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This article presents a program for optimizing the sizing of hybrid 

energy systems, composed of wind turbines, photovoltaic modules and 

biodiesel generators, with battery storage, for the electrification of 

isolated sites. Technical-economic optimization is obtained using the 

integer linear programming (ILP) method. In order to validate and 

demonstrate the performance of the model developed and programmed 

in python language, a comparative analysis is performed by doing the 

same sizing with the HOMER software. The simulations have given, 

for an isolated site around the city of Lomé in Togo whose peak 

amounts to 65 kW: 162 photovoltaic modules of 340 W each, 152 

batteries of 1 kWh, 1 biodiesel generator of 100 kW which has a 

duration of use of 1200 h/year and a bidirectional converter of 52 kW. 

The total net cost of the sizing obtained by ILP is $ 871,095.29. The 

same simulations made in HOMER gave us a power of 60.9 kWp for 

solar photovoltaic (180 modules), 83 batteries, 1 biodiesel generator 

with a duration of use of 3114 h/year and a 48 kW converter. Sizing 

HOMER returns a total net cost of $ 898,372. This slight difference in 

the results relative to costs, which is only around 3%, validates the 

accuracy of the implemented model. 

 
                 Copy Right, IJAR, 2019,. All rights reserved. 

…………………………………………………………………………………………………….... 

Introduction:- 
Energy is one of the crucial factors of socio-economic development. Faced with its ever-increasing demand, the use 

of renewable energy sources appears as a solution for a greener world. Because of their intermittency and their 

potential varying from one region to another, they are hybridized with conventional sources of production. 

 

In general, these systems require the use of storage means that ensure continuity of service and improve the quality 

of the energy produced. The use of hybrid renewable energy systems in isolated sites has become an interesting 

solution for areas where the extension of the electricity grid is not feasible, or requires a relatively high cost which 

consequently requires technical-economic optimization. (HOMER, 2017) 
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In addition, the ecological constraints due to global warming, leading to all the undesirable phenomena of climate 

change, require us to take an exploratory step in this direction so that our electricity production systems meet the 

desired ecological standards. 

 

In the literature, we can find two methods used for the combination of renewable energies including (wind and 

photovoltaic) in the electrical networks, the deterministic method which is based on the analysis of a reduced 

quantity of positions estimated a priori as uncertain for which one examines the behavior of the electrical system and 

the probabilistic method which considers all the possible cases with their probability of circumstance in order to 

appreciate the danger of not respecting a constraint of the system (Seydou Ouedraogo and al., 2015; KANSARA B. 

and PAREKH B.R, 2011 ). It should be noted that currently, connection studies are based on deterministic cases by 

introducing a probabilistic determination of the means of production and consumption. 

 

The optimization of hybrid renewable energy systems involves modeling the various energy sources of the system, 

defining the various technical and economic constraints of the system and the objective function of minimizing the 

total cost of the system. This leads to a mathematical model whose resolution leads to the sizing of the system. 

 

Methodology:- 

The sizing of the installation to be studied will be organized as follows: the definition of the optimization method 

adopted, the modeling of all the production sources of the hybrid system and the explanation of the objective 

function reflecting the economic optimization. 

 

Definition of the optimization method:- 

Integer Linear Programming (ILP) is a field of mathematics and theoretical computer science in which problems of 

optimization of a particular form are considered. These problems are described by a cost function with linear 

constraints and integer variables (LIBERTI L. and RUSLAN S., 2006). 

 

An integer linear program corresponds to a system of linear equations and inequations (constraints) whose 

unknowns are positive or zero integer values and the coefficients are integers, with a function to be optimized 

(minimize), which is linear to real coefficients. An integer linear optimization program can be in matrix form 

according to the following formulation (BOUHARCHOUCHE A. and al., 2013): 

 

Either a matrix 𝐴 = (

𝑎11  ⋯ 𝑎1𝑗

 ⋮         ⋱      ⋮   
𝑎𝑖1  ⋯ 𝑎𝑖𝑗

)  ∈  𝑀𝑖,𝑗(ℤ), and a column vector 𝐵 = (
𝑏1

⋮
𝑏𝑖

)  ∈  𝑀𝑖,1(ℤ) and a tuple 

(𝑐1, … , 𝑐𝑗) ∈  ℝ𝑚 ; find a solution (𝑥1, … , 𝑥𝑗) ∈  ℕ𝑚 satisfying 𝐴 (

𝑥1

⋮
𝑥𝑗

) =  (
𝑏1

⋮
𝑏𝑖

) which minimizes the cost function 

(objective) 𝑐(𝑥1, … , 𝑥𝑗) = ∑ 𝑐𝑗𝑥𝑗
𝑛
𝑗=1 . 

