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A B S T R A C T   

Healthcare facilities in isolated rural areas of sub-Saharan Africa face challenges in providing essential health 
services due to unreliable energy access. This study examines the use of hybrid renewable energy systems 
consisting of solar PV, wind turbines, batteries, and hydrogen storage for the electrification of rural healthcare 
facilities in Nigeria and South Africa. The study deployed the efficacy of Hybrid Optimization of Multiple Energy 
Resources software for techno-economic analysis and the Evaluation based on the Distance from Average So
lution method for multi-criteria decision-making for sizing, optimizing, and selecting the optimal energy system. 
Results show that the optimal configurations achieve cost-effective levelized energy costs ranging from $0.336 to 
$0.410/kWh for both countries. For the Nigeria case study, the optimal energy system includes 5 kW PV, 10 kW 
fuel cell, 10 kW inverter, 10 kW electrolyzer, and 16 kg hydrogen tank. South Africa’s optimal configuration has 
5 kW PV, 10 kW battery, 10 kW inverter, and 7.5 kW rectifier. Solar PV provides more than 90 % of energy, with 
dual axis tracking yielding the highest output: 8,889kWh/yr for Nigeria and 10,470kWh/yr for South Africa. The 
multi-criteria decision-making analysis reveals that Nigeria’s preferred option is the hybrid system without 
tracking. In contrast, the horizontal axis, weekly adjustment tracking configuration is optimal for South Africa, 
considering technical, economic, and environmental criteria. The findings highlight the importance of context- 
specific optimization for hybrid renewable energy systems in rural healthcare facilities to accelerate Sustain
able Development Goals 3 and 7.   

Introduction 

Just like potable water, energy is one of the critical products on 
which the sustenance of modern civilization depends; virtually all 
human activities require energy as input. Energy, especially electricity, 
is a driver of goods and services, offered in the: industrial 
(manufacturing), banking, academic, agricultural, and health sectors; it 
is, therefore, inevitable to modern man [3]. Various initiatives have 
been implemented globally to improve electricity access. Although there 
was a 10.5 % decrease in the global population without access to elec
tricity from 2018 to 2019, almost 770 million people worldwide still do 
not have this crucial service as of 2019 [1]. According to the Interna
tional Energy Agency, Sub-Saharan Africa has the largest population of 
individuals lacking access to electricity, surpassing all other continents 

[26]. 
The success that resulted in the decline in the number of people 

without electricity between 2018 and 2019, could be attributed to the 
momentum gained by adopting decentralized renewable-based solu
tions. The number of electricity consumers, powered by decentralized 
grid systems (nano, mini, and micro), has grown from 5 million in 2010 
to 11 million in 2019; this is more than 100 percent increment [47]. 
Despite the various efforts put in place to increase electricity access 
globally, it is projected that globally, the ripple effects of the COVID-19 
pandemic will keep nearly 660 million people (with the majority in sub- 
Saharan Africa) without electricity by the year 2030 [47]. While since 
2013, sub-Saharan Africa has experienced a continuous decline in the 
number of residents without electricity, this success is set to be reversed, 
thanks to the COVID-19 pandemic. The COVID-19 pandemic has pulled 
many countries away from the orbit of attaining universal access to 
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electricity by the year 2030. 
Based on the foregoing, it could be seen that as the year 2030 target 

for the United Nations Sustainable Development Goals (SDG) 7 draws 
closer, various measures would have to be deployed by the various 
stakeholders in the energy sector to achieve sustainable and affordable 
energy for all. One of the measures includes extending the centralized 
electricity grid (top–bottom approach) to areas with no access but with 
the required number of customers necessary to break even [10]. In cases 
where utility companies are not projected to profit, adopting decen
tralized grid systems is proposed as a bottom-top approach to attaining 
SDG 7 [10]. Most of these decentralized energy systems are based on 
renewable energy sources, such as solar PV, wind turbines, and diesel 
generators for hybridization [6]. Various advantages of adopting 
renewable energy sources in grid decentralization have been discussed 
in the literature. The adoption of a renewable energy-based decentral
ized approach would not only slow down the depletion of conventional 
energy sources, but it would also reduce the emission of greenhouse 
gases [45]. It would also aid in the elimination of transmission losses, 
reduction of poverty, creation of jobs, and most importantly, it could 
improve the living standards of the host communities [21]. 

