
Article Not peer-reviewed version

Techno-Economic Optimization of

Hydrogen-Based Hybrid Renewable

Energy Systems for Rural Electrification

in Sub-Saharan Africa: Case Study of a

Photovoltaic/Wind/Hydrogen System in

Dargalla, Cameroon

Nasser Yimen * , Thierry Roger Mondoue Bouodo , Alain Christian Biboum , Urbain Nzotcha * , Bashir Musa ,

Rolland Djomi , Salisu Sani

Posted Date: 25 December 2024

doi: 10.20944/preprints202412.2206.v1

Keywords: hybrid renewable energy systems; hydrogen; fuel cell; electrolizer; sub-Saharan

Africa; optimization; sensitivity analysis; solar photovoltaic (PV); Wind energy

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/515548
https://sciprofiles.com/profile/3654014
https://sciprofiles.com/profile/4114214
https://sciprofiles.com/profile/4111438
https://sciprofiles.com/profile/1127613
https://sciprofiles.com/profile/4115351


 

 

Article 

Techno-Economic Optimization of Hydrogen-Based 
Hybrid Renewable Energy Systems for Rural 
Electrification in Sub-Saharan Africa: Case Study of a 
Photovoltaic/Wind/Hydrogen System in  
Dargalla, Cameroon 
Nasser Yimen 1,2,*, Thierry Roger Mondoue Bouodo 1, Alain Christian Biboum 1,  
Urbain Nzotcha 1, Bashir Musa 3, Rolland Djomi 1 and Sani Salisu 2 

1 National Advanced School of Engineering, University of Yaoundé I, POB: 8390, Yaounde, Cameroon 
2 Department of Electrical Engineering, Ahmadu Bello University Zaria , Abuja, Nigeria 
3 Transmission Company of Nigeria (TCN), Plot 14, Zambesi Crescent, Maittama, Abuja, Nigeria 
* Correspondence: nazerois@yahoo.fr Tel.: +237670147046 

Abstract: Hybrid renewable energy systems (HRESs) are an effective tool for addressing the 
challenges of rural electrification in sub-Saharan Africa (SSA). However, their viability is limited by 
the lifespan, environmental impacts, high costs, and inefficiency of conventional energy storage 
technologies (battery and pumped-hydro). This study examines a hydrogen-based energy storage 
system, combined with photovoltaic (PV) and wind energy, for the electrification of Dargalla, a 
village in northern Cameroon. The goal is to meet community and agricultural electricity needs while 
optimising the system. The analysis utilised HOMER software to simulate, model, and optimise the 
system. The optimal architecture included a 50-kW PV array, a 10-kW wind turbine, a 1-kW fuel cell, 
a 30-kW electrolyser, a 25-kg hydrogen tank, and a 10-kW converter. The optimised system's net 
present cost and cost of energy were assessed at USD 138,202 and USD 0.443/kWh, respectively. 
Sensitivity analysis results showed that areas with high wind speeds would be mainly suitable for 
the proposed system. Moreover, with the upcoming decrease in the costs of fuel cells and PV 
components, such systems are expected to become more economically viable in the future, leading to 
the conclusion that integration of hydrogen-based energy storage technology in HRESs in SSA can 
effectively address the United Nations Sustainable Development Goals (UNSDG) and the historic 
Paris Climate Agreement (HCA). 

Keywords: hybrid renewable energy systems; hydrogen; fuel cell; electrolizer; sub-Saharan Africa; 
optimization; sensitivity analysis; solar photovoltaic (PV); Wind energy. 
 

1. Introduction 

In contemporary society, electricity has emerged as an indispensable resource for ensuring a 
decent standard of living in both urban and rural regions [1–3]. It is crucial for the most vital tasks in 
our daily lives, including entertainment, transportation, education, and healthcare [4–7]. In 2019, the 
International Energy Agency (IEA) reported that 760 million individuals, accounting for 10% of the 
global population, had no electricity access [8]. Figure 1 depicts the global distribution of those 
lacking access to electricity. They are mainly concentrated in developing nations, particularly in sub-
Saharan Africa and South Asia [9]. 

Most of these nations exhibit a disparity in the pace of electricity between rural and urban 
regions [10–12]. In this instance, Cameroon, a sub-Saharan country in Central Africa, achieved a 
nationwide electricity access rate of 65% in 2021, with a notable disparity between urban regions, 
where the rate was 95%, and rural areas, where it was only 25% [13,14]. The challenges of rural 
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electrification in sub-Saharan Africa often stem from economic, geographical, and social factors. 
Significant obstacles include low population density, extensive and rugged terrain, and insufficient 
financial resources [15]. 

 

Figure 1. Global population without access to electricity by country in 2019 [9]. 

As a result, most individuals living in rural regions depend on alternate sources, primarily diesel 
generators, to meet their electrical needs. This approach is characterized by the drawbacks of noise 
pollution, greenhouse gas emissions, and the need for regular maintenance, which comes with a 
significant fuel expense. 

Recently, hybrid renewable energy systems (HRESs) have been touted as an efficient way to 
generate electricity in rural areas of sub-Saharan Africa. An HRES consists of many power plants that 
utilize diverse fuels, including fossil fuels and renewable sources. Compared to single-source 
renewable energy systems, HRESs are characterized by higher reliability, greater efficiency, and the 
ability to generate power at lower costs [16–18]. There are several forms of energy storage in HRESs, 
with the two most frequently employed being batteries [19–28] and pumped-hydro storage (PHS) 
[29–39]. Nevertheless, the utilization of batteries is restricted because of environmental 
apprehensions and their limited duration of usage [40]. PHS, however, may significantly affect the 
terrain and hydrology and must be situated in places with substantial variations in elevation [41]. 
Hence, the objective of adopting an alternative energy storage system that overcomes the limitations 
of conventional energy storage devices is becoming a vital pursuit for improving the viability of 
HRESs in SSA. 

On the other hand, hydrogen has a greater energy density than batteries, indicating its ability to 
store more energy per unit of weight [42–44]. It may be produced from several sources, including 
renewable energy sources, which makes it a potentially more sustainable choice for storing energy 
[45]. Hydrogen storage is adaptable to different requirements, allowing for both expansion and 
reduction in size to cater to a wide range of applications, spanning from individual household setups 
to extensive grid storage facilities. Hydrogen energy storage uses electrolysis. An electric current 
splits water (H2O) into hydrogen (H) and oxygen (O) gases during electrolysis (2H2O ⇾ 2H2 + O2) 
[46]. Hydrogen gas may be stored in tanks or subterranean caves for later use. Gas turbines or fuel 
cells may turn stored hydrogen into power when needed. Florian Klumpp [47] highlighted that by 
2030, hydrogen storage will clearly be the most favorable technology for all storage-discharge routes. 
The features described above are the main reasons for the continued popularity of integrating 
hydrogen-based energy storage in HRESs. 