  

Values 𝑥𝑗 are the decision variables to which negativity constraints are applied; 𝑐𝑗, 𝑎𝑖𝑗  and 𝑏𝑖 are constants whose 

different equations (inequalities) constitute the linear constraints. The determination of all the constants and decision 

variables is done by considering the energy consumption of the site and the modeling of the various energy 

generators of the system. 

 

Architecture of the Hybrid Energy System:-  

The hybrid energy system to be sized consists of photovoltaic panels, wind turbines, biodiesel generators and a 

battery storage system. Figure 1 shows the configuration of the power generation system and the connection of the 

generators to the different buses. 

 

The system consists of two connection bus: AC and DC. The photovoltaic panels and the storage system are 

connected to the DC bus. Wind turbines and generators producing alternating current and voltage are connected to 

the AC bus. The two bus are connected via a bidirectional AC / DC converter. All loads at the isolated site are 

connected to the AC bus assuming that all electrical equipment is AC powered and that all non-AC equipment has 

its own transformer-rectifier. 
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Figure 1:-Configuration of the Hybrid Energy System 

 

 

Modeling and sizing of different energy sources:- 

Any sizing of a hybrid system is required to satisfy the energy demand at each moment of the site. As the latter 

varies over time, it must be covered by a combination of different energy sources. 

 

Requested power Pd(t):- 

The power required at a given time (relation 1) corresponds to the sum of all the powers of the electrical loads to be 

supplied on the site at that time. It leads to the first constraint, which is the response to demand.   

 

𝑡 𝜖 𝑇, 𝑃𝑑(𝑡) +  𝑃𝑒(𝑡) = 𝑃𝑃𝑉(𝑡) + 𝑃𝑊(𝑡) + 𝑃𝑔(𝑡) + 𝑃𝑏(𝑡)                                                                                          (1) 

 
where at a given time t considered, 𝑃𝑊(𝑡) ≥ 0 is the wind power which depends on the wind speed and the number 

of wind turbines installed, 𝑃𝑃𝑉(𝑡) ≥ 0 is the power of the photovoltaic field depending on the torque (irradiance, 

temperature) and the number of photovoltaic modules installed, 𝑃𝑔(𝑡) ≥ 0 is the power of biodiesel generators 

according to the number of generators in operation, 𝑃𝑏(𝑡) is the power exchanged between the batteries and the 

whole system depending on the number of batteries installed and 𝑃𝑒(𝑡) ≥ 0 is the excess power that cannot be stored 

and will therefore have to be evacuated. 

 

Modeling and sizing of the photovoltaic generator:- 

The single diode model is the most classic model. It uses a current generator for modelling the incident light flux, a 

diode for cell polarization phenomena, two resistors (series and shunt) for losses (Figure 2). 

 
Figure 1:-Single diode model of a photovoltaic cell. 
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This model has four variables. The two input variables are the irradiance in the plane of the modules (W/m²) and the 

junction temperature of the cell (°C). The two output variables are the current (A) and the voltage (V) provided by 

the group of cells. 

 

This model allows us to calculate by equation (2) the instantaneous power produced by the modules from the 

temperature and irradiance data. 

 

𝑃𝑃𝑉(𝑡) = 𝑁𝑃𝑉 × 𝜂𝑃𝑉 × 𝐺(𝑡) × 𝐴𝑒𝑓𝑓                                                                                                                            (2)  
Where 𝑁𝑃𝑉 (integer value) is the number of photovoltaic modules to be installed, 𝐺(𝑡)(W/m²) is the irradiation at 

time t, 𝐴𝑒𝑓𝑓(m²) represents the module surface and 𝜂𝑃𝑉 is the efficiency characterizing the photo-electron 

conversion rate of the module given by the relation (3): 
𝜂𝑃𝑉 = 𝜂𝑟 × 𝜂𝑝𝑐 × (1 − 𝛽 × (𝑇𝑐 − 𝑇𝑐𝑟𝑒𝑓))                                                                                                                   (3) 

 