The availability of reliable, clean, and affordable electricity is also a 
major component of operating clinics and healthcare facilities [8]). For 
example, for an efficient distribution of temperature-sensitive medica
tions, such as anti-retroviral drugs and vaccines, there is a need for 

adequate refrigeration, which can only be possible with reliable elec
tricity. Another important aspect of reliable electricity in the health 
sector is for illumination and operating basic medical equipment, 
especially for patients requiring emergency care and during child de
livery. As reported in the literature [38], the availability of reliable 
electricity in healthcare facilities can reduce the loss of lives and 
improve the quality of life; this is one of the significant targets of SDG 
number 3. With the COVID-19 pandemic that ravaged havoc across the 
globe, healthcare facilities were overburdened and were expected to 
cope with the pressures from COVID-19 patients; this is in addition to 
carrying out routine procedures for other patients. 

Various studies have highlighted the profound effects of energy 
poverty on Sub-Saharan Africa’s socioeconomic growth [27]. Lack of 
access to dependable electricity reduces the prospects for good health 
care, obstructs economic output, and widens the already-existing dis
parities between those with access and those without access to elec
tricity [15]. These studies highlight how energy poverty and more so, 
general development objectives are intertwined. Access to reliable and 
sustainable energy is essential for improving healthcare, especially in 
the isolated and underdeveloped areas of Sub-Saharan Africa [39]. The 
confluence of energy poverty and healthcare concerns in these regions 
demands creative solutions to closing the gap and improving community 
wellbeing. Sub-Saharan Africa faces numerous energy-related issues, 
ranging from unstable power sources to insufficient infrastructure [17]. 

Nomenclature 

Nomenclature/Abbreviation Description 
PV Photovoltaic 
HOMER Hybrid Optimization of Multiple Energy Resources 
EDAS Evaluation Based on Distance from Average Solution 
MCDM Multi-Criteria Decision-Making 
SDGs Sustainable Development Goals 
LCOE Levelized Cost of Energy 
NPC Net Present Cost 
COE Cost of Energy 
TNPC Total Net Present Cost 
LCOH Levelized Cost of Hydrogen 
TA Two-Axis Tracking 
HADA Horizontal Axis, Daily Adjustment 
HAMA Horizontal Axis, Monthly Adjustment 
HAWA Horizontal Axis, Weekly Adjustment 
VACA Vertical Axis, Continuous Adjustment 
HACA Horizontal Axis, Continuous Adjustment 
NT No Tracking 
LF Load Following 
CC Cycle Charging 
CPSO Constrained Particle Swarm Optimization 
GA Genetic Algorithm 
HS Harmony Search 
FPA Flower Pollination Algorithm 
Ppv Power output of the PV array 
Ypv Rated capacity of the PV array 
fpv PV derating factor 
GT Solar radiation incident on the PV array 
GT,STC Incident radiation at standard test conditions 
αP Temperature coefficient of power 
TC PV cell temperature 
TC,STC PV cell temperature under standard test conditions 
ηmp,STC Maximum power point efficiency under standard 

conditions 
α Solar absorptance of the PV array 
μ Solar transmittance of any cover over the PV array 

Vh Wind speed at the hub height 
Vm Wind speed at anemometer height 
Hh Hub height 
Hm Anemometer height 
Hm Power law exponent 
ρ Actual air density 
ρo Air density at standard temperature and pressure 
Po,STP Wind turbine power output at standard conditions 
Po Wind turbine power output 
Ḣ2 Hydrogen production rate 
ηf Faraday efficiency 
Ie Electrolyzer current 
Ns Number of electrolyzer cells in series 
F Faraday constant 
Pcom Electrolyzer compressor power 
P1,P2 Pressure at the electrolyzer inlet and outlet, respectively 
γ Hydrogen specific heat ratio 
T Temperature 
ηcom Isentropic efficiency of the compressor 
R Universal gas constant 
FCele Fuel cell electrical power 
LHVh Lower heating value of hydrogen 
ρh Density of hydrogen 
ηfc Fuel cell efficiency 
n Number of batteries 
Battaut Battery autonomy 
Eb Battery energy capacity 
Vn Nominal voltage of a single battery 
Qn Nominal capacity of a single battery 
Ch,tank Hydrogen tank capacity 
Haut Hydrogen tank autonomy 
Ed Daily average energy demand 
TNPC Total annualized cost 
Qlifetime,i lifetime throughput 
fi number of cycles to failure 
di depth of discharge 
qmax maximum capacity of the battery  
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This study aims to fill the research gap by investigating the feasibility 
and optimality of hybrid renewable energy systems integrating solar PV, 
wind turbines, batteries, and hydrogen storage for rural healthcare fa
cilities in sub-Saharan Africa. The novelty of this work lies in the 
comprehensive techno-economic analysis, the evaluation of different 
solar tracking configurations, and the application of a multi-criteria 
decision-making (MCDM) approach using the EDAS method to assess 
the trade-offs between system parameters and performance. 

