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Abstract. In this study, a techno-economic feasibility analysis of hybrid renewable energy systems for four household categories in rural 
areas of Chad was studied based on the multi-criteria assessment technique. The problem of this study is to know the best optimal solution 
in the technical and economic feasibility study of the decentralized mini-grids for the rural electrification of isolated villages in Chad. The 
main objective of the work is to assess technically, economically and environmentally the feasibility of six scenarios of hybrid systems in 
five isolated sites in Chad. The performance analysis involved six scenarios of possible hybrid solutions while achieving a supply-demand 
balance for sustainable electrification of the remote villages, using the HOMER software. The results have shown that the optimum 
combination of the hybrid system was the photovoltaic/battery system with a Net Present Cost (NPC) of US $ 328,146 and it was found 
at Etena village. The photovoltaic/Wind/Diesel/Battery hybrid configuration was the least optimum system and it has appeared in 
Mandelia village. In terms of energy cost, the lowest Levelized Cost of Energy (LCOE) was estimated at US $ 0.236/kWh in a 
photovoltaic/Wind/Battery configuration at Koundoul site and the highest costs US $ 0.363/kWh in the photovoltaic/Battery configuration 
at the Linia site. It is established that hybrid solutions can be developed to make electricity available and accessible to the population of 
the remote rural areas in Chad. However, it is imperative that the local government must subsidize the diesel price to promote the 
adaptation of the abundant renewable solutions. 
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1. Introduction 

Nowadays, access to electricity at an affordable price has 
become one of the most important human needs in our 
daily lives and has been perhaps for many decades, if not 
centuries. The quest for clean and sustainable energy is 
increasing globally at a rapid rate with the current 
advances in technology, increasing the world population 
and resurging needs to reduce CO2 emissions (Aleem & 
Hussain, 2020). Renewable energy resources are 
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distributions across the globe and could play a vital role in 
ensuring sustainable energy development in the world. 
However, access to electrical energy is a major challenge 
to a large number of populations across the world. Recent 
data from the international renewable energy agency 
(IEA) shows that almost one billion people still lack access 
to electricity (Aleem & Hussain, 2020). Access to 
electricity at an affordable price for the populations is a 
key factor that contributes towards local development and 
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thus reduces poverty rates in rural areas (Odou et al., 
2020). Adopting renewable energy systems to achieve such 
goals does not only ensure the sustainable economic 
development of a nation but also reduces the CO2 
emissions, which contribute directly to global warming 
effects. To meet these challenges, electrical energy 
production, consumption policies and mechanisms must 
be enforced in the process of renewable energy 
development.  

In Chad, the heavy dependence on fossil fuels, notably 
oil, the need to reform the energy sector, the growth in 
demand and the low rate of rural electrification (only 
0.6%) require long-term planning of electrical production 
systems (Nerini et al., 2016). This article promotes rural 
electrification by utilizing renewable energy sources in 
Chad. It seeks to develop a method for evaluating 
decentralized electrical systems and present an 
electrification model for Chadian rural villages. This study 
aims to propose a model for rural electrification, which 
takes into consideration the context of Chad as a 
developing country and fits within the public and private 
energy regulation sectors. Although numerous studies 
have addressed the issue of rural electrification, however, 
the difference in this present work is that it uses the multi-
criteria approach while considering the energy needs of 
the villages to be electrified (Yimen et al., 2018; Reserve & 
Costa, 2020; Micangeli & Giglioli, 2019). 

Most of the articles published on the technical-
economic feasibility study of hybrid mini-grids and 
renewable energy have resorted to the evaluation of two 
criteria, the NPC or the LCOE, or both at the same time 
(Seutche et al., 2021;  Barry et al., 2021; Guno et al., 2021; 
Asuamah et al., 2021). Given the importance of reducing 
CO2 emissions in the energy balance during the 
production and consumption of energy, it seemed relevant 
to us to assess the amount of CO2 to be avoided by using 
fossil fuels by renewable energy. 

 The research on the topic of hybrid systems and 
renewable energy is very limited in Chad. There is little 
scientific literature on this subject. Our work will already 
be a contribution. Therefore, we are interested in articles 
published in other countries (Algeria, South Africa, 
Ghana, Nigeria, etc.). Although the evaluation method of 
these studies is based on a simulation of the results with 
the HOMER software, we noted the research gap is the 
use of one or two criteria, namely: the NPC and the LCOE. 
The novelty of our study is to combine three criteria: the 
NPC, the LCOE and the CO2 emissions (Adaramola et al., 
2017; Bentouba et al., 2016; Bonah & Nutakor, 2020; 
(Salisu et al., 2019). 

Furthermore, analyzing the economic viability and 
socio-economic acceptability of any rural electrification 
project necessarily involves knowing the energy needs of 
households and their ability to pay for electricity. Thus, to 
achieve the specific objectives of the present study, the 
work will start by defining the energy needs of households 
in each village in the rural of Chad. Then, the estimation 
of the electricity demand needed to supply the villages is 
conducted. In the end, the best technical-economic 
solution for electrification architecture for each village is 
chosen. 