In this equation, 𝜂𝑟 is the reference efficiency of the photovoltaic module and 𝜂𝑝𝑐 represents the efficiency 

characterizing the influence of the load, the latter is equal to 1 in the case where the photovoltaic system operates in 

MPPT (Maximum Power Point Tracking) mode. β is the assumed constant temperature coefficient of the 

photovoltaic module, the cell reference temperature is represented by 𝑇𝑐𝑟𝑒𝑓(°C), similarly, 𝑇𝑐(t) is the cell 

temperature given by the relationship (4) : 

 

𝑇𝑐(𝑡) = 𝑇𝑎 + (
𝑇𝑛𝑜𝑐𝑡−𝑇𝑎𝑛𝑜𝑐𝑡

𝐺𝑛𝑜𝑐𝑡
) × 𝐺(𝑡)                                                                                                                              (4) 

 

𝑇𝑎(°C) is the ambient temperature, 𝑇𝑛𝑜𝑐𝑡(°C) represents the temperature of the cells under NOCT (Normal Operating 

Cell Temperature) conditions: 𝐺𝑛𝑜𝑐𝑡 = 800 W/m2, 𝑇𝑎𝑛𝑜𝑐𝑡
 = 20°C, Spectrum AM=1.5) (BOUHARCHOUCHE A. and 

al., 2014). 

 

Modeling and sizing of the wind farm:- 

Wind speed is the main parameter in the production of electricity by wind turbines. The power characteristic of a 

wind turbine has four zones (Figure 3): Zone I, where the power produced is zero, Zone II, where the power 

supplied to the shaft depends on the wind speed V, Zone III, where the speed of rotation is generally kept constant 

by a regulating device and where the power supplied remains substantially equal to the rated power, and Zone IV, 

where the operational safety system stops the rotation and transfer of energy (KODJO K. M., 2005). 

 

 
Figure 3:-Diagram of the useful power on the shaft according to wind speed. 

 

A simple model can simulate the output power of the given wind farm as shown in the relation (5): 

 

𝑃𝑤(𝑡) = 𝑃𝑤(𝑉(𝑡)) = {
𝑃𝑛 × 𝑁𝑤 ×

𝑉−𝑉𝑑

𝑉𝑛−𝑉𝑑
                      𝑖𝑓           𝑉𝑑 ≤ 𝑉 ≤ 𝑉𝑛

𝑃𝑛 × 𝑁𝑤                                       𝑖𝑓     𝑉𝑛 ≤ 𝑉 ≤ 𝑉𝑀       
0                                                                    e𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

                                                         (5) 

 

𝑁𝑤 , 𝑃𝑛, 𝑉𝑑𝑒𝑚, 𝑉𝑛 and 𝑉𝑚𝑎𝑥 respectively represent the number of wind turbines to be installed, the rated power, the 

starting speed, the rated speed and the maximum speed of a wind generator. 
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Modeling and sizing of the biodiesel generator:- 

The type of generator chosen is the one that provides variable power according to demand. This power is closely 

related to consumption as modelled in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:-Linear modelling of biodiesel generator consumption 

 

With a slight curvature, it is often replaced by a linear interpolation corresponding to a line. The generator utilization 

rate must always be higher than µ𝑔 = 30 %  in order to avoid excessive generator wear and tear in addition to 

excess fuel consumption (AZIB T. and al., 2016; KASERA J., and al., 2012) The equations for generator sizing are 

respectively the relations (6) and (7): 

𝑁𝑔 ≥ 𝑚𝑎𝑥 (
𝑃𝑑(𝑡)

𝑃𝑔𝑀
)                                                                                                                                                         (6) 

 µ𝑔 × 𝑁𝑔(𝑡) × 𝑃𝑔𝑀 ≤ 𝑃𝑔(𝑡) ≤  𝑁𝑔(𝑡) × 𝑃𝑔𝑀  with   𝑁𝑔(𝑡) ≤ 𝑁𝑔                                                                                (7)  

𝑁𝑔 is the number of generators potentially installed, 𝑁𝑔(𝑡) the number of generators started at a time t and 𝑃𝑔𝑀 is the 

nominal power of a generator set. The relation (6) reflects the ability of groups to satisfy all demand in the event of 

total unavailability of other sources in the system. 

