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Received: 23 September 2025 This study presents a comprehensive technical, economic and environmental assessment
Revised: 23 October 2025 of a hybrid system combining photovoltaic (PV), wind power, diesel generators and
Accepted: 29 October 2025 battery storage, applied to the Sahelian town of Mongo (Chad). The objective is to identify
Available online: 31 October 2025 the most robust configuration in terms of cost and resource variations, based on

simulations carried out using Hybrid Optimisation of Multiple Energy Resources
K. ds: (HOMER). The indicators used are net present cost (NPC), cost of energy (COE) and

ey Wor s L . renewable fraction and greenhouse gas (GHG) emissions. The main results reveal that the
hybrid system, sensitivity, rengwabl.ef raction, PV solution coupled with batteries gives the lowest COE ($0.185/kWh) and minimum
net present value, rural electrification NPV (89,839), with a renewable fraction 0f 99.7% and zero CO: emissions. In comparison,
the PV/Wind/Diesel/Batteries configuration has an LCOE of £0.451/kWh, an NPV of
£23,993 and estimated annual emissions of 285 kg of CO., mainly due to the high costs of
batteries and fuel. The sensitivity analysis shows that variations in the price of diesel and
the cost of components (batteries, wind turbines) have a significant impact on the ranking
of the configurations. These results suggest that the integration of appropriate hybrid
systems can significantly improve access to electricity in rural areas of the Sahel, while
limiting the environmental impact and cost for local households.

1.INTRODUCTION some regions, such as Mongo, there can be up to eight months

of strong sunshine per year. Several regions of Chad, including

Access to energy for the population has remained one of the Mongo, are also very windy, with wind speeds sometimes

main challenges facing Chad for several decades. The rate of exceeding 10 m/s [4]. Figure 1 shows the location of Chad and
access to electricity among the Chadian population is very its different climate zones.

low, at around 5%. It varies from 14% in the city of N'Djamena
to 1% in provincial areas [1]. The production capacity of the
national electricity company (NEC), the main operator in the
sector, is around 53 MW, mainly produced by diesel-fired
power stations: the N'Djamena power station with 22 MW, the
Sarh power station with 6.2 MW, the Moundou power station
with 1.7 MW and the Abéché power station with 0.9 MW; to
which should be added the 20 MW supplied to the SNE by the
N'Djamena refinery located 50 km from N'Djamena. The
largest electricity production unit in Chad is a 120 MW
thermal power plant located at the Komé oil terminal and
owned by the multinational ESSO; unfortunately, it is not
connected to the public electricity grid. However, Chad is a
country with high levels of solar radiation. According to
official data, from south to north of this Sahelian country, the
sun shines between 2,750 and 3,250 hours per year, with an
average radiation of 4 to 6 kWh/m?/day [2, 3]. The highly
sunny Sahelian regions of Africa and Chad are ideal for the
construction of high-power solar photovoltaic power plants. In

Figure 1. Division of Chad into three types of climate zones
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In Chad, fossil fuels are the main sources of energy. The
energy crisis, constantly rising oil prices, climate change
caused by greenhouse gases, and environmental constraints
such as the Paris Agreement and, more recently, the Dubai
agreement on greenhouse gas emissions have drawn
communities' attention to renewable energy systems that are
effective, efficient, sustainable, and virtually pollution-free
[3]. Although renewable energies are new, they are stochastic
in nature. Their availability is sporadic and must be
supplemented by other energy sources such as batteries in
most cases. Due to the intermittent nature of renewable energy
resources, a system using a single renewable energy source
results in oversized components and unnecessary operating
and life cycle costs. Two or more forms of energy resources
can be combined to form a hybrid energy system that
complements the disadvantages of each individual energy
resource. Therefore, the design objectives of a hybrid energy
system are to minimise the cost of energy production,
minimise the purchase of energy from the grid (if connected to
the grid), reduce greenhouse gas emissions, reduce the total
life-cycle cost, and increase the reliability of the system's
energy production [2].