Our problem is to ascertain which decision support 
methodology should be adopted to ensure the availability 

and technical and economic feasibility of a decentralized 
rural electrification project in the context of Chad. 

The choice of this theme is justified by the lack of 
access to energy services in rural areas despite the 
existence of significant potentials in solar energy in the 
country, while Chad aspires to an economic emergence by 
2030 (Aleem & Hussain, 2020). By 2030, the Chadian 
government has set objectives to achieve an electricity 
access rate of 30% nationwide, a rural electricity access 
rate of 25%, and a share of renewable energies of 20% in 
national electricity production. 

The overall goal of this work is to develop a 
methodological approach with a multi-criteria design for a 
decentralized rural electrification project by utilizing a 
mini-grid in its pre-feasibility phase which is risky in 
terms of technical and financial risks and costly, but 
essential for a successful and sustainable installation 
during the development of the project specifications.  

2. Materials and Methods 

Our approach consists of data collection from electrical 
energy users (households, businesses, municipalities, 
schools, etc.) across the different villages surveyed. This 
data is assessed in terms of electrical energy needs for 
different user groups. It is then computed to evaluate the 
demand load curve for each village (Fuso Nerini et al., 
2015). Subsequently, electricity demand projection until 
the year 2040 was estimated to determine the demand for 
the annual growth rate. 

Moreover, a field survey was carried out across certain 
villages to be electrified (Gupta et al., 2010). Then, the 
population's current energy needs and desired electrical 
devices when electricity is delivered were assessed. These 
surveys were carried out in non-electrified households as 
well in order to access the consumption rate and the 
penetration rate of additional devices desired by non-
electrified households. To study the potential for the 
energy demand of each village, we assessed the electrical 
needs of different households based on consumption 
categories of five different villages. 

To study the feasibility and economic performance of 
the hybrid systems, the HOMER (hybrid optimization of 
multiple energy resources) software is used. HOMER 
basically performs three operations, namely: simulation, 
optimization and sensitivity analysis. This software is 
chosen as makes it possible to assess the technical and 
economic feasibility of hybrid systems off-grid by 
calculating the production cost per kilowatt-hour. 
Moreover, in order to compare the different solutions 
obtained, the economic factors such as the net present cost 
(NPC), the levelized cost of energy (LCOE) as well as the 
rate of CO2 emissions must be calculated to lead to a more 
robust solution. The three evaluation criteria used in this 
study are the net present cost (NPC), the discounted cost 
of energy (LCOE) and the rate of CO2 emissions. 
The HOMER software is suitable for performing these 
simulations by ranking the solutions in ascending order 
(Haghighat Mamaghani et al., 2016). 

2.1. Study areas 

Chad is a landlocked, semi-desert country with a 
1,284,000 km2 area, which makes it the fifth largest 
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country in Africa and twenty-first in the world. Located in 
Central Africa, bordered from the North by Libya, the 
Central African Republic from the South, Sudan from the 
East, Niger from the West and Cameroon and Nigeria 
from the South-West. The vast majority of the area is flat 
with some plateaus around the country. The county is 
largely divided into three main geographical zones, 
namely; the Sahara Desert in the north, the semi-arid 
zone in the center and the Sudanese tropical zone in the 
south. Chad is full of solar potential with the annual hours 
of sunshine varying from 2850 hours in the South to 3750 
hours in the North and the intensity of the global radiation 
varies on average between 4.5 to 6.5 kWh/m2/day, as 
shown in Figure 1 . The wind power is mainly found in the 
north of the country with speeds exceeding 5 m/s, as show 
in Figure 2 (Hassane et al., 2018; Didane et al., 2017; 
Mahamat Tahir et al., 2020; Mouangue et al., 2019). 

The survey on the electricity needs of the villages 
carried out enabled us to select three categories of villages 
and two types of rural communities whose size was as 
follows: 

• Medium village: 1,000 ≤ population < 3,000 
inhabitants; 

• Large village: 3,000 ≤ population < 5,000 
inhabitants; 

• Small town: 10,000 ≤ population < 15,000 
inhabitants; 

• Large municipality: 15,000 ≤ population < 20,000 
inhabitants. 

To estimate the electrical demand of non-electrified 
households, we studied the electrical services desired by 
the users of two medium villages, two large villages and 
one rural commune. Then, another survey of already 
electrified households in the Gozator district (10th 
arrondissement of the city of N’Djaména) was carried out. 
The characteristics of each surveyed village are presented 
in Table 1. 

Considering the methodology of the study carried out 
which consisted of understanding the socio-economic 
context of each village by questioning the village chiefs 
and collecting data concerning the energy needs of 
households and according to their daily electrical needs, 
we could identify three types of households in these areas 
(Table 1). 