The hydrogen-based hybrid renewable energy systems (HRESs) literature primarily focusses on 
optimal design-related research. These studies aim to establish the optimal number or size of system 
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components that satisfy all constraints and either minimize or maximize the objective function(s). 
Conducting an exhaustive review of all research undertaken on this topic is beyond the scope of this 
article. For example, we will highlight a few studies, including the study by Zhang et al. [48], which 
focused on the optimal sizing of a standalone solar/wind/hydrogen hybrid energy system in 
Khorasan, Iran. The study employed a hybrid search optimization technique to minimize the total 
life cycle cost of the HRES while considering the system's reliability. The findings demonstrated that 
the suggested technique outperformed previous methods in terms of performance. Using the 
GRHYSO software, Rodolfo et al. [49] designed and conducted a techno-economic study of grid-
connected hybrid photovoltaic/wind systems for intermittent hydrogen generation. They considered 
the net present value (NPV) of the system as an evaluation criterion and established that in locations 
with high wind speed, the selling price of hydrogen should be about 10 €/kg to make economically 
feasible systems. Pablo et al. [50] applied a fuzzy logic-based energy management system (EMS) to 
optimize a standalone hybrid system that combines solar, wind, hydrogen, and battery technologies. 
The study spanned 25 years and demonstrated that the proposed control system successfully 
achieved the objectives set for the HRES's EMS. Furthermore, it resulted in a significant 13% cost 
reduction compared to other less advanced EMS systems based on control states. Akyuz et al. [51] 
studied a hybrid wind (10 kW)-photovoltaic (1 kWc) system designed for a partridge farm with an 
average energy consumption of 20.33 kWh/day. The study evaluated performance, energy efficiency, 
and hydrogen production from excess energy. The results showed a state of charge ranging from 
56.6% to 88.3% from April to July, with hydrogen production of 14.4 kg in July. The electrolyzer 
efficiency varied from 64% to 70%, the wind-electrolyzer system efficiency from 5% to 14%, and the 
photovoltaic-electrolyzer system efficiency from 7.9% to 8.5%. 

Torreglosa et al. [52] introduced an innovative approach for energy dispatching in off-grid 
photovoltaic/wind turbine/hydrogen/battery hybrid systems in Algeciras, Spain. The technique was 
based on Model Predictive Control (MPC), and MATLAB-Simulink was used to model the HRESs, 
including information from datasheets of commercially available components. Alonso et al. [53] 
employed the HOMER (Hybrid Optimization Model for Electric Renewable) software to assess three 
energy storage technology setups: the battery energy storage system (BESS), the hydrogen energy 
storage system (H2ESS), and the hybrid energy storage system (HESS) in both grid-connected and 
off-grid scenarios. The findings indicated that BESS had the highest competitiveness among the three 
alternative storage methods when the electric grid was accessible. According to the study, hydrogen 
has a complementary function when used in conjunction with batteries, enhancing the flexibility of 
microgrids and facilitating more extensive decarbonization. Turkdogan et al. [54] applied the 
HOMER software to model, simulate, and optimize an HRES consisting of solar, wind, hydrogen, 
and battery components. This HRES was designed to fulfil a single-family household's energy 
requirements, including utility and transportation loads. The results indicated that the most efficient 
system could produce energy and hydrogen at $0.685 per kilowatt-hour and $6.85 per kilogram, 
respectively. The study by Basu et al. [55] broadly examined the intermittent characteristics of 
renewable energy sources through hydrogen energy storage. Three energy system combinations 
were investigated: a hybrid system that combines solar and hydrogen, a system that combines wind 
and hydrogen, and a system that combines solar, wind, and hydrogen. The hybrid system was 
determined to have the most cost-effective levelized cost of energy (LCOE) at $0.3387 per kilowatt-
hour (kWh). 

The research conducted by Ramin et al. [56] applied a computer program to model and optimize 
HRESs that integrate wind turbines (WT), photovoltaic systems (PV), and fuel cells (FC) in four 
distinct sites in Iran. The study revealed that hydrogen-based hybrid renewable energy systems 
(HRESs) are more economically viable for off-grid applications in most locations nationwide. 
Jahangir et al. [57] employed the HOMER software to conduct an economic assessment of 
substituting conventional diesel-only backup systems with a hydrogen-only system and a hybrid 
hydrogen and diesel backup system in hybrid photovoltaic/wind systems. The findings indicated 
that the integrated diesel/hydrogen backup system has advantages in terms of cost-effectiveness and 
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environmental impact. Rodolfo et al. [58] deployed a multi-objective evolutionary algorithm (MOEA) 
and a genetic algorithm (GA) to achieve the optimal design of a hybrid renewable energy system 
(HRES) that incorporates solar, wind, diesel, hydrogen, and battery components. The objective was 
to minimize the total cost, pollutant emissions (CO2) (specifically CO2), and unmet load. The 
researchers concluded that the multi-objective design technique was superior to mono-objective 
approaches because it enables the designer to choose the optimal solution based on cost, reliability, 
and pollution emissions. Askarzadeh et al. [59] adopted the multi-objective Crow search algorithm 
(MOCSA) to optimise a grid-connected photovoltaic/diesel/fuel-cell hybrid energy system. The 
optimization process focused on three primary objectives: levelized cost of energy (LCOE), loss of 
power supply probability (LPSP), and renewability. The analysis determined that the hybrid system 
could sell and purchase energy from the grid. Caliskan et al. [60] conducted a study using the 
HOMER software to simulate and optimize a hybrid system (solar and wind energy) to evaluate its 
technical and economic viability in Elazig, Turkey. The study's conclusions revealed that a system 
combining wind and solar energy connected to the grid was economically viable and capable of 
meeting electricity and hydrogen needs. The system could produce 2,156,664 kWh of electricity 
yearly at a cost energy cost at $0.0232/kWh and a total net present cost of $7,668,500. 

Table 1 provides a summary of all the research described above. This summary highlights that 
most research has been conducted in developed countries and rarely in developing nations, 
particularly in sub-Saharan Africa. Despite the high cost of hydrogen energy storage, significant cost 
reductions are expected, which bodes well for the future of this technology in sub-Saharan Africa. 

Table 1. Selected previous hydrogen-based HRES related studies. 

S No Authors/Ref 
Country          Energy Sources        Storage Device
Technique/software 

01 Zhang et al. [48] 
 Iran                       SPV-WES                   Hydrogen
ANN algorithm 

02 Rodolfo et al. [49]  
 Spain                    SPV-WES                   Hydrogen
GRHYSO 

03 Pablo et al. [50] 
 Spain                    SPV-WES            Battery – Hydrogen 
MATLAB 

04 Akyuz et al. [51]  Turkey                 SPV-WES                     Hydrogen
MATLAB 

05  Torreglosa et al. [52] 
 Iran                       SPV-WES                    Hydrogen
MATLAB 

06 Alonso et al. [53] 
 Belgium                SPV-WES             Battery – Hydrogen 
HOMER 

07  Turkdogan et al. [54] 
 Turkey                  SPV-WES             Battery – Hydrogen 
HOMER 

08 Basu et al. [55]  India                     SPV-WES                    Hydrogen
HOMER 

09 Ramin et al. [56]  Iran                       SPV-WES              Battery – Hydrogen 
MATLAB 

10 Jahangir et al. [57]  Iran                       SPV-WES-DG             Hydrogen
HOMER 

11 Rodolfo et al. [58]  Spain                    SPV-WES-DG        Battery – Hydrogen 
C++  

12 Askarzadeh et al. 
[59] 

 Iran                       SPV-DG                       Hydrogen
MATLAB 

13 Caliskan et al. [60]  Turkey                  SPV-WES                    Hydrogen
HOMER 
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Note: ANN: Artificial Neural Network; DG: Diesel Generator; SPV: Solar Photovoltaic; WES: Wind Energy 
System. 