 

Sizing of energy storage by battery:- 

Storage capacity is the maximum amount of energy that can be stored in the batteries. It depends on the maximum 

energy 𝐸𝑏𝑀 and the number of batteries installed 𝑁𝑏 which is an integer variable. A battery cannot be charged or 

discharged at any power only because of its own characteristics 𝑃𝑏𝑑𝑀 and 𝑃𝑏𝑐𝑀  representing respectively the 

maximum discharge and charging power of the batteries expressed by (8). 

 𝑁𝑏 . 𝑃𝑏𝑑𝑀 . 𝑑(𝑡) ≤ 𝐸𝑏(𝑡) ≤ 𝑁𝑏 . 𝐸𝑏𝑀  and  −𝑁𝑏 . 𝑃𝑏𝑐𝑀 ≤ 𝑃𝑏(𝑡) ≤
𝑑𝐸𝑏(𝑡)

𝑑𝑡
                                                                       (8) 

The initial energy of the battery𝐸𝑏(0)  must be known, (BARBIER T., 2013; BOUHARCHOUCHE A. and al., 

2014; KIM S.T. and al., 2015; UMUHOZA J. and al., 2017). We can then give the constraints of the continuity of 

the energy in the battery by the relation (9): 

𝐸𝑏(0) = 𝑢𝑏0. 𝑁𝑏 . 𝐸𝑏𝑀  and  𝐸𝑏(𝑡) ≤ (1 − 𝑒𝑏𝑝𝑐
𝑑(𝑡)

) × 𝐸𝑏(𝑡 − 1) − 𝑃𝑏(𝑡 − 1) × 𝑑(𝑡)  × 𝑒𝑏                                          (9) 

With 𝑢𝑏0 the percentage of initial energy of the battery in relation to its maximum capacity ; 0 ≤ 𝑒𝑏𝑝𝑐
𝑑(𝑡)

≤ 1 is the 

pressure drop coefficient representing the percentage of energy automatically lost by the battery every hour ; 

0 ≤ 𝑒𝑏 ≤ 1 is the charge / discharge efficiency coefficient. 

 

Sizing of the converter:- 

The converter chosen is bidirectional. It can therefore transmit energy in both directions (from the continuous bus to 

the alternative bus and vice versa). Its sizing amounts to finding the maximum power  𝑃𝑐𝑜𝑛𝑣  passed through it. The 

constraint associated with the converter is relation (10): 

 𝑡 𝜖 𝑇, 𝑃𝑐𝑜𝑛𝑣 ≥ 𝑚𝑎𝑥(𝑃𝑃𝑉(𝑡) + 𝑃𝑏(𝑡))                                                                                                                       (10) 

𝑃𝑐𝑜𝑛𝑣  is not time-dependent because it is a fixed value and the number of converters is 1 because only one converter 

is used for the whole system. 

Fuel consumption 

Rate of use 
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Economic optimization of the sizing:- 
The economic optimization of the sizing is achieved by minimizing the objective function that gathers all the costs 

of the project (relation 11): 

𝑚𝑖𝑛 𝐶𝑝𝑟𝑜𝑗𝑒𝑡 = 𝑚𝑖𝑛  {𝐶𝑖(𝑆) + 𝐶𝑚(𝑆) + 𝐶𝑟(𝑆) + 𝐶𝑗 + 𝐶𝑒𝑚 + 𝐶𝑠(𝑆)}                                                                        (11) 

 

Initial cost of the system :-   

It corresponds to the purchase of the various elements (generators, supports, accessories), their transport and their 

installation and is expressed by the relation (12). 

𝐶𝑖(𝑆) ≥ 𝑁𝑃𝑉 × 𝑃𝑃𝑉𝑐𝑟ê𝑡𝑒
× 𝑐𝑖𝑃𝑉

+ 𝑁𝑤 × 𝑃𝑛 × 𝑐𝑖𝑤
+ 𝑁𝑔 × 𝑐𝑖𝑔

+ 𝑁𝑏 × 𝑐𝑖𝑏
+ 𝑃𝑐𝑜𝑛𝑣 × 𝑐𝑖𝑐𝑜𝑛𝑣

                                        (12) 

𝑐𝑖𝑃𝑉
, 𝑐𝑖𝑤

, 𝑐𝑖𝑔
, 𝑐𝑖𝑏

 and 𝑐𝑖𝑐𝑜𝑛𝑣
 are the unit costs of installing photovoltaic modules, wind turbines, generators, batteries 

and converter respectively. The first two costs are expressed in $ per unit of installed power while the initial costs of 

diesel generators and batteries are expressed in $ per item purchased (BARBIER T., 2013; BOUHARCHOUCHE A. 

and al., 2013). 