 

 

 
 

Fig.1 Solar irradiation and clearness index for the selected sites 

Table 1 
Characteristics and estimation of the current demand of the villages surveyed 

Characteristics of the village 
Medium village (1,000                     
to 3,000 inhabitants) 

Large village 
(3,000 to 5,000 inhabitants) 

Small rural town 
(10,000 to 15,000 

inhabitants) 
Etena Kournari Linia Koundoul Mandelia 

Geographical location relative 
to N'Djaména 

30 km south of 
N'Djamena 

35 km south 
of N'Djaména 

20 km northwest 
of N'Djamena 

25 km south 
of N'Djaména 

50 km south of 
N'Djaména 

Population 1,283 2,084 4,304 4,391 13,558 
Average number of 
people/households 5 5 6 6 7 

Total number of households 
per village 257 417 717 732 1,937 

Number of households 
surveyed 20 30 50 30 50 

Estimated energy for the 
households surveyed 

(kWh/day) 
16 23 43 29 51 

Estimated daily energy for all 
households (kWh / day) 212 317 618 705 1,968 

Total annual energy required 
by village (MWh / year) 77,380 115,705 225,570 257,325 718,320 
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Fig.2 Annual mean wind velocity and mean wind power density at the site 

 
 

Table 2 
Proposed systems for the electrification of the villages visited 

N° System proposed Scenario 
1.  Photovoltaic /battery A 
2.  Photovoltaic /diesel/battery B 
3.  Photovoltaic /wind / battery C 
4.  Wind/battery D 
5.  Wind/diesel/battery E 
6.  Photovoltaic /wind/diesel/battery F 

 
Table 3 
Definition of types of households by category of consumption 

 
Equipment 

Power 
rating 

(W) 

Household Type 1 Household Type 2 Household Type 3 Household Type 4 

Quantity 
Duration of 

use       
(h/day) 

Quantity 
Duration of 

use          
(h/day)  

Quantity 
Duration of 

use            
(h/day) 

Quantity 
Duration of 

use            
(h/day) 

Lamps 40 3 6 h 5 6 h 5  6 h 5 6 h 
Phone 

charger 20 1 2 h 1 2 h 1  2 h 1 2 h 

Television  200 0 0 1 4 h  1 4 h 2 4 h 
Ventilator  40 0 0 0 0 2 8 h  2 4 h 

Fridge 200 0 0 0 0 1 8h 1 8 h 
Air 

conditioner 1,200       1 4 h 
Energy daily 

(kWh/day)   1  2  3  8 

 
 
2.2. Estimated electrical requirements 

The solutions predicted are hybrid power plants for all 
sites with sufficient capacity to meet demand during the 
whole day, instead of the morning. The sizing of the 
electricity production components must be flexible in order 
to consider the renewable energy potentials of the sites 
studied.  

Furthermore, the evolution of long-term demands also 
needs to be considered to ensure the balance between 
supply and demand (Bonah & Nutakor, 2020). Thus, six 
electrification solutions have been proposed to achieve a 

supply-demand balance by the villages. These solutions 
are summarized in Table 2. The Table 3 summarizes the 
estimated daily energy needs for different types of 
households. 
 
2.3. Renewable energy potential  

Given that the areas studied do not have synoptic stations 
and thus the data do not exist on the NASA Surface 
Meteorology and Solar Energy databases used by 
HOMER, the data were collected from the nearest station; 
N'Djaména, which is located on latitude 12°8.1' N and 15° 
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3.3' E longitude. The average annual horizontal solar 
radiation is 6 kWh/m2/day (Figure 1). The solar radiation 
is calculated over a period of 22 years (July 1983-June 
2005). The wind speed is measured at the airport level at 
a height of 80 m over a period of 10 years (July 1983-June 
1993). The corresponding power density of the site is about 
90 kW/m2 with maximum frequency occurring in the range 
between 3 – 6 m/s average wind velocity, as shown in 
Figures 2 and 3. 

2.4. Components of hybrid systems surveyed 

The hybrid system considered consists of a solar panel, a 
wind turbine, a generator, an inverter and batteries. 
Figure 4 shows schematically the hybrid systems studied 
at the five sites. Table 4 presents the cost assumptions for 
different components of the hybrid systems studied. 
 
2.5. Basic calculation formulas 

• Solar energy 

The solar energy produced is calculated by the following 
formula (Bonah & Nutakor, 2020): 
 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 =  𝑌𝑌𝑝𝑝𝑝𝑝  𝑓𝑓𝑝𝑝𝑝𝑝 �
𝐺𝐺𝑇𝑇

𝐺𝐺𝑇𝑇,𝑆𝑆𝑇𝑇𝑆𝑆
�                                                                (1) 

 
where Ypv (kW) is the PV array’s rated capacity or output 
power under standard test conditions, fpv denotes the 
derating factor of the PV (%), 𝐺𝐺𝑇𝑇 is the incident solar 
radiation on the PV array (kW/m2), GT, STC represents the 
incident solar radiation under standard situations (1 
kW/m2). 

• Wind energy 

Wind energy is usually extracted through a device called 
a wind turbine. The wind turbine harnesses power 
through the rotation of the rotor. The wind energy 
production of the system or the power output (PW) can be 
calculated by the following relation in Equation 2 (Dufo-
López & Bernal-Agustín, 2008). 

