off-grid PV-wind battery model considering value of 

loss of load probability (LOLP). So, the advantage of this model is existence of one addi-

tional RES, i.e., wind turbine, so it enables one to find the best combination of PV panels, 

batteries and wind turbines in respect to investment cost and LOLP, but also the model 

takes into account limitation regarding battery charging and discharging power. 

This paper is divided into 4 sections. Introduction is presented in the first section. 

The second section contains description of the presented off-grid PV-wind battery system. 

The results and discussion related to the presented model are contained in the third sec-

tion of the paper. The paper’s conclusions are presented in the fourth section. 

2. Model Description 

The model presented in the paper is suitable for the determination of the best combi-

nation of the hybrid off-grid system components: small wind turbine, home PV system, 

batteries and electrical load. The model is designed to determine the best combination of 

all system components for the particular load profile, taking into account peak load de-

mand of the system, LOLP values and all price components in order to achieve the mini-

mum investment. LOLP can be defined as a measure of the probability of where in the 

system there will be a shortage of power and is usually expressed in terms of days per 

year, hours per day or as a percentage of time [15]. 

The advantage of the model designed in this paper is that it can be used for the de-

termination of the optimal numbers of system components, taking into account any 

wanted time period. Figure 1 presents a developed structural diagram that shows how 

models can determine the best combination of all system components, their workflows 

and processes, taking into account LOLP values. 
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Figure 1. Structural diagram of simplified model. 

Respecting the logical behavior and work of the structural diagram of the model pre-

sented in the Figure 1, several mathematical expressions were used in order to calculate 

the best combination of all system components, taking into account various LOLP values 

and investment costs that could be determined. To calculate total electricity produced 

from PV panels for time t, which represents one hour, the following equation can be used 

Equation (1): 

𝑃ₚᵥ(i, t) =  𝐺(t) ×  𝐴ₘ ×  𝑖 ×  𝜂 (1) 

where:  

 PPV (W)—PV system output power; 

 G(t) (W/m2)—solar irradiance; 

 Am (m2)—PV panel area;  

 i—number of PV panels; 

 η—PV panel efficiency. 

To calculate total electricity produced from one wind turbine for time t, the following 

equation can be used Equation (2): 
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𝑃wone(t) =  (𝐴 + (𝐵 ×  𝑣(t)) + (𝐶 ×  𝑣2(t))) ×  𝑃r (2) 

where: 

 Pwone (t) (W)—wind turbine output power. 

 A, B, C—coefficients determined according to Equations (3)–(5).  

 v(t) (m/s)—wind speed in hour t.  

 Pr (W)—rated power of wind turbine. 

Coefficients A, B, C is defined as Equations (3)–(5): 

𝐴 = (
1

(𝑣𝑐i−𝑣r)2)  ×  (𝑣ci   ×  (𝑣ci + 𝑣r  ) −  4 × 𝑣ci   × 𝑣r  × (
𝑣ci+ 𝑣r  

2 × 𝑣r  
)3) (3) 

𝐵 = (
1

(𝑣𝑐i − 𝑣r)2
)  ×  (4  × (𝑣ci + 𝑣r  )  ×  (

𝑣ci + 𝑣r  

2 ×  𝑣r  
)

3

 −  (3 × 𝑣ci + 𝑣r  )) (4) 

𝐶 = (
1

(𝑣𝑐i − 𝑣r)2
)  × (2 − 4  ×  (

𝑣ci + 𝑣r  

2 × 𝑣r  
)3) (5) 

where: 

 vci (m/s)—minimal wind speed necessary for wind turbine production 

 vr (m/s)—operating wind speed for wind turbine production 

Maximum and minimum capacity of batteries, and initial battery capacity is defined 

as Equations (6)–(9): 

       𝐶bmax  (𝑗) =  𝐶bmax,one × 𝑗 (6) 

𝐶bmin,one (𝑗) =  𝐶bmax,one (𝑗) ×  𝛿 (7) 

𝐶bmin (𝑗) =  𝐶bmin,one (𝑗) ×  𝑗 (8) 

𝐶start (𝑗) =  𝐶startone × 𝑗 (9) 

where:  

 Cbmax,one (Wh)—maximum capacity of one battery, 

 Cbmin,one (Wh)—minimum remaining capacity of one battery, 

 j—number of batteries,  

 δ (Wh)—coefficient setting the minimum remaining battery capacity, 

 Cstartone (Wh)—full charged battery at initial state. 