A hybrid energy system consists of various renewable
energy conversion components, such as wind turbines,
photovoltaic panels and hydraulic turbines, as well as
conventional non-renewable generators, such as diesel
generators, microturbines and storage devices, such as
batteries. A hybrid energy system may include all or some of
these components. Access to energy is now an essential and
indispensable condition for development. In addition to this
limited access to energy services, rural communities in the
Sahel region of Chad are characterised by low incomes,
generally less than $1.5 per day, increased vulnerability to
climate change, villages that are generally far from major
urban centres (covering an area of 1,284,000 km?), and a
relatively dispersed population [2-4].

It is also noteworthy that access to subsidies is increasingly
rare, while the banking system in these regions does not favour
the granting of investment loans. As a result, rural
communities in Chad are struggling to find both technical and
financial solutions capable of quickly addressing their limited
access to energy. Harnessing the potential of renewable energy
in each locality would, as presented by Abdelhamid et al. [5],
be an ideal solution for the electrification of localities in Chad.
The author shows that Chad's solar potential alone would be
capable of meeting the country's energy demand. And they
demonstrated that promoting renewable energies is a
sustainable response to the energy problems faced by rural
households in Chad. Babikir et al. [1] also demonstrated this
by evaluating the direct incident radiation in the locality of
N'Djamena using the Capderou method. As the country is
dominated by the Sahelian zone, wind speeds are relatively
very good for wind power exploitation, particularly in the
Mongo areas. Indeed, studies [2-5] have shown that converting
wind potential into electricity production would make a
considerable contribution. Our work focuses on providing
sustainable energy to rural populations living in the Sahel
region of Chad, with a view to optimising energy production
systems in order to reduce their investment, operating and
maintenance costs. On a global scale, recent decades have seen
the small-scale development of solar, wind, micro-hydraulic
and geothermal systems, which are conducive to rural
electrification. Furthermore, advances in rural electrification
now offer a choice of multiple decentralised electricity

2114

generation systems integrating different renewable and non-
renewable energy sources. Hybrid solar PV/Wind/Diesel
systems appear to be suitable for rural areas in sub-Saharan
Africa in regions with high levels of sunshine and wind, such
as the Sahelian regions of Chad [3-7]. According to several
authors, combining these energy sources would optimise their
use. This is why hybrid energy systems are becoming
increasingly common in energy production and conversion
around the world. Bouharchouche et al. [ 7] worked on a hybrid
wind-photovoltaic system to predict the system's energy flow
dynamics using the Loss of Power Supply Probability (LPSP)
method, providing a technical and economic approach based
on the probability of non-satisfaction of the selected load. The
availability of abundant renewable energy sources in Chad has
highlighted the possibility of exploiting these sources as
alternatives to electricity generation in rural communities.
Solar, wind and other renewable energy sources remain the
only solution for supplying electricity to these communities.
Various studies have suggested the deployment of solar PV,
wind turbines and other renewable energy sources for
electricity generation in Chad [6-9]. While many studies have
used a single renewable energy source for electricity
generation, others have considered the use of hybrid systems
combining renewable and non-renewable energies or, in some
cases, diesel generators are used as backup power for greater
efficiency and reliability [10]. Hybrid renewable energy
sources are preferable because total dependence on a single
energy source can lead to oversizing of the system, which can
ultimately increase the investment cost of the system. There is
also the effect of weather conditions due to fluctuations in
wind speed and solar radiation. In Nigeria, studies have been
conducted in various regions on stand-alone systems using
HOMER software [11-17]. The objective is to assess the
technical, economic and environmental feasibility of
integrating these energy sources (solar and wind) to supply
electricity to the village of Mongo and to propose an
autonomous system for the community by selecting the
optimal configuration based on the lowest net present cost
(NPC) and cost of energy (COE). A sensitivity analysis is
carried out by varying the cost of batteries, the cost of wind
turbines and the cost of diesel. This will serve as a case study
for considering rural electrification in various regions of Chad
using available renewable energy sources.

2. EQUIPMENT AND METHODS

The methodology adopted combines analysis of local
resources (meteorological data), the load profile of the village
studied, and sizing and optimisation simulations carried out
using HOMER software. The main steps are: (i) collection and
synthesis of local solar and wind data, (ii) construction of an
hourly and monthly consumption profile for the village of
Mongo, (iii) definition of candidate components (PV, wind
turbines, batteries, diesel generator, converter), (iv) multi-
scenario simulation and optimisation with sensitivity analyses
on critical economic parameters. The simulations allow for the
comparison of several architectures: PV/Batteries,
Wind/Batteries, PV/Wind /Batteries and
PV/Wind/Diesel/Batteries. The selection criteria are based
mainly on NPC (Net Present Cost), COE, renewable fraction
and GHG emissions. Meteorological data were extracted from
climate reanalyses (NASA/alt sources) and validated by
published local studies.