This study makes three main contributions. First, it presents a 
detailed framework for designing and optimizing hybrid renewable 
energy systems for rural healthcare facilities, considering two energy 
storage technologies and seven solar tracking configurations. Second, it 
identifies the optimal system configurations for two locations in sub- 
Saharan Africa, considering site-specific renewable energy resources, 
healthcare facility energy demands, and economic parameters. Lastly, 
the study introduces the EDAS method for MCDM that allows for the 
evaluation of trade-offs between technical, economic, and environ
mental criteria when selecting the most suitable hybrid system config
urations for the two locations. 

The results of this study offer valuable insights into developing sus
tainable energy solutions for healthcare facilities in rural areas of sub- 
Saharan Africa. This will contribute to the overarching efforts to attain 
Sustainable Development Goals 3 and 7. The methods and insights can 
be extended to other regions with comparable challenges, emphasizing 
the significance of context-specific optimization and decision-making 
for hybrid renewable energy systems. 

Literature review 

Several recent studies have focused on the implementation of hybrid 
renewable energy systems in rural healthcare facilities (Koholé et al., 
2024). These studies have examined the technical, economic, and 
environmental factors involved in combining solar PV, wind turbines, 
diesel generators, and energy storage technologies to deliver reliable 
and environmentally friendly electricity to health centers that are not 
connected to the central power grid. However, the existing literature 
lacks a comprehensive analysis of the impact of advanced energy storage 
technologies, such as batteries and hydrogen, and the role of solar 
tracking configurations in optimizing the performance of hybrid 
systems. 

Yakub et al., explored the use of HRES to improve electricity access 
in rural Nigerian healthcare institutions affected by the COVID-19 
pandemic [48]. The HOMER Pro and RETScreen Expert software were 
employed to determine the most viable and cost-effective solution en
ergy system. Results show that solar-diesel HRES can save about 
$30,583 per year, with a net present value of $390,949, a 1.3-year 
payback period, a 75-ton CO2 emission reduction, and $30,583 in 
annual savings over the initial diesel system. An inherent drawback of 
the study conducted by [48] is the consideration of a single energy 
storage technology. The inclusion of battery and hydrogen storage 
technologies could significantly enhance the reliability and dispatch
ability of the HES, particularly during periods of low renewable energy 
availability. 

In another study, Islam et al., conducted a techno-economic analysis 
of a hybrid solar-diesel microgrid system for a rural healthcare facility in 
Bangladesh [29]. The authors used the HOMER software to design a 32 
kW rooftop solar PV system with a bi-directional inverter and a 28 kW 
generator to suit the facility’s energy requirements. The economic study 
revealed that the net present cost was $33,818 at a levelized cost of 
$0.022/kWh. Compared to the high fuel prices and the pollution from 
conventional diesel generators alone, the hybrid system was a practical, 
cost-effective alternative for providing reliable electricity to the rural 
healthcare center. 

Babatunde et al., designed optimal hybrid renewable energy systems 
for rural healthcare institutions in Nigeria, incorporating solar, wind, 
diesel generators, and battery storage [14]. PV/diesel/battery was 

considered the most viable configuration across all geographies, with a 
net present cost of between $12,779-$13,646, at between 70–80 % 
renewable portion, and energy costs ranging from $0.507 to $0.542/ 
kWh. A sensitivity study of diesel prices and interest rates investigated 
the impact of withdrawing fuel subsidies in Nigeria. The hybrid system 
has been proven to be the best cost-effective alternative for off-grid 
healthcare institutions in Nigeria. While this study examined battery 
storage, it did not investigate the potential of hydrogen as an energy 
storage medium or the impact of solar tracking on energy production. By 
using the HOMER software, Ighravwe et al., devised a framework to 
determine the most effective hybrid renewable energy systems (HRES) 
for ensuring sustainable healthcare services in Nigeria [28]. By 
employing a multi-criteria decision analysis, incorporating technical, 
economic, and environmental criteria, the authors determined that the 
operational and total net present costs were the least and most signifi
cant factors, respectively. Six communities’ evaluations of the frame
work indicated that a PV-diesel battery was the optimal HRES option. 
This research fills the void in knowledge regarding integrating health
care delivery and energy access objectives to facilitate data-driven HRES 
planning for off-grid healthcare facilities. Although this study offers a 
significant foundation for decision-making, it is limited in terms of the 
depth of technical analysis and the inclusion of hydrogen energy storage 
technology. The study does not provide detailed simulations or opti
mization of the hybrid system configurations, limiting the understand
ing of their performance and feasibility. 