To calculate the difference between load, PV system output power and wind turbine 

output power in time t, which represents one hour, can be used following Equation (10): 

𝐷(i, w, t)  =  𝐿𝑜𝑎𝑑(t)  −  𝑃ₚᵥ(i, t)  − 𝑃w(w, t) (10) 

In order to include power limits of charging and discharging of the battery, addi-

tional variable Db(i,w,t) is introduced. The value of the Db(i,w,t) is determined according 

to Equation (11): 

𝐷b(i, w, t) =  𝐷(i, w, t) (11) 

Two conditions are set, if deficit is higher than battery discharging power (Pbat,disch) 

(12); and if surplus is higher than battery charging power (Pbat,ch)(13): 

(a) if 𝐷(i, w, t)  > 𝑃bat,disch × 𝑗 

𝐷𝑏 (i, w, t)  = 𝑃bat,disch × 𝑗 (12) 

(b) if 𝐷(i, w, t)  < − 𝑃bat,ch × 𝑗 

𝐷𝑏 (i, w, t)  =  −𝑃bat,ch × 𝑗 (13) 
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For the the first hour of the simulation period, variable Z(i,j,w,t) is determined with 

Equation (14) and three logical tests are examined with Equations (15)–(19): 

𝑍(i, j, w, t) = 𝐶start(j)  − 𝐷b(i, w, t) (14) 

1. if 𝑍(i, j, t) <  𝐶bmin(𝑗) 

𝐶bat(j, t)  =  𝐶bmin(j) (15) 

𝐷𝑖𝑓𝑓(i, j, w, t) = 𝐷(i, w, t) − (𝐶start(j) − 𝐶bat(j, t)) (16) 

where:  

 Cbat(j,t) (Wh)—battery capacity for a number of batteries j at the end of hour t 

 Diff(i,j,w,t) (W)—power deficit in hour t for all system components: PV panels i, bat-

teries j and wind turbines w. 

2. if 𝑍(i, j, w, t) ≥ 𝐶bmin(j) and 𝑍(i, j, w, t) ≤ 𝐶bmax(j) 

𝐶bat(j, t)  =  𝑍(i, j, w, t) (17) 

𝐷𝑖𝑓𝑓(i, j, w, t) = 𝐷(i, w, t) − (𝐶start(j) − 𝐶bat(j, t)) (18) 

3. if 𝑍(i, j, w, t) ≥ 𝐶bmax(j) 

𝐶bat(j, t)  =  𝐶bmax(j) (19) 

For each hour after first hour of simulation period, variable Z(i,j,w,t) is determined 

with Equation (20) and then again three logical tests are examined with Equations (21)–

(25): 

𝑍(i, j, w, t) = 𝐶bat(j, t − 1)  −  𝐷b(i, w, t) (20) 

(a) if 𝑍(i, j, w, t) <  𝐶bmin(j) 

𝐶bat(j, t)  =  𝐶bmin(j) (21) 

𝐷𝑖𝑓𝑓(i, j, w, t) = 𝐷(i, w, t) − (𝐶bat(j, t − 1) − 𝐶bat(j, t)) (22) 

(b) if 𝑍(i, j, w, t) ≥  𝐶bmin(j) and 𝑍(i, j, w, t) ≤  𝐶bmax(j) 

𝐶bat(j, t)  =  𝑍(i, j, w, t) (23) 