𝑃𝑃𝑊𝑊 =
1
2 𝑥𝑥 ρ 𝑥𝑥 C𝑒𝑒  𝑥𝑥 A 𝑥𝑥 V3 𝑥𝑥 10−3                                                  (2) 

where, ρ is the air density (1.225 kg / m3), V is the wind 
speed (m/s), A is the area and Ce is the maximum power 
extraction efficiency of the wind generator and other 
electrical components connected to the generator. The 
efficiency of a wind turbine is typically estimated through 
the ratio between the extractable electrical power output, 
PW of the wind turbine system to the available kinetic 
wind power. 

• Diesel Generator 

The diesel generator can be used to electrify households 
when energy from renewable energy sources is not 
available. The fuel consumption of this diesel generator 
can be calculated using Equation 3 (Ouedraogo et al., 
2015). 
 
𝐹𝐹𝐺𝐺 = 𝐵𝐵𝐺𝐺𝑥𝑥 𝑃𝑃𝐺𝐺−𝑟𝑟𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟 + 𝐴𝐴𝐺𝐺 𝑥𝑥𝑃𝑃𝐺𝐺−𝑜𝑜𝑜𝑜𝑜𝑜                                               (3) 

 
where PG_rated is the nominal power of the diesel 
generator, PG_out is the output power, while AG and BG 
represent the coefficients of the fuel consumption curve as 
defined by the user (Liter / kWh). 
 
• Battery  

Batteries are mainly used to store energy from solar PVs 
or the wind turbine depending on the combination of the 
system. They are useful to compensate during the 
unavailability of energy from the other resources in order 
to have a continuous power flow in households. The 
batterie’s storage capacity is calculated through Equation 
4 (Ouedraogo et al., 2015). 
 
𝐶𝐶𝑊𝑊ℎ =  (𝐸𝐸𝐿𝐿 𝑥𝑥 𝐴𝐴𝐴𝐴) 𝜂𝜂𝑖𝑖𝑖𝑖𝑝𝑝⁄ 𝑥𝑥 𝜂𝜂𝑏𝑏𝑟𝑟𝑜𝑜𝑜𝑜𝑥𝑥 𝐴𝐴𝐷𝐷𝐴𝐴                                       (4) 

where EL is the average daily load energy (kWh/day), AD 
is the daily autonomy of the battery; DoD is battery depth 
of discharge, while ηinv and ηBatt represent the inverter and 
battery efficiency respectively. 

 
Fig. 3 Frequency of wind speed per year 
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Table 4 
 Cost assumptions for different components of the proposed solutions. 

 
Components Investment 

costs 
Replacement 

costs 
Operating costs 

(annual) 
Solar Photovoltaic  Canadian Solar 250 W CS6P-250P $ 270 $ 243 $ 2.7  

Inverter Power-One PVI-4.6-1-OUTD-x-US-y 
(208V) $ 984 $ 886 $ 9.8 

Battery BAE PVS Block 12V 210 $ 321 $ 289 $ 32 

Wind turbine 
AEOLOS V1 

1 kW 
10 kW 

 
$ 5,320 
$ 21,567  

 
$ 5,320 
$ 21,567  

 
$ 532 
$ 216  

Diesel Generator Generic 10 kW Fixed Capacity Genset $ 5,000 $ 5,000 $ 0.03/hr. 
 

 

 

 

Fig.4 Schematic diagram for the hybrid system of selected villages 

2.6. HOMER simulation  

These studies are the initial steps in the process of rural 
electrification projects in Chad. In this section, the sites 
were studied with HOMER software in order to choose the 
best decentralized rural electrification solutions (Biswajit 
et al., 2015).  

2.7. Economic evaluation criteria 

The comparison of the optimization results under HOMER 
is conducted based on several economic criteria. In our 

study, three economic criteria were selected: the net 
present cost (NPC), levelized cost of energy (LCOE) and 
the penetration rate of renewable energies. These 
parameters are calculated according to the following 
formulas. 
 
• Net Present Cost 

NPC is defined as the present cost of the total cost of the 
system (both installation and operation) during the 
project’s lifetime, minus the present value of the total 
revenue accrued during the project’s lifetime. The NPC is 
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a function of initial capital cost, replacement cost, annual 
operating and maintenance cost as well as fuel costs. NPC 
is expressed as (Gilman & Lilienthal, 2006): 

 𝐶𝐶𝑁𝑁𝑁𝑁𝑆𝑆 =
𝑇𝑇𝐴𝐴𝐶𝐶

𝐶𝐶𝐶𝐶𝐹𝐹 (𝑖𝑖,𝑁𝑁)                                                                       (5)      

where, TAC is the total annualized cost ($/year), CRF the 
capital recovery factor is a function of annual real interest 
rate (8 %), and the project lifetime (25) years. CRF is given 
in Equation as (Bonah & Nutakor, 2020):  