Furthermore, Olatomiwa et al. designed optimal hybrid renewable 
energy systems for rural healthcare centers in Nigeria that lack reliable 
electricity. By using the HOMER software and long-term meteorological 
data, they found in Sokoto and Jos, a high wind potential and a strong 
solar potential, nationwide. The techno-economic analysis determined 
the fact that the PV/wind/diesel/battery systems were optimal for 
Iseyin, Sokoto, Maiduguri, Jos, and Enugu, while the PV/diesel/battery 
was best for Port Harcourt, based on the local renewable resources. 
Although this research offered significant insights regarding the 
viability of hybrid systems in rural healthcare facilities, it did not 
consider the integration of hydrogen storage or the impact of solar 
tracking on system performance. 

Abundant wind and solar make hybrid systems ideal for improving 
electricity access, healthcare delivery and reducing maternal and child 
mortalities in the off-grid rural areas of Nigeria. By using the Homer Pro 
software, Chowdhury et al., developed an ideal hybrid renewable energy 
system for a temporary COVID-19 healthcare facility in Bangladesh 
[18]. When compared to diesel-only systems, the PV/converter/wind/ 
battery/diesel generator configuration reduced expenses and emissions. 
An economic analysis with a seven-year payback period revealed a 
levelized cost of $0.4688/kWh, and 35 % less than solar household 
systems. When compared to a diesel-only system, the hybrid system 
produced 27 % less CO2, making it environmentally friendly. Healthcare 
institutions’ energy needs are increasing, and optimized hybrid renew
able energy systems can assist in fulfilling that demand, while lowering 
costs and emissions. 

Raghuwanshi and Arya used the HOMER software to design and 
optimize a stand-alone hybrid solar PV system for a rural healthcare 
facility in India [41]. An economic study revealed that the PV-diesel- 
battery system had higher starting costs of $2,418, but lower net pre
sent costs of $13,523, when compared to $879 and $20,515 for diesel- 
battery. The hybrid system was more cost-effective and environmen
tally favorable than standard diesel. The results show that renewable 
energy systems can be feasible for providing dependable, cost-effective 
power to off-grid healthcare institutions in remote places. However, 
the study did not consider the integration of wind energy or hydrogen 
storage, limiting its applicability to regions with high solar potential. In 
a similar study, the authors employed the Markov and frequency- 
duration models to assess the reliability of stand-alone hybrid solar PV 
systems in remote places [42]. The diesel-only, PV/battery, and PV/ 
diesel/battery setups were evaluated for failure rate, downtime, 
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unavailability, energy not supplied, and loss of load probability. Due to 
solar resources and the load demand, the hybrid PV/battery/diesel 
achieved the highest reliability indices. The results showed that hybrid 
systems are more reliable than diesel-only systems in off-grid scenarios. 
The framework assists the policymakers in determining the best strate
gies for energizing rural healthcare facilities. The main emphasis of the 
study was the evaluation of reliability, with little consideration given to 
the economic and environmental consequences associated with the 
various configurations of the systems. Furthermore, the study does not 
explore the potential of hydrogen storage or the impact of solar tracking 
on system performance and reliability. 

Olatomiwa et al., designed optimized hybrid grid-connected systems 
that incorporated diesel and renewable energy sources to address the 
insufficient electricity supply at rural Nigerian healthcare institutions 
[37]. Simulations using meteorological data and load profiles from six 
locations showed that solar-wind-diesel systems could meet the demand 
at low prices of between $0.0588–0.115/kWh and with good reliability. 
Most of the generation was produced by wind and solar power. To 
optimize the operation of hybrid renewable energy systems, linked to an 
unreliable grid that supplies healthcare facilities in rural Nigeria, Ade
toro et al., assessed various dispatch strategies [4]. A comparison was 
made between the enhanced combined dispatch (ECD) strategy and the 
load following (LF) and cycle charging (CC) strategies. ECD facilitated 
the most efficient energy allocation, considering resource availability, 
demand, and grid reliability. When compared to CC and LF, ECD 
attained the lowest levelized cost of $0.148/kWh and a net present cost 
of $1.99 million through significant reductions in CO2, CO, SO2, and 
NOx emissions. The study primarily examined the operational aspects of 
the hybrid systems, excluding economic and decision-making 
considerations. 

This study examines the viability of hybrid renewable energy sys
tems integrating solar PV, wind turbines, batteries, and hydrogen stor
age for rural healthcare institutions in sub-Saharan Africa. Although 
hybrid systems for healthcare facilities have been the subject of earlier 
research, this study stands out by performing in-depth techno-economic 
analysis for two specific cases in South Africa and Nigeria. Additionally, 
the study assesses how various solar tracking configurations affect the 
viability and performance of the hybrid systems, offering fresh per
spectives on optimizing renewable energy sources. In addition, this 
study utilizes a multi-criteria decision-making (MCDM) approach called 

the EDAS method to evaluate the trade-offs between various tracking 
configurations and system parameters. The environmental benefits and 
alignment of the proposed systems with the Sustainable Development 
Goals (SDGs) and climate change mitigation efforts are also discussed, 
emphasizing the innovative and significant nature of this research. 