𝐷𝑖𝑓𝑓(i, j, w, t) = 𝐷(i, w, t) − (𝐶bat(j, t − 1) − 𝐶bat(j, t)) (24) 

(c) if 𝑍(i, j, w, t) >  𝐶bmax(j) 

𝐶bat(j, t)  =  𝐶bmax(j) (25) 

For a particular combination of all system components: PV panels i, batteries j and 

wind turbines w, LOLP(i,j,w) is determined with the following Equation (26): 

𝐿𝑂𝐿𝑃(i, j, w) =
∑ 𝐷𝑖𝑓𝑓(i, j, w)

𝑛

𝑡=1

∑ 𝐿𝑜𝑎𝑑𝑛
𝑡=1 ₜ

 (26) 

The LOLP(i,j,w) variable acquired for the tested i, j and w is searched for values 

smaller than specified LOLPSET. LOLPSET arbitrarily determined, in the range of 0.00 to 0.1 

(0% to 10%) in steps of 0.01. 

If LOLP(i,j,w) ≤ LOLPSET the price of the system can be determined with the following 

equation: 

𝐶𝑂𝑆𝑇(i, j, w) = (𝑖 × 𝑃module  ×  𝑃𝑉COST) + (𝑗 × 𝐶bmaxone  ×  𝐵𝐴𝑇COST) + (𝑤 

× 𝑃r×  𝑊COST) 
(27) 

where:  
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 Pmodule (W)—rated power of the PV module.  

 PVCOST (EUR)—investment cost of PV system per W including all costs related to in-

stallation of PV system.  

 BATCOST (EUR)—investment cost of battery per Wh including all costs related to in-

stallation of the battery.  

 WCOST (EUR)—capital cost of wind turbine per W. 

COST (i,j,w), which determined the minimal value, can be considered as a cheapest 

system that contains various number of PV panels i, number of batteries j and number of 

wind turbines w due to a wanted LOLP value that an investor is willing to accept. 

3. Results and Discussion 

In this chapter, results of the presented model are shown. The system is hybrid and 

it contains: electrical load, batteries, converter and two energy sources: wind turbines and 

PV system. Figure 2 presents a hybrid off-grid system scheme with wind turbines and PV 

system as energy sources. 

 

Figure 2. Hybrid off-grid system scheme. 

According to Figure 2, the first step in modelling an off-grid PV system is to define 

an electrical load. To determine the load diagram for the model, optimization of the data 

provided, pertaining to an electrical load, were measured in a house in Osijek. Figure 3 

presents load diagram, which refers to average hourly load measured during one year. 

 

Figure 3. Load diagram. 
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In order to model an off-grid PV-wind system, the second step is to determine the 

amount of solar irradiance and wind speed for the chosen location. Table 1 shows data 

regarding amount of solar irradiance that is provided from PV GIS and calculated for 

daily profile of the irradiance. 

Table 1. Solar irradiance for Osijek [16]. 

Months GHI (kWh/m2/day) 

January 1.09 

February 1.89 

March 2.70 

April 3.67 

May 5.02 

June 5.31 

July 5.56 

August 4.92 

September 3.59 

October 2.22 

November 1.24 

December 0.91 

Data regarding wind speed for chosen location in Osijek was provided in accordance 

with [17] and calculated for period of one year. Figure 4 shows average wind speed during 

one year for Osijek. 

 

Figure 4. Average wind speed for Osijek. 
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Optimization of the presented off-grid model is based on period of one year. The 

decrease in time of the yields of the off-grid system components in accordance with man-

ufacturers is 20% in a period of 20 years. Due to that, every year, the efficiency and the 

production of the system will decrease by 1%. 

Investment costs for various system components: PV system cost, wind turbine cost, 

and battery cost are presented in Table 3. All investment costs are presented as realistic 

market costs according to [18,19]. Specific characteristics of all-system components pre-

sented in Table 2, as well as the investment costs for those system components presented 

in Table 3, are used in the process of determination of the optimal size of the presented 

system. PVCOST implies installation cost and inverter cost. 