2.1 Study area

Mongo is a town located in the Sahelian zone of Chad
(latitude: 12.18° N, longitude: 13.85° E, altitude ~424 m). The
site has high annual sunshine and favourable wind periods,
characteristics that motivate the study of a hybrid solution. The
local population depends mainly on agriculture and energy
infrastructure is limited; access to electricity is rare, and
firewood is widely used for domestic needs. Figure 2 shows
the Mongo study area.
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Figure 2. Map of the town of Mongo [4]
2.2 Load profile

The consumption profile used for modelling is based on the
average domestic usage of a group of 85 households, as well
as the needs of a primary school and a health centre. Loads
were estimated through local surveys and distributed on an
hourly basis to obtain a typical daily profile. The village's total
consumption is presented in the form of a daily and monthly
profile, with an estimated peak load of 64.02 kW and an
overall average daily consumption of approximately 460.80
kWh/day for the village (aggregate values and details provided
in the tables and figures in the document). Figure 3 illustrates
the daily load profile and Figure 4 presents the hourly and
monthly load profiles.
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Figure 4. Hourly and monthly load profile
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2.3 Wind potential

Wind data (20-year monthly averages from reanalyses)
indicate average speeds at 10 m of between 3.65 and 6.52 m/s
depending on the month, with a peak in February (~6.52 m/s).
These conditions are compatible with the use of small wind
turbines to contribute to the local energy mix. The usual
parameters of a wind turbine (start-up speed, rated speed, cut-
off speed) were taken into account to estimate the potential
annual production. Figure 5 presents the average monthly
wind data for the study area.
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Figure 5. Average monthly wind data for the study area
2.4 Solar potential

The average daily radiation calculated for the Mongo area
is around 5.91 kWh/m?/day, with monthly variations between
~5.28 and ~6.75 kWh/m?/day. These values confirm the
potential of a photovoltaic field to meet a significant portion
of local electricity demand. The measured clearness index
varies between 0.508 and 0.667 depending on the month,
indicating that solar energy can be exploited in all seasons.
Figure 6 provides the monthly solar data for the study area.
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Figure 6. Monthly solar data for the study area
2.5 Diesel price

Fuel cost is a key economic parameter in off-grid scenarios.
For this study, the reference price used is approximately
£1.20/L in urban areas, with local variations that can bring this
cost up to £1.25/L depending on transport and delivery costs.
Sensitivity analyses were conducted by varying this price over
a representative range to assess its impact on the NPC and
COE.

2.6 HOMER software

HOMER was used to simulate and optimise the proposed
configurations. HOMER calculates the life cycle cost, LCOE
and COE and allows sensitivity analyses to be performed by
modifying input parameters (component costs, fuel prices,
resources). The main outputs also include annual production
by source, surplus energy, diesel generator use and the
renewable fraction.



3. SYSTEM SPECIFICATION AND DESCRIPTION

The proposed system comprises photovoltaic panels, one or
more small wind turbines, a set of batteries, a converter and a
diesel generator serving as a backup. Each component has
been defined by technical and economic characteristics taken
from generic commercial databases and configured in
HOMER. In the HOMER software, Figure 7 illustrates the
architecture of the implemented system under study.
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Figure 7. Architecture of the system under study [18]
3.1 Solar PV

The PV field considered is based on standard modules (flat
panels) with a range of sizes explored between 0 and 160 kW.
The costs taken into account are: initial investment
(~$2,500/kW), replacement cost (~$2,000/kW) and negligible
O&M costs. The nominal lifespan has been set at 25 years for
the panels.

3.2 Wind turbine

A generic 10 kW wind turbine has been included as an
option in the simulations. Investment and replacement costs
have been estimated at approximately £4,000/kW, with annual
operating and maintenance costs of around £100/year.
Production depends heavily on the local wind profile and the
characteristics of the machine (power curve).