Materials and methods 

This section outlines the strategy employed to accomplish the 
research objective. It describes the different steps used in the HOMER 
software to simulate the proposed hybrid renewable energy system 
(HRES). The proposed energy system consists of solar PV, wind turbines, 
batteries, fuel cells, and hydrogen tanks (Fig. 1). The methodology uti
lized in this study is unique in a variety of respects. The hybrid system 
designs examined in this study combine a unique mix of technologies, 
such as solar PV, wind turbines, batteries, and hydrogen storage. In 
addition, the research considered various solar tracking configurations 
(NT, HADA, HAMA, HAWA, TA, VACA, HACA) to assess their potential 
impact on the system’s performance. Furthermore, the EDAS method is 
utilized for MCDM analysis, offering an alternative perspective on 
assessing the trade-offs among various system parameters and tracking 
configurations. This comprehensive methodology allows for a full 
evaluation of the practicality and improvement of hybrid renewable 
energy systems for healthcare facilities in remote areas. 

Hybrid optimization of Multiple Energy Resources 

This study utilized the Hybrid Optimization of Multiple Energy Re
sources (HOMER) software to conduct a techno-economic assessment of 
the solar PV/wind/battery/fuel cell off-grid hybrid renewable energy 
system (HRES). HOMER is a software program developed at the National 
Renewable Energy Laboratory to design and optimize microgrids. The 
HOMER enables the users to simulate a variety of components, including 
renewable sources, fossil-powered generators, energy storage systems, 
and loads [11]. The HOMER can assist in identifying the most cost- 
effective and reliable energy configurations through system optimiza
tion. Its features include renewable energy integration assessment, load 
analysis, sensitivity analysis, and economic assessment. Although the 
HOMER software is the primary tool utilized in this study to assess 
performance and optimize the design of the proposed hybrid renewable 

Fig. 1. Proposed hybrid renewable energy system for the healthcare clinic.  
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energy system. It is critical to recognize that there are additional opti
mization techniques that have been implemented in the literature. 
Optimization algorithms such as evolutionary algorithm [32] Mayfly 
Algorithm, Genetic Algorithm (GA), CUKO Search [31] Gray Wolf, 
Constrained Particle Swarm Optimization (CPSO) [43], Harmony Search 
(HS), cultural algorithm (CA) [46], artificial bee colony algorithm [35], 
and Flower Pollination Algorithm (FPA) have been deployed for HRES in 
the literature. These techniques offer unique advantages in terms of 
solution space exploration, convergence speed, and the ability to handle 
complex constraints. 

However, this study selected HOMER software due to its widely 
recognized features and specific suitability for the techno-economic 
analysis of hybrid renewable energy systems. The evaluation of 
various system configurations and identifying optimal solutions are 
made more accessible by HOMER’s user-friendly interface [7], large 
component libraries, and robust optimization algorithms [44]. It is a 
valuable tool for evaluating the viability and effectiveness of hybrid 
systems in various scenarios due to its capacity to carry out sensitivity 
assessments and consider various technical and economic factors [16]. 

Renewable energy resources 

This study considers two locations in the African continent for 
implementing the proposed energy system. The study areas, i.e., Nigeria 
and South Africa solar resource data were acquired through the utili
zation of the HOMER’s online retrieval system, which was connected to 
the NASA website. The variation of the solar resources in Nigeria 
(Akoka, Lagos) and South Africa (Phelandeba village, Eastern Cape), is 
presented in Fig. 2. It shows that the two locations have considerable 
solar resources. The daily average and the monthly solar irradiation and 
clearness indices of the locations are illustrated in Fig. 3. The mean daily 
solar irradiances in the South African and Nigerian locations are 4.97 
kWh/m2/day and 3.92 kWh/m2, respectively. The maximum and min
imum solar irradiation recorded in the South African location, are 6.41 
kWh/m2/day in the month of December and 3.55 kWh/m2/day in the 
month of June, respectively. For the Nigerian location, the maximum 

and minimum solar irradiations are recorded in the month of July (5.99 
kWh/m2/day) and in the month of December (1.75 kWh/m2/day). 
Furthermore, the clearness index fluctuated monthly from 0.306 in the 
month of June to 1.815 in the month of December in the South African 
location and between 0.465 (the month of January) and 0.535 (in the 
month of September) in the Nigerian location. 