Furthermore, none of these studies considered load demand in the agriculture sector. Most 
agricultural operations in sub-Saharan Africa occur in rural areas, where they serve as the primary 
means of sustenance, employing over 50% of the working population [61]. On the other hand, these 
studies did not consider the seasonal variation in electricity demand. Most countries in the SSA 
experience two types of seasons: the rainy season and the dry season. Finally, most past research that 
performed sensitivity analysis failed to provide practical interpretations of their findings. These 
interpretations are essential for comprehending various aspects of hydrogen-based HRESs and 
guaranteeing their sustainable development to face rural electrification challenges in SSA. 

This research aims to fill the gaps found in the existing literature by applying HOMER software 
to optimize a photovoltaic/wind/hydrogen HRES to fulfil the power requirements of households, 
communities, companies, and agricultural operations in the remote area of Dargalla in the Far North 
region of Cameroon. 

The rest of this paper is organized as follows: Section 2 describes the materials and methods used 
to carry out the study. Section 3 presents the acquired results, followed by Section 4, which contains 
the discussion part. Section 5 provides the paper's conclusion. 

2. Materials and Methods 

2.1. Research Methodology and Tools 

The literature has identified two primary methods for analyzing and optimizing hybrid 
renewable energy systems (HRES): optimization techniques and software tools. A thorough 
examination of all these strategies is provided in [62–64]. Software tools such as HOMER, HIBRID2, 
and HOGA have gained significant attention in the literature for their remarkable enhancements. 
HOMER, initially created in 1992 by the National Renewable Energy Laboratory (NREL) in the 
United States, is widely acknowledged as the most often utilized and reliable tool [65–67]. HOMER 
is available in two versions: HOMER Legacy, which is free, and HOMER Pro, which is the commercial 
version [67]. The selection of HOMER Pro was justified due to its various features. The analyses were 
conducted on a computer with a Windows 10 Pro 64-bit operating system. The machine has an 
Intel(R) Core (TM) i7-4700MQ CPU running at a speed of 2.4 GHz, 8 GB of RAM, and an NVIDIA 
GEFORCE graphics card. HOMER is very suitable for this study since it can handle numerous energy 
resources and optimize their utilization effectively. 

Figure 2 depicts the functional diagram of the research approach that has been executed. The 
HOMER program was improved by adding an initial stage that involved a thorough evaluation of 
the village's energy usage, available resources, and site layout. At this stage, the data obtained from 
surveys, expert consultations, and literature analyses were carefully reviewed to provide information 
consistent with HOMER and other technical and economic parameters. This methodological 
approach allowed for a more accurate and thorough study, making it easier to optimize the proposed 
HRES. 

2.2. Study Location 

The hybrid system to be designed is intended to meet the energy demand of the village of 
Dargalla, a small community within the municipality of Mora in the Far North region. It currently 
consists of 200 households. Table 2 provides general information about the village, and Figure 3 
shows the geographical location of the study area. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 December 2024 doi:10.20944/preprints202412.2206.v1

https://doi.org/10.20944/preprints202412.2206.v1


 6 of 30 

 

2.3. Load Assessment 

Energy consumption data was gathered by comprehensive surveys encompassing all population 
segments, including the agricultural sector, which occupies the predominant portion of the 
population. Table 3 comprehensively summarizes the appliances and their corresponding energy 
usage, and Figure 4 displays the hourly load profile during both the rainy and dry seasons. 

 
Figure 2. Functional Diagram of the Research Methodology. 

Table 2. General Information about the Study Location. 

Designations Information 
Country Cameroon 
Region Far North 

Division Diamaré 
Municipality Mora 

Latitude 11°2.8’N 
Longitude 14°8.4’E 

Elevation above sea level 75 m 
Number of households 200 

Nearest power transformer 8 km 
Main socio-economic activities Agriculture and livestock farming 
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Figure 3. Geographical Location of the Study Area. 

Table 3. Appliances’ requirement and rating for different sectors of energy consumption. 

 Load Type Appliances Rating (W) Quantity Total (KW) 
A-Domestic     

CFL 0.015 350 5.25 
Radio 0.012 160 1.92 

Mobile charger 0.12 160 1.92 
Fan 0.04 350 14 
TV 0.065 160 10.4 

B-Community     

Health center 

CFL 0.015 6 0.09 
Fan 0.04 6 0.24 

Refrigerator 0.5 2 1 
Computer 0.075 2 0.15 

Street Lamp CFL 0.1 20 2 
Four mil  4.8 3 14.4 

Church 

CFL 0.015 4 0.06 
Fan 0.04 4 0.16 

Microphone 0.001 1 0.001 
Loudspeaker 1 3 3 

C-Agricultural     
water irrigation pump  2.2 3 6.6 

Electric grass-cutting machine  1.5 2 3 
Trashing machine  4 2 8 

Note: CFL: compact fluorescent lamp; TV: Television. 
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Figure 4. Average electricity demand per hour of the day, during rainy and dry seasons. 

The peak power use occurs from 6 PM to 9 PM when nearly all domestic appliances are utilized. 
This finding aligns with research conducted by [68,69], indicating that energy consumption reaches 
its highest point during the nighttime hours in Africa. The energy usage in Dargalla daily is 96.21 
KWh/day in the rainy season and 190.47 KWh/day in the dry season. The research conducted with 
the HOMER Pro program included hourly fluctuations of 20% and daily fluctuations of 10%. 

2.4. System Configuration 

Figure 5 depicts the diagram of the proposed Hybrid Renewable Energy System (HRES). The 
system comprises various components, including a photovoltaic generator, wind turbines, an 
electrolyzer, a fuel cell system, a converter, and a hydrogen storage tank. When the combined energy 
output of the photovoltaic panels and wind turbines exceeds demand, the electrolyser uses the 
surplus to produce hydrogen gas. This gas is then stored in the hydrogen tank (HT). The fuel cell 
system then converts the stored hydrogen gas back into electricity when the combined production of 
the photovoltaic panels and wind turbines is less than demand. The proposed HRES, modelled by 
HOMER software, is presented in Figure 6. 

 

Figure 5. The schematic diagram of the proposed HRES. 
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Figure 6. The proposed HRES in HOMER software. 

2.5. Assessment of Available Solar and Wind Resources 

The data on solar radiation and wind speed at the study's location, Dargalla, was collected from 
the NASA Surface Meteorology and Solar Energy (SSE) database [70]. The coordinates used for this 
data collection were those of Mora (11°2.8'N, 14°8.4'E), the nearest point of data available. Wind 
velocity measurements were gathered for 29 years, from January 1984 to December 2013. The site 
documented a yearly mean wind velocity of 5.15 m/s at 10 meters above the ground. Figure 7 presents 
the data on the average wind speed for each month. 

 
Figure 7. Monthly Average Wind Speed Measured at 10 m at the Study Site. 