 𝐶𝐶𝐶𝐶𝐹𝐹(𝑖𝑖,𝑁𝑁) =
𝑖𝑖(1 + 𝑖𝑖)𝑁𝑁

(1 + 𝑖𝑖)𝑁𝑁 − 1                                                              (6)     

• Levelized cost of energy (LCOE) 

The LCOE is the ratio of the sum of the entire cost 
accumulated during the project’s lifetime to the unit of 
electricity generated over the entire lifetime of the project. 
In this research, discount and inflation rates of 5% and 
3%, are selected, respectively. The LCOE is calculated 
as (Hernández-Moro & Martínez-Duart, 2012): 

𝐿𝐿𝐶𝐶𝐿𝐿𝐸𝐸 =
∑ �𝐶𝐶𝑖𝑖 + 𝐿𝐿𝑖𝑖 + 𝐿𝐿&𝑀𝑀𝑖𝑖 + 𝐼𝐼𝑖𝑖

(1 + 𝑑𝑑)𝑖𝑖 �𝑇𝑇
𝑖𝑖=0

∑ � 𝐸𝐸𝑖𝑖 
(1 + 𝑑𝑑)𝑖𝑖�

𝑇𝑇
𝑖𝑖=0

                                   (7) 

where Ci is the expenditure from the cost of the system, Li 
represents the cost of land, O&Mi is the cost of operation 
and maintenance, Ii is the insurance cost which is paid 
annually during the project lifetime T and d is the 
discount rate. 
 
• Renewable energy penetration rate 

Renewable fraction (RF) is the total amount of power 
generated by the renewable energy sources compared to 

the total power generated from the entire hybrid system 
(Gilman & Lilienthal, 2006). The renewable fraction is 
obtained from: 

𝐶𝐶𝐹𝐹(%) = �1 −
∑𝑃𝑃𝑟𝑟𝑖𝑖𝑒𝑒𝑑𝑑𝑒𝑒𝑑𝑑

∑𝑃𝑃𝑔𝑔𝑒𝑒𝑖𝑖𝑒𝑒𝑟𝑟𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟
� 𝑥𝑥 100                                          (8) 

3. Results   

3.1. Categories of household electrical consumption 

There are two consumption categories (categories 1 and 2) 
within these five villages, with percentages varying up to 
100% of the total number of households in each village 
surveyed. As part of this study, 300 households were 
surveyed, distributed in the Table 5. 

Based on the household electricity consumption 
estimations above, we were able to classify energy 
consumption into four categories as follow: 
• Category 1: it is made up of poorer households 

corresponding veto basic lighting needs (3 lamps) and 
a mobile phone charger; 

• Category 2: these are average households with 5 
lamps, a mobile phone charger and a television set; 

• Category 3: above average households, with 5 lamps, 
a fridge and a television set; 

• Category 4: wealthy households with 5 lamps, 1 fan, 
2 televisions sets, a fridge and an air conditioner 
(Table 6) 

 
The distribution of these households according to the 

four consumption categories previously defined enabled us 
to note that the households located in rural areas are 
generally of categories 1 and 2. They represent up to 100% 
in the village of Kournari. On the other hand, in the 
Gozator district, which is located in an urban area, the 
households are of categories 3 and 4(Table 7). 

 
 

Table 5 
 Distribution of households surveyed for the 5 villages and one district of N’Djamena. 

 Etena Kournari Linia Koundoul Mandelia Gozator Total  

Number of households surveyed 20 30 50 30 50 120 300 
Number of electrified households 5 0 11 12 20 120 168 

Percentage of households electrified 25 % 0 % 22 % 40 % 40 % 100 % 56 % 
Number of non-electrified households 15 30 39 18 30 0 132 

Percentage of non-electrified households 75 % 100 % 78 % 60 % 60 % 0 % 44 % 

  

Table 6 
Distribution of categories of household electrical services 

       Type of services 
Number 
of devices 

 
Category 1 

 
Category 2 

 
Category 3 

 
Category 4 

Lamps 3 5 5 5 
Phone charger  1 1 1 1 

Television  0 1 1 2 
Fridge 0 0 1 1 

Ventilator  0 0 1 2 
Air conditioner 0 0 0 1 
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Table 7 
 Typology of villages according to the distribution of categories 

 
Mandelia Koundoul Linia Etena Kournari Gozator 

Category 1 80 % 90 % 92 % 95 % 100 % 0 % 

Category 2 20 % 7 % 8 % 5 % 0 % 0 % 

Category 3 0 % 3 % 0 % 0 % 0 % 73 % 

Category 4 0 % 0 % 0 % 0 % 0 % 
 

27 % 

 
 
 

 
 Fig.5 Load curve of daily electrical demand of four types of households 

3.2. Daily profiles of the electricity demand of the four 
categories of households 

The average daily electrical demand of the different 
households studied is given below and illustrated in 
Figure 5: 
- 1 kWh/day for type 1 household; 
- 2 kWh/day for type 2 household; 
- 3 kWh/day for type 3 household; 
- 8 kWh/day for type 4 household. 