Fig. 4 presents the monthly average wind speeds (in meters per 
second) for the two locations, South Africa (SA), and Nigeria (NG). In the 
month of January, SA records an average wind speed of 5.88 m/s, 
whereas NG experiences an average speed wind of 2.835 m/s. The 
values fluctuate across the months, reflecting the dynamic nature of the 
wind patterns at the 2 locations. Notably, the month of June experiences 
a substantial increase in SA with an average wind speed of 10.95 m/s, 
while in NG the average wind speed peaks at 4.218 m/s in the month of 
May. These variations are crucial for assessing the wind energy potential 
that informs the decisions that are related to renewable energy projects, 
highlighting the importance of understanding the regional wind speed 
patterns for the effective planning and utilization of wind resources 
throughout the year. 

Load demand 

In assessing the resilience of the proposed HRES, this research was 
centered on a typical primary healthcare load profile. The load profile 
for the healthcare centre was obtained from the literature [13]. The 
medical equipment used in the healthcare centre, includes the: 
Refrigerator-vaccine (RV), Hematology analyzer (HA), Blood chemical 
analyzer (BCA), Refrigerator-nonmedical (RNM), Centrifuge, Micro
scope, and a CD4 Machine. Other non-medical equipment, includes 
lighting, radio, and functional desktop computers. The energy demand 
of the PHC is calculated by summing the individual electrical-consuming 
appliances’ power by using Eq. (1) [10]. 

Ed =
∑

f∈F
Ne ×

(
∑

e∈E
Nef Pef tef

)

(1) 

Fig. 2. Solar resource maps for Akoka, Lagos Nigeria, and Phelandeba village, Eastern Cape South Africa.  
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Fig. 3. Solar radiation and clearness indices Akoka, Lagos Nigeria and Phelandeba village, Eastern Cape South Africa.  

Fig. 4. Wind Speeds for South Africa and Nigeria.  

Fig. 5. Daily load profile showing the hourly consumption of the healthcare facility for a typical day.  
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the variable, e represents the specific type of equipment or appliance, 
such as: lighting, heating, refrigerating, or cooling. The variable, f rep
resents the class, such as: commercial, agricultural, industrial, or 
educational of the equipment. Ne represents the total count of users, 
belonging to class e. Nef represents the quantity of equipment that is 
associated with a particular class. Pef represents the designated electrical 
power capacity of a certain equipment, e within the class, f , while tef 
denotes the total period of usage for each equipment, e within the class f . 
The typical duration of usage ranges between minutes to hours. 

Shown in Fig. 5 is the daily load profile, showing the hourly con
sumption of the healthcare facility for a typical day in a week. The ex
amination of the pattern of usage during hospital operations reveals a 
consistent baseline load of ~ 0.1 kWh during the nighttime period, i.e., 
from midnight to 6 am. This load is mostly due to the refrigeration needs 
and the continuous operation of the lighting facilities. The usage shows a 
significant increase, starting at 8 am, coinciding with the commence
ment of the clinic’s operating hours. The highest level of electricity 
consumption occurs between mid-morning and noon, namely during the 
active patient testing and treatment operations. The range of electricity 
usage during this period is between 0.933 kWh and 1.599 kWh per hour. 
In the evening, when activity decreases, the energy consumption rapidly 
decreases and returns to the overnight baseline of 0.1 kWh; the daily 
average consumption is 12.5 kWh/day. 

System configuration 

This section discusses the technical and economic specifications and 
models adopted in this study. The technical and economic parameters 
are essential in designing a hybrid renewable energy system for a 
healthcare institution, which is presented in Table S1. Each component, 
including PV panels, batteries, wind turbines, fuel cells, Electrolyzers, 
hydrogen tanks, and converters, has specific rated capacities, capital 
costs, replacement costs, O&M expenses, and lifespans. In this study, the 
PV panels used have a power output of 0.25 kW and have a capital cost 
of $295 with a lifespan of 20 years. On the other hand, the battery has a 
voltage rating of 12 V and a capacity of 200Ah. It costs $357 and has a 
lifespan of 4 years. The Fuel Cell has a power output of 1 kW, a capital 
cost of $4000, and a lifespan of 40,000 h. The Electrolyzer under 
consideration has a capacity of 8 kW and a capital cost of $2700, with an 
annual operating and maintenance cost of $3. The Electrolyzer has a 
lifespan of 15 years. The wind turbine has a power rating of 0.4 kW (DC) 
and costs $465 to install. Its annual operation and maintenance cost is 
$5, and it has a lifespan of 15 years. The Hydrogen Tank is essential for 
storing hydrogen generated by the Electrolyzer; it has a capacity of 8 kg, 
a capital cost of $3100, and a lifespan of 25 years. Finally, the Converter 
has a rated capacity of 1 kW, a capital cost of $37, and a lifespan of 10 
years. 