 

The cost of operation and maintenance 𝑪𝒎(𝑺):- 

The maintenance cost (relation 13) corresponds to the operations of revision, renewal of consumables (oils, filters, 

etc.) and verification of elements. 

 

𝐶𝑚(𝑆) ≥ 𝑁𝑃𝑉 × 𝑃𝑃𝑉𝑐𝑟ê𝑡𝑒
× 𝑐𝑚𝑃𝑉

+ 𝑁𝑤 × 𝑃𝑛 × 𝑐𝑚𝑤
+ 𝑁𝑏 × 𝑐𝑚𝑏

+ 𝑐𝑚𝑔
× ∑ 𝑁𝑔(𝑡). 𝑑(𝑡)𝑡∈𝑇                                     (13) 

The maintenance costs of photovoltaic modules and wind turbines (𝑐𝑚𝑃𝑉
 and 𝑐𝑚𝑤

) are expressed in $ per unit of 

installed power and the maintenance costs of batteries in $ per module. 𝑐𝑚𝑔
 is the cost per hour of use of the 

generator set, multiplied by the magnitude 𝐷𝑔 = ∑ 𝑁𝑔(𝑡). 𝑑(𝑡)𝑡∈𝑇  which represents the total operating time of the 

generators. 

 

The cost of renewing components 𝑪𝒓𝒊
(𝑺):- 

Each component 𝑖 of the system has a lifetime 𝑑𝜗𝑖 . It must be replaced periodically over the entire operating life of 

the hybrid system (BARBIER T., 2013; CAN H., ICKILLI D. and al., 2012; NGAN M. S. and TAN C. W.,  2012 ). 

For any component 𝑖 of the hybrid system except the generator set, the expression of the component renewal cost is 

given by the relation (11). 

𝐶𝑟𝑖
(𝑆) ≥ 𝑁𝑖 × 𝑐𝑖 × ⌊

(𝑑𝜗𝑆−0,01)

𝑑𝜗𝑖
⌋                                                                                                                                  (14) 

The magnitude ⌊
(𝑑𝜗𝑆−0.01)

𝑑𝜗𝑖
⌋ represents the integer value rounded by default of the number 

(𝑑𝜗𝑆−0,01)

𝑑𝜗𝑖
 and corresponds 

to the number of renewals of component 𝑖, 𝑑𝜗𝑆 being the lifetime of the project. The lifetime of the units is in hours 

of use and they are not all started at the same time. The associated renewal constraints are given by the relations 

(15): 

𝑁𝑔 × 𝑑𝜗𝑔 + ∑ 𝐴𝑔
𝑇
𝑖=1 (𝑖) × 𝑑𝜗𝑔 ≥  𝐷𝑔 × 𝑇  and  𝐶𝑟𝑔 ≥  ∑ 𝐴𝑔(𝑦) × 𝑐𝑖𝑔𝑦∈𝑇                                                                (15) 

𝐴𝑔(𝑦) is the binary variable for purchasing generators in the corresponding year. 

 

The cost of biodiesel fuel 𝑪𝒋:- 

Considering the hypothesis that the fuel consumption of the group is linear between µg and 100% of its nominal 

power as modelled in Figure 4, we obtain a straight line with a coefficient director 𝑎𝑔 and the ordinate at origin 𝑏𝑔. 

𝑐𝑗 being the price per liter of fuel, the total cost 𝐶𝑗 is given by the relation (16):   

𝐶𝑗 ≥ 𝑐𝑗 × (𝑎𝑔 × 𝑃𝑔(𝑡) + 𝑏𝑔 × 𝑁𝑔(𝑡))                                                                                                                        (16) 

 

The cost of polluting emissions:- 

All pollutants: P = {CO, HC, NOx} corresponds respectively to emissions of carbon monoxide, unburned 

hydrocarbons and derivatives of nitrogen monoxide. The cost of pollutant emissions Cem is linked to the constraint 

of the relation (17): 

𝐶𝑒𝑚 ≥  ∑
𝑒𝑚(𝑝)× ∑ (𝑎𝑔×𝑃𝑔(𝑡)+𝑏𝑔×𝑁𝑔(𝑡)𝑡𝜖𝑇 )

1000
× 𝑐𝑒𝑚(𝑝)𝑝∈𝑃                                                                                                (17) 

𝑒𝑚(𝑝) is the amount of pollutant released p for each liter of fuel consumed in grams and the parameter 𝑐𝑒𝑚(𝑝) is the 

cost per kg of pollutant p.   
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The cost of salvage of the components:- 

The salvage cost (relation 18) is the price that can be recovered at the end of the project if the unamortized 

equipment is sold. For any component i of the hybrid system except the generator set (Seydou Ouedraogo and al., 

2015; ENGELAND K. and al, 2017; REHMAN S. M. and al., 2012). 