3.2.1. Estimated daily demand for electrical energy for the 
site of Mandelia 

Figure 6 shows the evolution of the daily electricity 
demand of five sites. It can be seen that the lowest power 
peak is recorded at Kournari (about 45 kW), the highest 
are at Mandelia (138 kW) and Koundoul (144 kW). This is 
due to the basic electrical needs (lighting and charging of 
telephones) of type 1 households encountered in small 
villages while other devices (television, refrigerator, etc.) 
are used by type 2 and 3 households encountered in large 
villages. 

Daily household electrical demand in Mandelia is 
estimated at 1,181 MWh/day. Figure 6 presents the 
analysis of five sites load curve and it shows that there is 
a zero consumption in the morning between 1 a.m. and 3 

p.m. However, a period of heavy consumption is noticed in 
the evening from 4 p.m. to midnight. Meanwhile a 
stronger peak hour appears in the evening between 5 p.m. 
and 10 p.m. (around 138 kW).  

3.2.2. Estimated daily demand for electrical energy of a site 
of Koundoul  

Daily household electrical demand in Koundoul is 
estimated at 0.388 MWh/day. the analysis of the Koundoul 
load curve and it shows that a hollow period, but not zero, 
between midnight and 7 a.m is observed. Moreover, there 
is a low consumption in the morning between 7 a.m. and 4 
p.m. However, there a period of high consumption from 6 
p.m. to 10 p.m. Furthermore, a stronger peak hour (around 
144 kW) is found in the evening between 6 p.m. and 8 p.m.  

3.3.3. Estimated daily demand for electrical energy of a 
site of Linia 

Linia's daily household electrical demand is estimated at 
0.344 MWh/d. The load curve of Linia below illustrates 
that a zero consumption in the morning between 1 a.m. 
and 3 p.m. On the other hand, a period of heavy 
consumption is seen in the evening from 4 p.m. to 12 a.m. 
However, the stronger peak hour takes place in the 
evening between 6 p.m. and 9 p.m. (around 138 kW).  
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Fig. 6 Load curve of daily electrical demand of five sites surveyed 

Table 8 
 Household payment capacity for subscribing to a category at the Mandelia site 

Categories of consumption Category 1 Category 2 Category 3 Category 4 

Monthly household income (in FCFA) 30,000-45.000 60,000-90,000 120,000-150,000 180,000-210,000 

Monthly payment capacity (in FCFA) 2,500 5,000 10,000 15,000 

Percentage of categories 80% 20% 0% 0% 

Number of current households by category 1,549 387 0 0 

Number of actual households by categories in the future 801 202 0 0 

 
 

3.3.4. Estimated daily demand for electrical energy of the 
site of Etena  

Etena’s daily household electrical demand is estimated at 
0.122 MWh/day. The analysis of the load curve in Figure 
6 demonstrates that there is no consumption in the 
morning between 1 a.m. and 3 p.m. However, a period of 
heavy consumption is observed in the evening from 4 p.m. 
to 12 a.m. While the stronger peak hour is observed in the 
evening between 6 p.m. and 9 p.m. (around 55 kW).  
 
3.3.5. Estimated daily demand for electrical energy of the 
site Kournari  
 
The daily household electrical demand in Kournari is 
estimated at 0.158 MWh/d. The analysis of the Kournari 
load curve shows again that there is no consumption in the 
morning between 1 a.m. and 3 p.m. Similarly, the period 
of the heavy consumption takes place in the evening from 
4 p.m. to 12 a.m. However, the stronger peak hour occurs 
in the evening between 8 p.m. and 9 p.m. (around 45 kW) 
(Figure 6)  

3.3.6. Forecast of long-term dynamic electricity demand in 
villages 

The data collected makes it possible to project long-term 
demand to optimize the sizing of different technologies 
(Silva & Ferr, 2011). For the scenario of the present study, 

the following conditions have been considered (Salisu et 
al., 2019; Zubi et al., 2020). The demand is based on the 
increase in the number of different consumers, a realistic 
development of specific consumption, a realistic 
development of household income. It has also been 
considered that the demand will increase as the 
population and the size of households increases. It is based 
on the projection of demand over a period of 20 years 
(2020-2040) while the base year for forecasting demand is 
2019.  

Meanwhile, the transition from one consumption 
category to another is based on the assertion that 
households in category 1 in 2019 move to category 2 in 
2024, those in category 2 in 2025 move to category 3 in 
2030, then households in category 3 in 2031 move to 
category 4 in 2040. Moreover, it is assumed that the 
annual population growth rate is 3.4% according to 
INSEED (2014). Furthermore, the specific growth rate is 
defined by the capacity of a household subscript to the 
desired category. 