Solar photovoltaic 

Photovoltaic (PV) technology operates by directly converting sun
light into electricity by using PV modules [2]. PV modules, or solar 
panels, are created by physically and electrically connecting solar cells 
and placing them within a frame. The power output of a photovoltaic 
(PV) module depends on both the specific technology of the module and 
the level of solar irradiance it receives. The power generated by a 
module at a specific moment is directly proportional to the perpendic
ular intensity of sunlight on the surface of the module [36]. The HOMER 
employes Eq. (2) to determine the PV panel’s power output. 

Ppv = Ypvfpv

(
GT

GT,STC

)

[1 + αP
(
TC − TC,STC

)
] (2)  

Tc =

⎛

⎜
⎜
⎜
⎝

Ta +
(
Tc,NOCT − Ta,NOCT

)
(

GT
GT.STC

)(
[1− ηmp,STC(1− μ⋅TcSTC) ]

aτ

)

1 +
(
Tc,NOCT − Ta,NOCT

)
(

GT
GT.STC

)(
μmηmp,STC

ατ

)

⎞

⎟
⎟
⎟
⎠

(3)  

whereYpv is the rated capacity of the PV array , fpv is the PV de-rating 
factor (%),GT is the solar irradiation incident on the PV array (kW/m2)

,GT,STC is the solar irradiation incident in a standard condition 
(1kW/m2), αP is the temperature coefficient of power (%/

◦

C),TC is the 
PV cell temperature ( ◦C),TC,STC is the PV cell temperature under stan
dard test conditions ( ◦C). Ta,NOCT and Tc,NOCT represent the cell surface 
temperature at nominal and actual conditions in degrees Celsius, 
respectively. ηmp,STC indicates the efficiency of the solar system at 
maximum power output. α is the PV array’s solar absorptance (%) and τ 
is the solar transmittance of any cover, over the PV array (%). The 
derating fact for the PV panel is taken as 90 %, ground reflectance as 20 
%, temperature coefficient of power as − 0.5 %/C, nominal operating 
cell temperature is taken as 47 ◦C and the efficiency at standard test 
condition is 13 %. 

Solar photovoltaic (PV) tracking 

Solar PV tracking enables solar panels to dynamically align with the 
sun’s position during the day, resulting in enhanced energy capture, in 
comparison to the stationary tilt systems. The solar tracking configura
tions [11] that were considered in this study, include:  

i. No Tracking (NT): Solar panels are stationary and do not follow 
the sun’s path; it is the simplest and least expensive choice since it 
uses the least amount of energy.  

ii. Horizontal Axis, Monthly Adjustment (HAMA): The tilt angle of the 
panels is manually adjusted once a month to align with the sun’s 
seasonal angle. The panels rotate on a horizontal north–south 
axis.  

iii. Horizontal Axis, Weekly Adjustment (HAWA): The horizontal axis 
remains constant, while the tilt angle is modified on a weekly 
basis. It enhances energy acquisition in comparison to a monthly 
adjustment scenario but necessitates more frequent manual 
adjustments.  

iv. Horizontal Axis, Daily Adjustment (HADA): The panels undergo 
horizontal rotation, and their tilt is automatically adjusted daily 
to align with the sun’s angle. The energy capture is greatly 
enhanced, however, the costs associated with the system and its 
maintenance also experience a notable increase.  

v. Horizontal Axis, Continuous Adjustment (HACA): Panels tilt and 
rotate continually on a horizontal axis to precisely track the 
location of the sun throughout the day.  

vi. Vertical Axis, Continuous Adjustment (VACA): The panels rotate 
around a vertical axis to follow the sun’s movement from east to 
west, but they do not adjust their angle to match the sun’s 
altitude.  

vii. Two-Axis Tracking (TA): The panels can rotate separately along 
both the horizontal and vertical axes to accurately track the sun’s 
location in any direction. It optimizes the energy collection, while 
simultaneously maximizing the system complexity and expenses. 

Wind turbine 

Wind turbines generate electricity by utilizing the velocity of the air 
to rotate a set of blades. The power produced by a wind turbine is 
dependent on various factors, such as: the wind speed, the length of the 
blades, and the wind turbine power coefficient, which characterize the 
efficiency with which, the turbine transforms wind energy into rota
tional motion. Eqs. (4) and (5) provide a method for the estimation of 
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the output of a wind turbine [3]. Three stages are required for the 
HOMER to calculate the power output of a wind turbine. They are:  

1. The hourly wind speed is modified from the anemometer height to 
the hub height through the utilization of the logarithmic profile or 
the power law. 