3.3 Converter

A variable capacity central inverter (0-80 kW) was
modelled with a nominal efficiency of 95%. The costs
considered are in the order of £200/kW for investment and
replacement.

3.4 Diesel generator

The diesel generator studied is a generic 50 kW model, with
an estimated investment and replacement cost of $20,000.
Maintenance and fuel costs were included in the simulation
(consumption and hourly costs). A minimum load constraint
(10%) was applied for mechanical performance and
operational stability [15-20]. Figure 8 presents the generator
efficiency curve.

3.5 Battery

Batteries are used for storage to absorb excess renewable
production and provide backup when intermittent sources are
insufficient. The unit capacity selected is 6.91 kWh (nominal
voltage 6 V) with a round-trip efficiency of 80% and an
estimated lifespan of 12 years. In the sizing, the quantity of
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batteries ranges from 0 to 400 units.
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Figure 8. Generator efficiency curve

4. ECONOMIC ANALYSIS

The main economic indicators calculated by HOMER and
used to rank the solutions are: net present cost (NPC), cost of
energy (COE) and investment/replacement/operating costs.
The NPV represents the discounted sum of all project lifetime
costs, including initial investment, replacement, fuel, O&M
and other expenses.

4.1 Net present value (NPV)

NPC is assessed by HOMER as the present value of all costs
incurred over the lifetime of the project. The calculation
involves the capital recovery factor (CRF), the nominal
interest rate and the duration of the project. This criterion
allows for the comparison of architectures with different
financing horizons and expenditure profiles [20-23].

Cr

NPC = ——
Crr (L, RProj)

M

where,
Cr (Annual total cost): the annualised total cost;
Crr (Capital Recovery Factor): the capital recovery factor;
i: the interest rate;
Rproj: project duration (D).
The Cgr (ratio used to calculate the present value of an
annuity) is given by [21]:

A
Cre(i,D) = a+0P -1 (2)
i

where,
D: the system's lifespan in years;
iy: the nominal interest rate;
f: the annual inflation rate.

4.2 Cost of energy (COE)

The COE represents the unit cost ($/kWh) of useful
electricity delivered by the system. It is obtained by dividing
the total annual cost by the amount of useful annual energy
(net consumption). The COE is an essential metric for



comparing the economic competitiveness of different off-grid
configurations.

Cr

COE =
Eprim.AC + Eprim.DC + Egrid.sales

(4)

where,
Cann.toe: total annualised cost;
Eprim.ac: primary AC charge;
Eprim.pc: primary DC charge;
Egria sates: total grid price.

4.3 Renewable fraction (RF)

The renewable fraction is defined as the share of energy
supplied by renewable sources (PV and wind) relative to the
system's total energy production. A high RF reflects lower
dependence on fossil fuels and a reduced environmental
impact.

) * 100
where,
Pjieser 1s the output power of the diesel generator and

Prenouvelabie 1S the output power of renewable sources (solar
and wind).

Z Pdiesel

Z Prenouvelable

RF (%) = (1 (%)

5. OPERATIONAL STRATEGY

Two energy management modes were considered: load
following (LF) and cycle charging (CC). In LF mode,
renewable sources primarily supply the load; the surplus is
used to charge the batteries, and the diesel generator only
intervenes when the minimum SOC is reached. In CC mode,
the diesel generator can operate to simultaneously satisfy the
load and recharge the batteries. For this study, the control logic
favours LF mode in order to minimise fuel consumption and
reduce overall NPC. A minimum SOC threshold of 40% was
selected to trigger the automatic start-up of the diesel
generator.

6. RESULTS AND DISCUSSION

Simulations carried out using HOMER enabled several
thousand combinations (parametric scale) to be explored in
order to identify technically feasible and economically
attractive solutions. The results presented below summarise
annual production by source, consumption, surplus energy,
and economic and environmental indicators for the
configurations compared. Table 1 presents the various
configurations of our system.

Table 1. Analysis of off-grid systems for average household
consumption with initially estimated costs.

Les Configurations NPC ($) COE ($/kW)
PV/Batteries 9,839 0,185
Wind turbine/Batteries 10,447 0,197
PV/Wind turbine/Batteries | 12,326 0,232
PV/W/Diesel/Batteries 23,993 0,451
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Figure 9. Configuration of the hybrid system in the HOMER
software

As shown in Figure 9, the capital cost represents the main
expenditure of the system, primarily consisting of the batteries
and the photovoltaic components, followed by the replacement
and fuel costs.