𝐶𝑠𝑖
(𝑆) ≥  𝑁𝑖 × 𝑐𝑖 × (1 − (

𝑑𝜗𝑆

𝑑𝜗𝑖
− ⌊

(𝑑𝜗𝑆−0.01)

𝑑𝜗𝑖
⌋ ))                                                                                                      (18) 

The magnitude  
𝑑𝜗𝑆

𝑑𝜗𝑖
− ⌊

(𝑑𝜗𝑆−0.01)

𝑑𝜗𝑖
⌋ represents the fraction of service life used for component 𝑖 after its last 

replacement. For the diesel group the calculation is different because depending on the number of hours, it is done 

by the relation (19): 

𝐶𝑠𝑔 ≤ (𝑁𝑔 + ∑ 𝐴𝑔𝑦∈𝑇 (𝑦) −
𝐷𝑔×𝑇

𝑑𝜗𝑔
) × 𝑐𝑖𝑔

                                                                                                                    (19) 

Simulation of the hybrid system:- 
The optimal sizing model presented is now used with the manufacturers' technical data sheets to implement the 

algorithm using computer tools. To simulate the hybrid system, we used Python language using the Spyder 

interpreter (ANACONDA.ORG, 2018) and the PuLP library for constraint resolution. 

 

Presentation of the IDE Spyder:- 

Spyder (named Pydee in its first versions) is a development environment for Python. Free (MIT license) and cross-

platform (Windows, Mac OS, GNU/Linux), it was created and developed by Pierre Raybaut in 2008 (CAN H. and 

al., 2012). Spyder is maintained, since 2012, by a community of developers who have in common that they belong 

to the scientific Python community. 

 

In comparison with other IDE (Integrated Development Environment) for scientific development, Spyder has a 

unique set of cross-platform, open-source features, written in Python and available under a non-copyleft license. 

Spyder is extensible with plugins, includes support for interactive tools for data inspection and incorporates Python 

code-specific quality assurance and introspection tools, such as Pyflakes, Pylint and Rope. 

 

The IDE Spyder integrates many libraries for scientific use: Matplotlib, NumPy, SciPy, IPython and PuLP. It is the 

latter that we used for the optimization of the sizing whose objective function and constraints have been detailed 

previously. 

 

Presentation of the PuLP library:- 

PuLP is a library for the Python programming language that describes mathematical programs by providing objects 

that can represent optimization problems and decision variables. Easily deployed on any system that has a Python 

interpreter because it is not dependent on any other software package, this library can be easily extended to 

additional solvers and is very useful for projects that require linear optimization capabilities. 

The PuLP library has many mathematical solvers and has been designed to solve many optimization problems by 

reducing them to linear functions with integer, real, boolean or mixed variables. It then fits well with the 

optimization problem posed and performs mathematical operations that other solvers do, such as CPLEX and 

Gurobi, which are not free. 

 

ILP resolution flowchart:- 

The most commonly used methods or algorithms in ILP resolution (LIBERTI L. and RUSLAN S., 2006; 

FEDDAOUI Omar, 2014) are : 

1. the Gomory slice algorithm or secant plane method which consists in adding constraints to the pre-established 

problem and which depend on their structure, 

2. the Branch and Bound method, which consists in splitting the solution domain into feasible regions bounded by 

borders aligned on integers: this separates the domains, and evaluates which region to explore first, 

3. the method that combines the last two (Branch and Cut), 

4. the Knapsack algorithm (backpack) used to solve problems with logical conditions whose decision variables are 

Boolean (0 or 1). 
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Figure 5 shows the flowchart for solving the problem of optimizing the sizing of the hybrid plant. 