Although all the households surveyed wish to 
subscribe to a consumption category when the village is 
100% electrified, however, for a return on investment, we 
must consider the ability of households to pay according to 
their monthly income. In the case of the Mandelia site, for 
a total population of 13,558 inhabitants distributed in 
1,937 households, the average income per household is 
distributed as follows in Table 8. 
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Fig. 7 Forecast of the electricity demand of 5 sites during the period 2020-2040 

 

 
(a) Etena  

(b) Kournari 

 
(c) Linia 

 
(d) Koundoul 

 
(e) Mandelia 

 

 

Fig. 8 Surface plot: net preset cost, superimposed: cost of 
registry for selected village 
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Half of category 1 households with an income below 
60,000 FCFA (120 US $), would be excluded due to their 
low payment capacity. Individual solutions, such as solar 
kits would be offered to them. A total of 60% of the 
households in this village, (1,162 households) would be 
considered. The results of the demand forecast for 
different sites are presented in Figure 7. 

It should be noted that during the period between 2020 
and 2040, the electricity demand is projected as follow: 

• From 44 to 82 MWh/year at the Etena site; 
• From 62 to 116 MWh/year at the Kournari site; 
• From 130 to 246 MWh/year at the Linia site; 
• From 132 to 276 MWh/year at the Koundoul site; 
• From 461 to 869 MWh/year at the Mandelia site. 

This demand estimation or forecasting allowed us to 
plot both the load curve of different sites and also a 
forecast of demand from 2020 to 2040, as shown in Figure 
7. It emerges from this study that the important 
parameters in an electrification project are demand 
percentages (2.5%), unlike the previous estimation of the 
rate of 10% was obtained by Erasmus (Muh & Tabet, 2018) 
in a case study of Cameroon, and the increase in the rate 
of population growth was estimated at 3.4%.  

3.4. Simulation results 

3.4.1. HOMER hybrid system optimization results 

The simulations over the lifetime of each project (25 years) 
are conducted and several solutions are offered by 
HOMER. The most optimal results are chosen for each 
site. The comparison of these different scenarios is 
performed based on the following criteria: the net present 
value (NPC), the cost of energy (LCOE), low CO2 emission 
rate, the penetration rate of renewable energy. 

Thus, the multi-criteria optimization of different 
scenarios applied to each site constitutes a tool to help in 
decision-making in the selection of the best solutions. 
Table 9 summarizes the optimization results for each site. 
The results presented in the three categories are 
architecture, costs and systems (Table 9).  

3.4.2. Sensitivity analysis 

The sensitivity analysis allows us to appreciate certain 
important parameters that influence the feasibility of the 
project. The variation in the discount rate and in the price 
of reading diesel affects the economic criteria used for 
optimization, namely: net present cost (NPC) and 
discounted cost of energy (LCOE) (Table 10) and (Figure 
8). 

4. Discussion 

4.1. Simulation results 

The six solution architectures are optimized with the 
initial conditions: project lifespan 25 years; 5% discount 
rate and US $ 1 diesel price. Based on these parameters, 
the optimal solutions were selected for the 5 sites under 
this study. These architectures include: PV/battery, 
PV/diesel/battery, PV/wind/battery, Wind/battery, 
Wind/diesel/battery and PV/wind/diesel/battery. 

Based on the net present cost (NPC) criterion, the 
PV/battery system has the lowest value US $ 328,146 and 
it was found at Etena village. The PV/Wind/Diesel/Battery 
hybrid configuration was the least optimum system and it 
has appeared in Mandelia village. In terms of energy cost, 
the lowest Levelized cost of energy (LCOE) was estimated 
at US$ 0.236/kWh in a PV/Wind/Battery configuration at 
Koundoul site and the highest costs US $ 0.363/kWh in the 
PV/Battery configuration at the Linia site. These results 
are comparable to those obtained by Azimoh in the cases 
of South Africa and Agykum and Ghana (Hernández-Moro 
& Martínez-Duart, 2012; Bonah & Nutakor, 2020) (Table 
11) 

4.2. Parameters sensitivity analysis 

The sensitivity analysis makes it possible to assess the 
effect of the criteria identified on the main parameters 
selected for optimization, which include the net present 
cost (NPC), the cost of energy (LCOE) and the life of the 
project. 

These two were chosen because they have the most 
influence on the cost of energy (LCOE).  The results of the 
sensitivity of these parameters are shown in Table 10. 
Figure 8 illustrates the impact of changes in the discount 
rate and the price of diesel.  Knowledge of these two 
parameters allows policy makers and investors to guide 
their decisions in choosing their investment policy in the 
field of renewable energy. 

Over the lifespan of the project from 15 to 25 years, 
the optimal solutions are obtained for each solution based 
on two parameters; the discount rate and the price of 
diesel. The discount rate varies from 8 to 14% and diesel 
prices range between US $ 0.50 - 1.50/litter.  Moreover, 
when the price of diesel drops to $ 0.50/litter and the 
discount rate increases to 10%, the LCOE for the 
Koundoul site decreases by $ 0.221/kWh and its NPC 
increases to US $ 765,331. Meanwhile, at Mandelia site, 
optimal solutions were obtained with the highest values, 
respectively US $ 0.363/kWh for the LCOE and US $ 
2,037,000 NPC, a decrease in the LCOE ($ 0.332/kWh) and 
an increase in the NPC (US $ 3,037,000) were observed. 