6.1 System optimisation

Among the configurations tested, the optimised solution
selected by HOMER includes: 160 kW of PV, a 50 kW diesel
generator, 320 battery units and an approximately 80 kW
converter. For this configuration, the NPC is $9,839 and the
COE is $0.185/kWh. The estimated total annual production is
approximately 342,258 kWh/year, divided between PV
(~244,448 kWh/year, or ~71%), wind (~97,629 kWh/year, or
~28.5%) and diesel (~181 kWh/year, ~0.5%). Annual surplus
energy is approximately 24,743 kWh (Figure 10).
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Figure 10. Average monthly electricity production of the
optimal configuration
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6.2 Sensitivity analysis

The sensitivity analysis is presented through Figures 11-15
and Table 2. Sensitivity analyses were performed by varying:
(i) the cost of batteries (£25% / +15%), (ii) the cost of wind
turbines (£25% / +15%) and (iii) the price of diesel (1.2 $/L
base, tests at 1.6, 1.8 and 2.0 $/L). These variations affect the
NPC and COE and, in some scenarios, change the ranking of
configurations. For example, a significant drop in battery
prices makes PV/battery systems even more competitive;
conversely, a sharp rise in fuel prices favours architectures that
integrate more renewables. Figure 11 presents a sensitivity
analysis with battery purchase costs 25% lower and 15%
higher, while maintaining the cost of other fixed equipment.

Compared to the initial situation, the 15% increase in
battery costs does not affect the ranking of the different
systems, whereas when these costs are reduced by 25%, the
PV/battery system, the hybrid PV/Wind/Diesel/Battery
systems and the PV/diesel systems retain their positions, but
the others change positions. In short, the variation in battery
costs in this case has little influence on the ranking of systems
and therefore on which systems to prioritise. Figure 12 shows
a similar analysis based on variations in the cost of wind
turbines.
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Compared to the initial situation, the 15% increase in the
cost of wind turbines does not affect the ranking. A 25%
decrease in wind turbines does not affect the ranking of the top
three and bottom three systems, while the median positions are
changed. Among these median positions, systems with
photovoltaics have fallen by one to two positions. Systems 4
to 7 changed positions. The Wind/Diesel/Battery system
occupied the 4th position, the PV/Diesel/Battery system
gained 5 positions and finally, the PV/ Wind / Diesel / Battery
system fell back to 6th position. In summary, when varying the
cost of wind turbines, the top three systems to prioritise remain
the same, as does the last system. The systems to avoid remain
the photovoltaic/diesel system and the wind/diesel system.

Another sensitivity analysis was performed for the cost of
diesel in Figure 13. The estimated starting cost is 1.2$/L. The
other costs analysed are 1.6$/L, 1.8$/L and 2$/L.
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Figure 13. Change in diesel costs and costs of other fixed
equipment

For diesel costs of £1.6/L and £1.8/L, only the 4th and 5th
systems underwent a change. The first system to favour is
therefore the hybrid PV/wind/diesel/battery system. The
photovoltaic system with batteries still ranks first.

At £2/L, systems 1, 2, 3 and the last three systems have not
changed position. The PV / Wind / Battery system has moved
up one place, the PV / Wind / Battery system has moved from
6th to 4th and the PV/wind/diesel/battery system has moved
down one place. These analyses of diesel costs show that as
soon as there is an increase in diesel costs, the hybrid
PV/wind/diesel/battery system is preferable, while the
photovoltaic system with batteries is always to be avoided. All
of these analyses show that the photovoltaic system with
batteries should always be avoided for the situation studied,
whereas the wind-diesel system with batteries is preferable
even with a variation in the cost of batteries and wind turbines
and an increase in the cost of panels. On the other hand, the
hybrid PV / Wind / Diesel system with batteries is preferable
if the cost of panels decreases by 50% or if the cost of diesel
increases. Overall, the systems to consider are the hybrid
PV/wind/diesel system with batteries in the near future (given
that the cost of panels is falling and the cost of diesel is rising)
and the PV system with batteries is a choice for today's
systems, but it will not be the long-term solution.