Figure 8 illustrates the mean daily monthly solar radiation and clearness index for a 22-year 
period from July 1983 to June 2005. These data were used as input for the hybrid system model. This 
graph illustrates the region's remarkable capacity to harness solar energy using photovoltaic panels. 
The annual average solar radiation is 5.82 kWh/m2/day, with an average clearness index of 0.54. 
Regarding solar radiation, March experienced the most significant amount with 6.670 kWh/m2/day, 
whereas August had the lowest value at 4.98 kWh/m2/day. 
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Figure 8. Monthly Average Solar Resources at the Study Site. 

2.6. System Analysis 

2.6.1. Photovoltaic Array 

The PV solar module used in this research was the SPR-E20-327, a monocrystalline module 
produced by Sunpower. The module has a power rating of 327 watts peak (Wp) and can generate a 
maximum direct current (DC) voltage of 600 volts (V). Table 4 displays the precise technical details 
of the selected PV module. HOMER implements the equation provided in reference [71] to compute 
the output of a photovoltaic (PV) array: P୭୳୲୮୳୲ = Y୔୚f୔୚ ൬ ୋ౐ୋ౐,౏౐ి൰ ൣ1 + α୔൫Tୡ − Tୡ,ୗ୘େ൯൧, (1)

where fPV represents the PV derating factor in percentage (%), YPV is the rated capacity of the PV 
array in kilowatts (kW), GT the global solar radiation incident on the surface of the PV array, 
measured in kilowatts per square metre (kW/m2). GT,STC represents the standard amount of incident 
radiation at the standard test condition, which is 1 kW/m2 at a temperature of 25°C. αp represents the 
temperature coefficient of power, expressed as a percentage per degree Celsius (%/°C). Tc and Tc,STC 
are the PV cell temperature in degrees Celcius (°C) at the actual and under the standard test 
conditions, respectively. HOMER applies the Graham and Hollands approach to calculate the hourly 
global solar radiation based on the monthly average global solar radiation [71]. The temperature 
coefficient of power for the selected module is -0.38%/°C as indicated in Table 6 of the technical 
specifications of the said PV module. The derating factor considered in this study was 0.95. The PV 
system was expected to have a lifespan of 25 years and a total capital cost, replacement cost, and 
operation and maintenance cost of 3000 €/kW, 3000 €/kW, and 10 €/kW/year, respectively [72]. 

Table 4. PV module specifications [73]. 

Item Specification 
Manufacturer Sunpower 
PV Module type Mono-si 
Module number SPR-E20-327-C-AC 
Module efficiency 20.4 % 
Power capacity 327 W 
Power tolerance +5/-0% 
Rated voltage (Vmpp) 54.7 V 
Rated current (Impp) 5.98 A 
Open-Circuit Voltage (VoC) 64.9 V 
Short-Circuit Current (ISC) 6.46 A 
Maximum system voltage DC 600 V 
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Power Temp Coef -0.38%/°C 
Volt Tem coef -175mV/°C 
Current Temp Coef 3.5mA/°C 
Dimensions 46mm×1,559mm×1,046mm 
Operating temperature -40 º C - +85º C 
area 1.63 m2 

Weight 18.60 kg 

2.6.2. Wind Turbine 

The wind turbine (WT) model considered in this study is the bergey excel 10-R model, 
manufactured by Bergey Windpower. The nominal power of of the system is 10 kW at a wind speed 
of 12 m/s. The turbine's technical characteristics are detailed in Table 5, and its power curve is 
displayed in Figure 9. The power law was used to calculate wind speed at the hub height [65]: 𝑉௛௨௕ = 𝑉௔௡௘௠ ∙ ൬ 𝑍௛௨௕𝑍௔௡௘௠൰ఈ, (2) 

where, Vhub and Vanem represent the wind speeds at the hub and anemometer height (Zhub, and 
Zanem). The power law exponent α, which typically has a value of 0.14 for low roughness sites, is also 
included in the equation [65]. HOMER software also uses Equation (3) to find the wind turbine output 
power PWT (t) at any time t [74]. P୛୘ሺtሻ = ൝aVଷሺtሻ − bPୖ   Vେ୧ < Vሺtሻ < V୰Pୖ              V୰ < Vሺtሻ < Vେ୭ 0                 Otherwise , (3)

where Vr, represents the rated speed, VCi is the cut-in speed, VCo is the cut-off speed, and PR 
represents the wind turbine's rated power. 𝑎 and 𝑏 are defined by equations (4) and (5): 𝑎 = ௉ೃ௏ೝయି௏಴೔య, (4)

𝑏 = ௏಴೔య௏ೝయି௏಴೔య, (5)

The total initial cost, replacement cost, and operation and maintenance cost were estimated at 
50,000 €/unit, 30,000 €/unit, and 200 €/year [75]. The turbine's estimated lifespan was 20 years. 

Table 5. Technical specifications of the selected wind turbine model [76]. 

Item Specification 
Manufacturer Bergey WindPower 
Model Bergey excel 10-R 
Nominal power 10 kW at 12 m/s 
Cut-in Wind Speed 2.5 m/s 
Cut-Out Wind Speed None 
Furling Wind Speed 14-20 m/s 
Max. Design Wind Speed 60 m/s 
Temperature range -40 to +60 °C 
Hub height 30 m 
Type  3 Blade Upwind 
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Figure 9. The power curve of the selected wind turbine. 

2.6.3. Fuel Cell 

The Fuel Cell (FC) is an electrochemical system that produces electrical energy by converting 
chemical energy from hydrogen fuel and oxygen. The FC is believed to be a more energy-efficient 
technology than traditional energy sources since it directly transforms hydrogen fuel into electrical 
energy without any intermediate combustion stage [77]. In this study, the proton exchange 
membrane fuel cell (PEMFC) was adopted because of its electrical efficiency, reduced weight, 
extended cell lifespan, compact size, ability to operate at various temperatures, rapid start-up times, 
absence of pollutants, cost-effectiveness, minimal maintenance requirements, silent operation, and 
high adaptability [78]. 

The output voltage Ecell of a fuel cell stack is given by equation (6) [65]: 𝑉ி஼ = 𝑁௖௘௟௟𝐸௖௘௟௟ = 𝐸 − 𝑉௔௖௧− 𝑉௢௛௠ − 𝑉௖௢௡ 
(6) 

where VFC, E, Vact, Vohm , and Vcon are the output voltage, open-circuit voltage, activation overvoltage, 
ohmic overvoltage, and concentration overvoltage, respectively. 

2.6.3. The Electrolyzer 

Industries use large-scale hydrogen generation from water electrolysis using renewable energy 
sources [79]. Water electrolysis splits molecules into hydrogen and oxygen using electricity. 
Marketed electrolyzers include polymer electrolyte membrane (PEM), phosphoric acid, solid oxide, 
direct methanol, and alkaline [80]. The PEM electrolyser (EL) is best for small energy systems in 
remote rural areas. The PEM electrolyzer's theoretical efficiency is 94% due to its excellent heating 
value. In practice, this figure is 85% [81]. Hydrogen production rate by is computed by (7) [74]. 𝑄ுଶ = 𝜂௙ 𝑁௖௘௟௟𝐼௖௘௟௟2𝐹  (7)

where ηf is the Faraday efficiency, NCell is the number of cells connected in series, Icell is the current in 
the electrolyzer, and F is the Faraday constant. 