 

 
Figure 5:-the ILP Flowchart 

 

Presentation of the selected isolated site:- 
The sizing was carried out for a locality near the city of Lomé in Togo with 100 households with five inhabitants per 

household excluding cooking and heating. The consumption profile of a household (working day and weekend) is 

shown in Figure 6. 



ISSN: 2320-5407                                                                                      Int. J. Adv. Res. 7(6), 871-882 

879 

 

 
Figure 6:-Household load profile (working day + weekend) 

 

Weather data were collected on the SoDaPro website (Solar radiation Data, 2018). A study of the complementarity 

of solar and wind potentials has enabled us to judge that the chosen locality is favorable to the installation of a 

hybrid electrical system. 

 

Sizing results:- 
The sizing was carried out for a total duration of 25 years. The simulation was done over a week and then extended 

to the rest of the moments. Figure 7 shows the results of the sizing of the hybrid system by the ILP. 

 

 
Figure 7:-Sizing results 

 

Analysis of the results:- 
No wind turbine has been retained by the optimal sizing because it is expensive and the wind potential is relatively 

low. The photovoltaic field and the generator set each share almost half of the energy production. Since the fuel 

chosen is biodiesel and is inexpensive, the generator set remains the most important component of the hybrid system 

in both cases, as shown in Figure 8. 
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Figure 8:-Technical and economic studies of the ILP results 

 

Comparison of the results with those of the HOMER software:- 

HOMER is the reference optimization software for hybrid systems (HOMER, 2017; KANSARA B. and PAREKH 

B.R, 2011; Seydou Ouedraogo and al., 2015). The same data were simulated to compare the two methods. 

HOMER's results are given in Figure 9 summarized in Table 1. 

 

 
 

 
Figure 9:-Result of the optimal sizing by HOMER 

 

Table 1:-Comparative table of simulation results by ILP and HOMER 

Optimal sizing ILP HOMER 

Quantity and total power or capacity  Wind turbine 0 0 

Photovoltaic panel 162 (55,08 kWp) 180 (60,9 kWp) 

Generator 1 (100 kW) 1 (100 kW) 

Battery 152 (152 kWh) 83 (83kWh) 

Converter 1 (52,26 kW) 1 (48 kW) 

Produced energy (kWh/year) Wind turbine 0 0 

Photovoltaic panel 106836,051 (44,89 %) 91812 (30 %) 

45% 

9% 

46% 

Percentage of energy 

production of sources 

Solar

Battery

Emergency
genrator

22% 

15% 60% 

3% 

Proportion of costs of 

system components 

Solar

Battery

Emergency
genrator

Converter
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Generator 108965,96 (45,78 %) 213822 (70 %) 

Battery 22191,99 (9,32 %) Not provided 

Number of replacements Photovoltaic panel 0 0 

Generator 1 4 

Battery 1 1 

Converter 1 1 

Penetration rate of renewable energy 44,89% 25,90% 

Evacuated power (kWh/year) 127,158 8759 

Load satisfaction rate (%) 100 100 

 

The main difference is in the use of generators in energy production. The dimensioning of the batteries is closely 

linked to this because the more the photovoltaic panels are used, the more consequent the storage device is and vice 

versa. As the fuel cost is the most significant among those of the project, the one found by HOMER is slightly 

higher than that of the ILP (Figure 10). 

 

 
Figure 10:-Economic comparison by cost type 

 

The cost difference between the sizing by the ILP and that of the HOMER software was at the generator set level, 

more precisely at the fuel cost. The initial costs are relatively identical. There is a certain complementarity between 

maintenance costs and replacement costs. Indeed, the first is high for ILP and low for HOMER and vice versa in the 

second case. The grouped costs by component indicated by the two methods are similar except for the cost of the 

generator set, which we could have expected given the operating time and the energy share of this source in both 

optimization methods. 

 

Conclusion:- 
From comparative studies of the two sizing optimization methods, we can affirm that the linear integer programming 

method is effective. With a lower total project cost than HOMER software, this method has significantly reduced the 

economic weight, ecological impact and dependence of hybrid energy systems for autonomous production of 

generators. The second advantage of the ILP is its ability to find at each moment considered by the simulation, the 

most appropriate distribution of the different sources to satisfy the demand at that precise moment. A data mining 

algorithm in the rest of our future work will make it possible to identify the strategy for distributing the energy 

sources to be installed by an intelligent controller who will be responsible for choosing the sources to be combined 

at any time according to certain parameters. 
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