In general, considering the village's total consumption,
various off-grid hybrid systems comprising solar panels, wind
turbines, batteries and diesel generators were analysed. Figure
11 shows the systems in order from most economical to least
economical according to the NPC [6, 23].

It can therefore be seen that the best system would be
PV/batteries and the second best would be wind/battery. The
two worst systems are PV/diesel and wind/diesel. Over the
years, diesel alone has not been the most economical solution.
The PV/wind/diesel/battery system comes after the
PV/wind/battery systems. To enhance the interpretation of the
sensitivity analysis, future visualizations could include
heatmaps to display the combined impact of component costs
and fuel prices on COE and NPC, as well as radar charts to
compare multiple scenarios across technical, economic, and
environmental indicators. These graphical representations
would allow for a clearer identification of the most robust
configurations.

6.3 Environmental impact

The calculated annual GHG emissions show that certain
architectures (PV alone + batteries, PV/wind + batteries) can
reduce direct CO: emissions to virtually zero, while
configurations involving significant use of diesel have non-
zero emissions (e.g. ~285 kg CO. / year for
PV/wind/diesel/batteries in the baseline scenario). The
optimal choice in terms of NPC/COE nevertheless represents
a compromise between cost and environmental impact, with a



high renewable fraction (~98-99% for the preferred
configurations) (Table 2).

Table 2. Comparison of the environmental impact

Configuration GHG Emission (kg/year)
Wind/diesel/battery 5,755
PV/wind/diesel/battery 285
PV/wind/battery 0
PV/battery 0

6.4 Economic and energy assessment

The economic analysis shows that, despite higher initial
costs for batteries and PV panels, the PV/Battery solution may
prove to be the most cost-effective over the considered

lifetime, particularly if battery costs decrease. Table 3 and
Figure 14 highlight the sensitivity of these indicators to fuel
cost and price assumptions.

| Initial cost ($) M Replacement Cost($) 0 & M Cost ($)
80000 65147 69676
60000 46003 49225
36338 37180
40000
15782 15404
20000 6948 6961
. In . | ¥
0
PV/wind/battery PV/wind/ PV/battery PV/diesel/battery

diesel/battery

Figure 14. Comparison of economic evaluation

Table 3. Comparison of energy parameter assessments

Configurations Energy Production (kWh/year) Energy Consumption (kWh/year) Surplus Energy (kWh/year)
PV/Wind/Battery 341,568 60,357 274,270
PV/Wind/Diesel/Battery 342,258 60,386 274,968
PV/Wind/Battery 356,460 60,386 275,651
PV/Battery 536,652 60,340 724,728

6.5 Operational performance

Simulated profiles indicate that battery state of charge
generally remains between 40% and 100% over a typical year,
in line with the adopted management strategy (Figure 15). The
energy stored and used annually is consistent with demand,
leaving a surplus that could potentially be used for additional
purposes or sold if a local market exists.

274 968 kWh
244 448 kWh

97 629 kWh

60 386 kWh

181 kWh 0 kWh

annual PV wind diesel excess energy
village production production production energy shortage
demand

Figure 15. Energy balance for a typical year with the optimal
configuration

7. CONCLUSION

This study provides an in-depth assessment of a hybrid
PV/wind/diesel/battery system for the town of Mongo (Chad).
Simulations show that an architecture heavily focused on
photovoltaics combined with storage offers the lowest LCOE
and a very high renewable fraction, while the integration of a
diesel generator remains useful to ensure reliability in the
event of a prolonged shortage of renewable resources.
Sensitivity analyses confirm that battery costs and diesel
prices are major levers influencing the competitiveness of
solutions. Consequently, public policies promoting lower
storage costs and access to financing can accelerate the energy
transition in rural Sahelian areas.

Future work could further the assessment by incorporating
innovative financing scenarios, advanced management

strategies (optimal control, demand-side management) and a
more comprehensive analysis of the life cycle of components
to refine the environmental footprint.
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NOMENCLATURE

kWh/m2.d kilowatt hour per square metre per day

W/m? watt per square metre

CRF capital recovery factor

NPC net present cost

COE cost of energy

PV photovoltaic

HOMER Hybrid Optimisation of Multiple Energy
Resources

GHG greenhouse gas

SOC state of charge