2.6.3. The Hydrogen Tank 

The hydrogen generated by the electrolyzer is pressurized using a compressor and stored in a 
tank. The power required for compression (Pcomp) is indicated as [74] : 

𝑃௖௢௠௣ = 𝛾𝛾 − 1𝑅 𝑇𝜂஼ ቨ൬𝑃ଶ𝑃ଵ൰ఊିଵఊ − 1ቩ 𝑄ுଶ (8)

The equation's parameters are as follows: γ represents the polytrophic coefficient, R represents 
the gas constant, T represents the compressor inlet temperature, ηC represents the compressor 
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efficiency, P1 and P2 represent the inlet and outlet pressure, respectively, and QH2 represents the mass 
flow rate of hydrogen. 

The pressure of hydrogen in the tank, denoted as Ptank, is determined by the following equation [82]: 𝑃௧௔௡௞ = 𝑅𝑇𝑉௧௔௡௞ 𝑛௧௔௡௞ (9)

where Vtank and ntank are the volume of the tank and the number of moles of gas in the tank, 
respectively. 

2.6.3. The Converter 

Power transfer between the DC and AC buses is facilitated by a converter (CON) that converts 
direct current (DC) to alternating current (AC) by an inverter, or vice versa, from AC to DC through 
a rectifier, depending on the electrical load. This guarantees the effective fulfilment of energy 
requirements while preserving an ideal energy transfer between the two buses. This study utilised a 
generic system converter with a lifespan of 25 years, an efficiency of 95%, a capital cost of $40/kW, 
and yearly operation and maintenance costs of $10/kW/year [72]. 

2.7. Simulation, Optimisation and Sensitivity Analysis 

2.7.1. The Evaluation Criteria 

HOMER uses the net present cost (NPC) and the levelized cost of energy (LCOE) as the 
evaluation criteria for determining the best system design. Based on the NPC, all possible system 
configurations in the optimization results are ranked. The NPC represents the aggregate of all the 
present values of expenses and incomes linked to the system, taking into account the discount factor. 
These two assessment criteria are detailed as: 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧ 𝑁𝑃𝐶 = 𝐶௔௡௡,௧௢௧𝐶𝑅𝐹(𝑑,𝑁)𝐶௔௡௡,௧௢௧ = 𝐶௔௡௡,௖௔௣ + 𝐶௔௡௡,௥௘௣ + 𝐶௔௡௡,ை&ெ + 𝐶௔௡௡,௙௨௘௟ − 𝑅௔௡௡,௦௔௟௩𝐶𝑅𝐹 = 𝑖(1 + 𝑑)ே(1 + 𝑑)ே − 1𝑑 = 𝑖 − 𝑓1 + 𝑓𝐿𝐶𝑂𝐸 = 𝐶௔௡௡,௧௢௧ − 𝐶௕௢௜௟௘௥ ∙ 𝐻௧௛௘௥௠௔௟𝐸௦௘௥௩௘ௗ

 (10)

The parameters Cann,tot, Cann,cap, Cann,rep, Cann,O&M, Cann,fuel, Rann,salv, CRF represent the total annualized 
cost of the system ($/year), annualized capital ($/year), replacement ($/year), maintenance costs of all 
system components ($/year), annualized cost of fuels used to feed the power generators ($/year), 
annualized total savage value of all system components ($/year), and capital recovery factor. CFR 
depends on the discount rate (d) and project lifespan (N). The discount rate is, in turn, expressed as a 
function of the annual inflation rate (f) and nominal interest rate (i). Hthermal, Eserved, COE, and Cboiler 
represent the total thermal load served (kWh/year), total electric load served (kWh/year), levelized 
cost of energy ($/kWh) and the boiler marginal cost ($/kWh). Given that the system is not serving any 
thermal load, Hthermal = 0. This article considered nominal interest and inflation rates of 8% and 3%, 
respectively [83]. 

2.7.2. Dispatch Strategies 

A dispatch strategy refers to rules that dictate how the generator(s) and storage device(s) 
operate. HOMER software can simulate two dispatch strategies: load following (LF) and cycle 
charging (CC) [84]. In the load-following strategy, a generator only produces the necessary power to 
meet the demand. On the other hand, in the cycle charging strategy, a generator operates at full 
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capacity each time it is turned on, with any excess power being stored in the power storage device. 
Both the load following and cycle charging strategies were considered in this study. 

2.7.3. Optimization Variables and Search Space 

An optimization variable, also known as a decision variable, is one the system designer may 
adjust. During the optimization process, HOMER explores multiple possible values of this variable. 
Table 6 presents the optimization variables used throughout this investigation and their associated 
values. 

Table 6. Optimization variables of the study model. 

Optimization 
variable 

PV array 
size (kW)  
 

Number 
of WT  

hydrogen 
tank 
capacity 
(Kg) 

Fuel Cell 
Capacity 
(KW) 

Electrolyzer 
capacity 
(KW) 

Converter 
capacity 
(kW) 

Maximum 150 7 250 25 160 25 
Minimum 0 0 0 0 0 0 
Step 25 1 25 5 20 5 
Number of 
values 7 8 11 6 9 5 

The variables considered in the optimization process where the size of the photovoltaic 
generator (seven values), the number of wind turbines (eight values), the capacity of the hydrogen 
tank (eleven values), the size of the fuel cell generator (six values), the size of the electrolyzer (nine 
values), and the size of the bidirectional converter (five values). The search space encompasses the 
range of potential system configurations HOMER examines to identify the most effective solution. 
This study conducted simulations for each possible combination of the six optimization variables for 
distribution strategies: LF and CC. Therefore, the HOMER software simulated a total of 332640 
(7×8×11×6×9×5×2) combinations. 

2.7.4. Constraints 

System configurations must meet constraints. A non-conforming design is unfeasible and is not 
evaluated by HOMER during simulation and optimization. In this case study, two constraints are 
considered: 
• The Maximum annual capacity shortage constraint is related to the maximum yearly capacity 

deficiency, set at 5% in this study. HOMER eliminated systems that did not meet at least 95% of 
the annual electrical and operating reserve. 

• Operating reserve constraints impose surplus operational capacity to maintain system resilience 
in the case of a sudden demand increase or reduction in renewable energy output. HOMER uses 
four inputs to determine the required operating reserve: two of which are expressed as a 
percentage of the variability of the electricity demand (current time step and annual peak load), 
and two of which are expressed as a percentage of renewable energy production (wind power 
output and solar power output). In this case study, the operating reserve percentages associated 
with the load in the current time step, annual peak load, solar power output, and wind power 
wind output were established at 10%, 0%, 80%, and 50%. 
Feasible configurations are those that satisfy all of the aforementioned constraints. Those not 

meeting at least one of these constraints are considered unfeasible. 

2.8. Sensitivity Analysis 

Sensitivity analysis evaluates how input data variations influence a model's output data. Within 
the context of HRES optimization, this analysis investigates the influence of changes in 
meteorological (wind speed, solar radiation, etc.), economic (capital cost of components, O&M cost 
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of components, fuel cost, inflation rate, interest rate, etc.), and technical (maximum capacity shortage, 
etc.) parameters on the optimal HRES. The term "sensitivity variable" sometimes refers to a parameter 
involved in a sensitivity analysis. The designer inputs a range of values, or sensitivity values, into 
HOMER for each sensitivity variable. This study investigated the following sensitivity variables: 
wind speed, solar radiation, the initial and replacement cost of the fuel cell, the initial and 
replacement cost of photovoltaic (PV) panels, and capacity shortage. Table 7 lists these sensitivity 
variables and their respective value ranges. 