Table 3. Costs of off-grid PV-wind battery system elements. 

Components Cost 

PVCOST 770 EUR/kW 

WCOST 1000 EUR/kW 

BATCOST 140 EUR/kWh 

To determine the best combination of all-system components: PV panels, wind tur-

bines and batteries considering peak load demand, the model is taking into account vari-

ous LOLP values and investment costs presented in Table 3. The following LOLP values 

are considered into calculation: 0.00, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10. 

Results from the calculation and relation of investment costs of all-system components in 

respect to various LOLP values are shown in Figure 5. 

 

Figure 5. Investment cost in respect to LOLP. 
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The steepest point in the curve is in the range of 0 to 0.03 LOLP value, while the 

milder slope of the curve is in the range of 0.03 to 0.1 LOLP value. Due to this, there is a 

question as to whether it pays to sacrifice higher LOLP values for small savings in the 

investment cost. The decision regarding relation in LOLP values and investment cost is 

crucial only if the investment cost is the deciding factor. It is certainly profitable to imple-

ment a system with a hybrid power supply. In addition to the fact that hybrid systems 

provide independence from one renewable source, the investment cost in the range of 0.01 

to 0.1 LOLP value is much lower in comparison to a system with only PV, while the dif-

ference in investment cost after 0.03 LOLP value is insignificant. 

Table 4 shows the combination of PV modules and batteries in respect to different 

values of LOLP in the range of 0.00 to 0.1 and investment cost of the PV-battery system, 

without wind turbine. 

Table 4. System with PV modules and batteries regarding LOLP and investment cost. 

LOLP Number of PV Panels Number of Batteries Investment Cost (EUR) 

0.00 53 50 17,203 

0.01 33 30 10,553 

0.02 19 27 7437 

0.03 13 21 5442 

0.04 12 17 4690 

0.05 12 14 4270 

0.06 11 13 3937 

0.07 11 11 3657 

0.08 12 8 3430 

0.09 11 8 3237 

0.1 11 7 3097 

Due to fact that the presented model is designed for the residential home, investment 

cost and LOLP values are not the only limiting factors in the decision while designing. 

The orientation and surface of the roof, but also the battery storage space, can limit the 

number of PV panels and batteries. 

Table 5 shows the combination of PV modules, batteries and wind turbines in respect 

to different values of LOLP in the range of 0.00 to 0.1 and investment cost of the hybrid 

PV-wind battery system. 

Table 5. Hybrid PV-wind battery system regarding LOLP and investment cost. 

LOLP Number of PV Panels Number of Batteries 
Number of Wind 

Turbines 

Investment Cost 

(EUR) 

0.00 12 43 1 10,330 

0.01 12 15 1 6410 

0.02 10 12 1 5605 

0.03 9 10 1 5132 

0.04 8 9 1 4800 

0.05 9 6 1 4572 

0.06 8 6 1 4380 

0.07 7 6 1 4188 

0.08 7 5 1 4048 

0.09 6 6  3995 

0.1 6 5  3855 

Due to designing a model for the residential home, the number of wind turbines in 

all combinations is reduced to one. Although the number of wind turbines in the simula-

tion was set at 4, it is understandable that one low energy balance facility such as a resi-

dential home does not need a high amount of energy. Wind turbines are assumed to have 



Energies 2022, 15, 795 10 of 12 
 

 

a power of 2 kW and their estimated price of 2000 EUR significantly affected investment 

cost in combination with several wind turbines. In both Tables 4 and 5, the most profitable 

combination of PV modules, batteries and wind turbines in respect of different values of 

LOLP are presented. 

Profitability of investment regarding both scenarios—investment in PV-battery sys-

tem and investment in PV-wind-battery system—is shown in Figure 6. 

 

Figure 6. Profitability of investment regarding both scenarios. 
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