In Figure 8, the area represents the net present value 
(NPC) when the cost of energy is superimposed on the 
area. When the discount rate increases from 10% to 14%, 
the cost of energy varies from US $ 0.416 / kWh to US $ 
0.486 / kWh at the Mandelia site. 

We observed that the increasing the discount rate and 
the price of fuel implies the increasing of the cost of energy 
(LCOE). In order to attract investment in renewable 
energy, the Chadian government could apply lower fuel 
prices and apply a 0% interest rate to capital invested to 
make electricity available and accessible to the rural 
population. 

 Another parameter presented in Table 10 is the 
environmental impact of the hydride system compared to 
the diesel system.  In this paper, the optimal hybrid 
solution avoids 2,548 kg / year of CO2.  This is the 
reduction in CO2 emissions estimated in terms of the 
amount of emissions to be avoided annually for the 
protection of the environment linked to pollution from 
fossil fuels and to improve the quality of life of the 
population. 

.



 Int. J. Renew. Energy Dev. 11 (1) 2022: 49-62 
 |61 

IJRED-ISSN: 2252-4940.Copyright © 2022. The Authors. Published by CBIORE 

Table 11 
Comparative studies of LCOE results 

References Geographical 
context 

Method Hybrid composition LCOE ($/kWh) 

Bentouba et al. (2016) Algeria Optimization using HOMER software PV-Wind-Diesel-
Converter 0.176 

Agyekum et al. (2020) Ghana Optimization using HOMER software PV-Wind-Diesel-Battery 0.382 
Current study (2021) Chad Optimization using HOMER software PV-Wind-Diesel-Battery 0.363 
Azimoh et al. (2016) South Africa Optimization using HOMER software PV-Wind-Diesel-Battery 0.400 

Muh et al. (2019) Cameroon Optimization using HOMER software PV-Diesel-Hydro-Battery 0.443 

Adarmola et al. (2017) Ghana Optimization using HOMER software PV-Diesel-Battery-
Converter 0.760 

Uncertain factors in the calculation parameters 
(energy demand, fuel price, discount rate, etc.) could have 
a direct impact on the values of NPC and LCOE. In our 
study, we retained the optimal solution as a basic scenario 
where these values are constant: the discount rate of 8% 
and diesel price US $ 1/litter. From a research 
perspective, real option methods (ROV) using dynamic 
programming, Monte Carlo simulation models can be 
used for NPC forecasts (Ma et al., 2019; Guno et al., 2021; 
Penizzotto et al., 2019). 

5. Conclusions

In this article, the economic feasibility of the following 
hybrid systems: PV/battery, PV/diesel/battery, 
PV/wind/battery, wind/battery, wind/diesel/battery and 
PV/wind/diesel/battery were analyzed using the multi-
criteria assessment technique. It is observed that the 
combination of wind/diesel/battery hybrid system, 
resulted in a levelized cost of energy (LCOE) of US $ 
0.389/kWh, while the PV/wind/diesel/battery system gave 
an LCOE of US $ 0.445 / kWh.  

In terms of net present cost (NPC), the PV/battery 
system shows the lowest value with US $ 299,859 at 
Kournari site. The highest value is obtained in the 
combination of PV/wind/diesel/battery at the Mandelia 
site with a value of US $ 2,910,000. However, the lowest 
energy cost amounts to $ 0.298 / kWh in a PV / Wind / 
Battery configuration and it is observed at the Koundoul 
site and the highest is $ 0.445 / kWh in the PV / Wind / 
Diesel / Battery configuration and it is seen at the 
Mandelia site. 

The estimate of household needs by survey carried out 
in situ while studies are making estimates. The 
declarations of household income are filled in by the 
respondents and compared with the macroeconomic data 
of the country. Also, the evaluation of solar and wind 
potentials is calculated from actual data collected at 
synoptic stations in the study area. It is concluded that 
for the isolated villages in Chad, hybrid solutions can be 
developed to make electricity available and accessible to 
the population 

The government can play a crucial role in the most 
important factor in the variability of the cost of energy 
(LCOE), which is the price of diesel. The diesel price must 
be subsidized to cost 0.50 US $ / litter instead of 1 US $ / 
litter. The current existing price restrains the 
development of renewable energy in Chad, despite the 
fact that the country is endowed with huge solar energy 
potentials. Other policy implications can be recommended 

for the government and its partners involved in the 
development of renewable energies in Chad: 

1. Grant electricity consumption packages for low-
income rural households;

2. Facilitate the business climate in order to attract
foreign direct investment in the field of renewable
energy;

3. Encourage public-private partnership in the
execution of rural electrification projects.

The calculation parameters of LCOE, inflation and 
interest rates depend on the macroeconomic aggregates of 
the banking system of the economic zone of Central 
Africa, while each project could have its specificities. This 
continues a limit to the study. Also, the extension of the 
study sample to other sites in climatic zones of Chad. 

The results of this study constitute a tool to support 
technical and economic decision-making in renewable 
energy investment projects in rural areas intended for 
political decision-makers, international investors and 
development partners. This constitutes a database for the 
construction of an atlas of renewable energy in Chad. 
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