Table 7. Sensitivity variables and associated values. 

Sensitivity variable  values 
Wind speed (m/s) 4,5,5.8, 7, 8 
Solar radiation (kWh/m2/d) 4,5.1,6, 7, 8 
Capital and replacement cost multiplier of PV 0.25, 0.5, 0.75, 1 
Capital and replacement cost multiplier of Fuel Cell 0.25, 0.5, 0.75, 1 
Maximum capacity shortage (%) 0, 2.5, 5, 7.5, 10 

The sensitivity analyses were executed sequentially to expedite the process, rather than 
simultaneously. The initial step was to conduct a sensitivity analysis of solar radiation and wind 
speed to account for the significant variability in the availability of these two resources and, as a 
result, to gain a more comprehensive understanding of the performance of hydrogen-based HRESs 
in the sub-Saharan region. 

This was followed by a sensibility analysis of the capital costs of PV and fuel cell components, 
which was conducted using cost multipliers. The objectives of the study were as follows: 1) to 
evaluate the impact of the adoption of PV investment subsidies on the viability of hydrogen-based 
HRESs; 2) to understand how Hydrogen-based HRESs are promising in addressing rural 
electrification challenges in SSA considering the upcoming cost reductions of solar PV and fuel cell. 
Lastly, the sensitivity analysis of the maximum capacity shortage was carried out to better manage 
the trade-off between the reliability and cost of the proposed system. 

2.9. The Grid Extension 

The break-even grid extension distance (Dgrid) is the distance from the grid at which the total 
annualized cost of the grid extension equals the total annualized cost of the proposed stand-alone 
system. The proposed HRES is more cost-effective than the grid extension for the electrification of 
the village after this point before the grid extension is more cost-effective. The break-even grid 
extension is determined by the following formula [75]: 𝐷௚௥௜ௗ = 𝑇𝐴𝐶 − 𝑐௣௢௪௘௥ ∙ 𝐸ௗ௘௠௔௡ௗ𝑐௜௡௩ ∙ 𝐶𝐹𝑅(𝑖,𝑁) + 𝑐௢௠ , (11) 

where TAC represents the total annualized cost of the stand-alone system in dollars ($), and N denotes 
the project's lifetime in years. Edemand represents the total annual power demand in kilowatt-hours per 
year (kWh/year), cpower represents the cost of grid power in dollars per kilowatt-hour ($/kWh). cinv 
represents the investment cost of grid extension in dollars per kilometer ($/km), and com represents 
the operation and maintenance cost of grid extension in dollars per year per kilometer ($/yr/km). 

According to [67], the estimated investment cost of the grid extension is $14,000 per kilometer 
and the estimated operation and maintenance cost is $300 per year per kilometer. The average price 
of grid electricity in Cameroon is $0.1 per kilowatt-hour [67]. 

3. Results 

This section presents the outcomes of the analyses above. First, the optimisation results are 
presented, and then the results of the sensitivity analyses are described. 
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3.1. Optimization Results 

The HOMER simulation and optimisation processes yielded data indicating that out of the 
332,640 system configurations in the HOMER search space, only 196,790 were deemed feasible. These 
configurations were divided into five groups based on their system architecture: Category 1 
(PV/WT/CON/FC/EL/HT), Category 2 (WT/FC/CON/EL/HT), Category 3 (PV/WT/FC/EL/HT), 
Category 4 (WT/FC/CON/EL/HT), and Category 5 (PV/FC/EL/HT). Table 10 presents particular 
information on the components, technical details, and economic parameters of the top-performing 
hybrid system in each category. The top-performing hybrid system in Category 1, which was the 
overall optimal, consisted of an 50 kW PV array, one wind turbine, a 10 kW fuel cell, a 30 kW 
electrolyzer, a 25 kg hydrogen tank, and a 10 kW converter with a load following dispatch strategy. 
The system’s cost of energy (COE) and total net present cost (NPC) were $0.451/kWh and $138,202, 
respectively. 

Table 8. Optimization results. 

 
Specificatio
n Unit 

Best hybrid system per category 
Categor
y 1 

Categor
y 2 

Categor
y 3 

Category 4 Categor
y 5 

System 
architectur
e 

PV array  kW 50 100 50 0 125 

 
Wind 
turbine  Number 1 0 3 5 0 

 Hydrogen 
Tank 

kg 25 25 175 200 175 

 Electrolyser KW 30 30 20 20 100 
 Fuel Cell kW 10 10 5 5 10 
 Converter KW 10 10 0 15 0 

 
Dispatch 
strategy LF or CC CC CC CC CC CC 

Cost LCOE $/kWh 0.451 0.456 0.529 0.680 0.715 
 NPC $ 138,202 144,342 165,916 212,690 223,902 

 Total O & M 
cost 

$/year 5,960 7,263 3,935 4,041 11,957 

 
Total capital 
cost $ 52,963 40463 109638 154,750 52,888 

Power 
production PV array 

kWh/yea
r 92,436 184,873 92,436 0 231,091 

 Wind 
turbine 

kWh/yea
r 

23,517 0 70,550 117,584 0 

 Fuel Cell kWh/yea
r 7,321 12,937 6,063 4,466 21,890 

 
Total 
electricity 
production 

kWh/yea
r 

123,274 197,810 169,050 122,049 252,980 

 Capacity 
shortage  

kWh/yea
r (%) 

1,044 
(4.65) 

558 
(2.49) 

1,144 
(5.1) 

1,119 (4.98) 788(3.51
) 

 Unmet load 
kWh/yea
r (%) 

641 
(2.86) 

334(1.49
) 539(2.4) 601 (2.68) 

572 
(2.55) 

 
Excess 
electricity 

kWh/yea
r (%) 

24,254 
(14.7) 

41,182 
(20.8) 

83,149 
(49.2) 

47,813(39.2
) 

4,263 
(1.69) 

Capacity 
factor 

PV array  % 21.1 21.1 21.1 0 21.1 
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Wind 
turbine  % 26.8 0 26.8 26.8 0 

 Fuel Cell % 8.36 14.8 13.8 10.2 25 

The analysis of the optimal system’s NPC, as shown in Figure 10, reveals that about 50% of its 
variation was attributed to the overall operation and maintenance (O&M) cost of the system. That 
high share of O&M cost in the system’s NPC was due to the high O&M cost of the fuel cell component. 

Figure 11 shows the electrical energy production in kW of the different power generators of the 
system for a typical day in mid-August (rainy season). The photovoltaic generator is active between 
6 AM and 6 PM with a production peak of 38.22 kW at noon. The electrolyzer captures the energy 
surplus between 9 AM and 4 PM to produce hydrogen. The unmet load is very low (≈0%) between 1 
AM and 4 AM but rises to 4% between 5 AM and 6 AM. The fuel cell, which consumes the stored 
hydrogen, starts to meet the load as soon as the photovoltaic panels cease their activity. The wind 
turbine generator supports this task. 

 

Figure 10. Cash flow summary based on the optimised architecture. 

Figure 12 shows the distribution of energy production by source for each month of the year. The 
production peak is recorded in March. The three generators produce 123,274 kWh/year. The system's 
capacity shortage amounted to 641 kWh/year, equivalent to 2.86% of the demand load. This falls 
below the maximum allowed shortage capacity of 5%, which is a specified constraint. 
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Figure 11. Operations schedules and energy flow of the system components over a 24-hour period. 

 

Figure 12. Monthly average electrical output from the optimal configuration system. 

Figure 13 depicts the electrolyzer consumption, the amount of hydrogen accumulated in the 
tank, and the power delivered by the fuel cell over one year. The electrolyzer primarily operates 
during daylight hours (6 AM - 6 PM), with power peaks coinciding with periods of maximum solar 
energy production. Annually, it produces 1555 kg of hydrogen and consumes 76,688 kWh. The 
hydrogen tank, initially containing 2.5 kg at the beginning of the year, reaches a capacity of 20.5 kg 
at the end of the year, providing an autonomy of 325 hours. The tank level fluctuates throughout the 
seasons, with higher levels during the daytime and lower at night. This suggests that hydrogen 
production and storage primarily occur during periods of high solar energy production. The fuel cell 
is active between 6 PM and 6 AM, providing a stable and continuous energy source and filling the 
gaps when renewable sources are insufficient. It generates 7,321 kWh per year, with more 
pronounced electricity production between 6 PM and 11 PM. These three components work in 
synergy to ensure continuous and stable energy production in a hybrid system.  
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Figure 13. (A) Electrolyzer input power, (B) Tank level, (C) Full cell power output. 

Figure 14 depicts the result of the comparative analysis between the Net Present Cost (NPC) of 
the developed standalone system and grid expansion for the electrification of Dargalla. This analysis 
reveals a breakeven distance for grid extension of 5.91 km, leading to the inference that the designed 
standalone system is a better solution than the grid extension for the electrification of Dargalla, given 
that the nearest power transformer is located in Mora, at a distance of 8 km. 

 
Figure 14. Cost of electrification options of Dargalla. 

3.2. Sensitivity Results 

Figure 15 displays the sensitivity analysis results for wind speed and solar radiation. For low 
wind speeds, below 4.80 m/s, the most suitable system configuration would be FC/PV/HT/EL, 
whatever the solar radiation. The cost of energy (COE) and net present cost (NPC) of the system 
would not be affected by changes in wind speed, as there would be no wind turbine included in the 
system. 
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Figure 15. Results of the Sensitivity Analysis of Wind Speed and Solar Radiation. 

However, the wind speed will eventually approach a threshold value when the solar radiation 
value increases. Beyond this barrier, the best system type would be FC/PV/WT/HT/EL. By surpassing 
the threshold above value, the wind speed would exceed another threshold value; at this point, the 
most suitable system type would be FC/WT/HT/EL. The first wind speed threshold value mentioned 
above slightly increases as solar radiation increases. In contrast, the second threshold value is fixed 
at 6.80 m/s regardless of the solar radiation. The system does not include the PV array when the wind 
speed exceeds this value. As a result, the system's performance is not affected by changes in solar 
radiation. Moreover, these results clearly show that wind speed has a higher impact on the COE than 
solar radiation, indicating that such a system would be more viable in areas with high wind speed 
(Kenya, Mali, northern Nigeria [85,86] ) than those with high solar radiation. 

Figure 16 depicts the results of the maximum capacity shortage. enhancing the system's 
reliability by reducing the maximum capacity shortage from 5% to 2.5% would lead to a 0.5% increase 
in NPC and a 0.3% rise in COE. A reduction to 0% would result in a corresponding rise of 7% and 
5%. Conversely, if the system reliability is compromised by considering a maximum yearly capacity 
shortage of 10%, its NPC and COE would reduce by 5% and 4%, respectively. This outcome indicates 
that the system has the potential to attain enhanced reliability without significantly raising the COE. 
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Figure 16. Results of the Sensitivity Analysis of Maximum Capacity Shortage. 

Figure 17 illustrates the results of sensitivity analysis of capital expenditures and replacement 
costs of hybrid systems, highlighting the optimal configurations and their corresponding energy 
costs. When the acquisition and replacement costs of photovoltaic (PV) systems and fuel cells (FC) 
are low, the optimal configuration consists of fuel cells, photovoltaic systems, a hydrogen tank, and 
an electrolyzer. However, when these costs are high, the optimal configuration also includes a wind 
turbine. If the acquisition and replacement costs of PV systems increase from 0.5 to 1, the cost of 
energy increases by 10%. If these costs decrease from 1 to 0.25, the cost of energy is reduced by 24%. 
If the acquisition and replacement costs of FCs increase from 0.55 to 1, the cost of energy (COE) 
increases by 6%. If these costs decrease from 1 to 0.25, the COE is reduced by 9%. The sensitivity 
analysis demonstrates that fluctuations in capital expenditures and replacement costs of PV and FC 
systems have a significant influence on the optimal configuration of the hybrid system. Reducing 
these component costs favors simpler configurations (without a wind turbine), while higher costs 
would require the integration of additional solutions, such as wind turbines, to optimize energy costs. 
Over the past five years, fuel cell costs have been halved due to improvements in efficiency and 
durability [87].Furthermore, advancements in material selection and the enhancement of platinum-
based catalyst structures have improved catalytic performance and reduced costs [88]. This has made 
the fuel cell a crucial element in advancing hydrogen as an energy source. Moreover, PV systems 
hold promise for addressing rural electrification challenges in sub-Saharan Africa. It is anticipated 
that the investment cost of PV systems will decrease by 50% by 2040 [89]. 

 

Figure 17. Results of the sensitivity analysis of the capital and replacement costs of PV and FC. 

4. Discussion 

The conclusions drawn from the previously presented analyses unequivocally demonstrate that 
the proposed system is capable of meeting the energy needs of an isolated village at a cost of energy 
(LCOE) lower than those that employ a storage system other than hydrogen in sub-Saharan Africa 
[90–95]. Each case studied uses a battery system or a pumped hydroelectric storage (PHS) system as 
energy storage devices, thus highlighting the technical and economic superiority of hydrogen-based 
hybrid renewable energy systems compared to systems relying on batteries, PHS, or diesel 
generators. This confirms the hypothesis stated in the introductory section. Furthermore, unlike 
previous studies, the system evaluation was preceded by a thorough analysis of electricity demand, 
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encompassing all electricity-consuming sectors, including agriculture, which is the primary 
employment sector in rural sub-Saharan Africa. This suggests a more authentic and credible 
assessment of load demand, thereby contributing to the literature on the applications of hybrid 
renewable energy systems (HRES) in sub-Saharan Africa. 

Hydrogen is a fundamental element in the transition towards cleaner energy and the reduction 
of global carbon emissions. It provides a solution for storing and managing the intermittency of 
renewable energy sources, enabling more consistent and efficient use of these resources. As an energy 
carrier, hydrogen can be generated from various renewable sources, making it adaptable and suitable 
for diverse energy scenarios. Moreover, its use reduces greenhouse gas emissions, a crucial factor in 
combating climate change. This research stands out from other global studies in several aspects. For 
example, Zhang et al. [48] conducted a study on the optimal sizing of an autonomous hybrid system 
combining solar, wind, and hydrogen, using weather forecasts and a hybrid search algorithm. 
However, they did not apply their research to a local context in sub-Saharan Africa, considering the 
specific seasonal climatic conditions and the energy needs of rural communities. The study by 
Torreglosa et al. [52] on a hybrid renewable energy system based on a wind fuel cell/electrolyzer does 
not focus on a remote region as this study does, which adds a dimension of specific local and climatic 
adaptation not present in their work. This study specifically targets agricultural and rural 
communities in sub-Saharan Africa with a practical approach to rural electrification. Unlike Pablo et 
al. [50], who studied the performance of a hybrid system to meet the energy demand of a livestock 
facility using renewable energy sources, this study is distinguished by its unique application context 
in a remote region of sub-Saharan Africa. It integrates local seasonal climatic variables and aims to 
meet the specific needs of rural and agricultural communities. Instead of following the approaches 
mentioned in previous studies, this research focuses on adapting energy solutions to African 
conditions. Offering a fresh perspective could potentially facilitate the broader adoption of this 
technology in similar regions. 

In the scientific literature, several studies have conducted sensitivity analyses, including those 
by [53], [54], [55], and [59], although these studies present certain limitations. Alonso et al. [53] 
evaluated various energy storage technologies in Belgium, considering different energy scenarios 
such as consumption, electricity tariffs, CO2 taxation, and the evolution of hydrogen technology 
prices from 2019 to 2030. Turkdogan et al. [54]conducted a sensitivity analysis on the cost of electricity 
and hydrogen in relation to the reduction in the costs of electrolyzers, photovoltaic panels, and wind 
turbines. Basu et al. [55] studied three combinations of energy systems in India, focusing on the 
current cost of energy (LCOE), capital expenditures (CAPEX), and operational expenditures (OPEX). 
Finally, Askarzadeh et al. [59] explored the optimal sizing and power exchange of a diesel-
photovoltaic-fuel cell hybrid system in Iran, focusing on sale and purchase coefficients as well as the 
variation in the use of non-renewable energy sources. 

The second innovation of this research lies in its specific application to the sub-Saharan context, 
integrating local climatic conditions and the energy needs of rural and agricultural communities. 
Unlike other studies that mainly focus on urban or industrial contexts, this research examines the 
effects of variations in wind speed and solar radiation on the cost of energy. It also demonstrates that 
increased wind speed and solar radiation significantly reduce the cost of energy. It highlights the 
impact of capacity shortage tolerance on the total current cost and the cost of energy, showing that a 
certain tolerance (up to 5%) can minimize costs without significantly affecting system reliability. The 
study also illustrates the effect of variations in capital expenditures and replacement costs of 
photovoltaic systems and fuel cells on the optimal configuration of the hybrid system. 

In this context, sensitivity analysis is crucial because it helps identify the most cost-effective and 
efficient energy system configurations, tailored to the specific conditions of sub-Saharan Africa. It 
also allows for the modeling and optimization of climate-based energy systems by taking local 
conditions into account, such as seasonal variations in wind speed and solar radiation. This facilitates 
the design of robust and reliable energy systems for rural areas, where access to electricity is limited, 
and fossil resources are often inaccessible or expensive. Sensitivity analysis contributes to minimizing 
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energy costs by optimizing investments, making renewable energy solutions more accessible and 
sustainable for rural communities. By improving access to reliable and affordable energy, this 
analysis supports local economic development, reduces dependence on fossil fuels, and promotes 
more sustainable agricultural practices. 

The introduction of electricity into a remote community like Dargalla transforms the daily lives 
of its residents. This project has had significant impacts on several aspects. In terms of economic 
development and health, electrification has encouraged the emergence of small businesses and 
income-generating activities such as sewing, welding, and the preservation of agricultural products 
[96]. It has also increased agricultural productivity through the use of electrical equipment for 
irrigation and post-harvest processing [97]. Additionally, the transition from kerosene to electric 
lighting has reduced indoor air pollution, contributing to a decrease in respiratory diseases [98]. 
Agriculture is a major pillar of the rural economy in sub-Saharan Africa, and access to electricity is 
vital for agricultural activities. However, the lack of energy has been identified as the main obstacle 
to the productivity of the agricultural sector in sub-Saharan Africa, where only 2% of the final 
electricity consumption is dedicated to agriculture, compared to 18% in India [99]. This initiative will 
also play a role in improving study conditions by providing better lighting for students, thus 
extending study hours and improving academic performance [100]. Furthermore, it will facilitate 
access to information and educational resources through information and communication 
technologies [101]. 

The electrification of Dargalla, a rural hamlet in sub-Saharan Africa, through hybrid systems 
with hydrogen storage presents notable advantages but also faces several hurdles. Overcoming these 
obstacles is crucial to ensure the success and sustainability of such projects. The installation of 
complex systems like hybrid microgrids, which require sophisticated integration of various energy 
sources and storage technologies (such as hydrogen), can present challenges in terms of maintenance 
and technical management [102]. Additionally, the lack of appropriate policies and regulatory 
frameworks to support renewable energies and hydrogen storage technologies hinders the 
development and installation of these systems [103]. The absence of adequate infrastructure to 
support the installation, operation, and maintenance of hydrogen storage systems and hybrid 
systems makes their implementation in remote areas difficult [104]. Finally, the lack of sufficient 
funding and viable economic models for hydrogen storage projects in rural areas impedes their large-
scale adoption [105]. 

To address the limitations of this study, further research could focus on the long-term 
sustainability of hybrid systems with hydrogen storage, including the evaluation of component 
degradation and maintenance requirements over several years. Additional studies could also 
consider viable economic models and financing strategies to make hydrogen storage projects more 
accessible and sustainable in rural areas. This could highlight opportunities and challenges for the 
adoption of these technologies. It would also be relevant to compare the efficiency and economic 
viability of hybrid systems with hydrogen storage to other storage solutions such as batteries or 
pumped hydroelectric storage. 

5. Conclusions 

This study proposes an innovative and pragmatic solution for the electrification of rural areas in 
sub-Saharan Africa using hybrid energy systems integrating photovoltaic, wind, and hydrogen 
storage. The results show that this configuration can reliably and economically meet the energy needs 
of rural communities while minimizing environmental impact. The integration of hydrogen storage 
proves particularly effective in overcoming the challenges of renewable source intermittency, 
ensuring a continuous energy supply. The thorough sensitivity analysis demonstrated that variations 
in wind speed and solar radiation significantly influence the cost of energy, highlighting the 
importance of local adaptation of energy systems. By combining precise modeling of local energy 
needs with the optimization of renewable resources, this study provides a robust framework for the 
development of sustainable energy solutions. The proposed approach not only improves access to 
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electricity but also promotes economic and social development by stimulating income-generating 
activities and improving living conditions. To go further, additional studies on long-term 
sustainability, financing strategies, and integration of energy policies are necessary to maximize the 
impact and viability of these hybrid systems. These research efforts will help refine existing models 
and propose even more resilient solutions to global energy challenges. 
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