Vh = Vm ×

(
Hh

Hm

)β

(4)    

2. The next step entails the estimation of the power produced under 
standard conditions (pressure and temperature) by referencing the 
power curve of the specified wind turbine.  

3. The last step involves the multiplication of the values obtained in the 
second step by the air density to determine the wind power output. 

Po = Po,STP ×
ρ
ρo

(5)  

The wind speed at the proposed hub height, Hh is denoted as Vh, while 
Vm represents the wind speed, measured at height Hm, where the 
anemometer is located for the wind speed measurement, β is the power 
law exponent (usually taken as 1/7 [33]), ρ is the real density of air, and 
ρo is the density of air at standard temperature and pressure. Po,STP refers 
to the output of the wind turbine at standard temperature and pressure. 

Fuel cell 

The fuel cell, electrolyzer, and hydrogen storage tank make up the 
hydrogen energy system [34]. The equation for the calculation of the 
rate of hydrogen production in an electrolyzer is provided in Eq. (8). The 
hydrogen generated by this procedure is pressurized and stored in a 
hydrogen reservoir. The energy required [9] to compress the hydrogen 
gas, is represented in Eq. (6). The fuel cell is utilized to transform the 
stored hydrogen into electrical energy, and the power generated by a 
fuel cell may be determined [9] by using Eq. (7). 

∝Ḣ2 = ηf

(
Ie × Ns

n × F

)

(6)  

Pcom = ηf

(
Ie × Ns

n × F

)

×

[(
P2

P1

)γ− 1
γ
]

×

(
γ − 1

γ

)

×

(
T

ηcom

)

R (7)  

FCele = LHVh × ∝Ḣ2 × ρh × ηfc (8) 

HOMER is an energy simulation software with a powerful integrated 
approach in modeling the performance of fuel cell systems, either 
separately or coupled with electrolyzers. In modeling fuel cell energy 
production, HOMER regards the fuel cells as DC generators. Users can 
define the fuel source as either stored hydrogen produced by an elec
trolyzer or use an externally-supplied fuel that is reformed. In the latter 
case, the generator module satisfies both the reformer and fuel cell while 
factoring in the costs and efficiency curve on a combined basis. For 
electrolyzer energy consumption, HOMER uses a simplified model that 
assumes constant efficiency: a fixed amount of electricity input will give 
a given amount of hydrogen output. HOMER simulates electrolyzer by 
assuming constant efficiency, meaning that a specific quantity of power 
will consistently produce a specific quantity of hydrogen. The electro
lyzer has a specified minimum load level, meaning it can only function 
at a capacity as low as 75 % of its maximum rating. Therefore, there is 
the option to adjust the minimum load setting to match this threshold of 
75 %. However, when hydrogen is required for a load or generator, the 
electrolyzer will demand electricity. HOMER calculates fuel cell effi
ciency based on input fuel consumption data and allows users to enter 
specific fuel cell or electrolyzer data into its fuel curve calculator for 

more precise modeling. 

Storage capacity 

The quantity of batteries required for the energy system is deter
mined by using Eq. (9), while the capacity of the hydrogen tank, Ch,tank, 
is calculated as the quotient of the load demand and the energy content, 
as described (Babatunde et al., 2022) in Eq. (10). 

nb =
Battaut × Eb(1000/kWh)

VnQn

(
100− SOSmin

100

)

(24hr/day)
(9)  

Ch,tank =
Haut × Ed(

3.6MJ
kWh )

LHVh(24hr/day)
(10) 

Battaut represents the battery autonomy, SOSmin represents the min
imum state of charge of the battery (%), Qn represents the nominal ca
pacity of a single battery (in Ah), Vn represents the nominal voltage of a 
single battery (in V), nb represents the number of batteries, Haut repre
sents the autonomy of the hydrogen tank, and LHVh represents the en
ergy content (lower heating value) of hydrogen, which is 120 MJ/kg. 

Battery lifetime throughput 

Battery lifetime throughput refers to the total amount of energy that 
a battery can deliver or store over its entire operational lifespan. It is a 
crucial metric in evaluating the performance and durability of a battery, 
especially in applications where the battery’s energy storage capacity 
and cycle life are essential factors. Tracking battery lifetime throughput 
helps assess the efficiency and reliability of the battery in meeting the 
energy demands of a particular system or device. HOMER assumes that a 
fixed amount of energy can be cycled through a battery before it requires 
replacement, regardless of the depth of the individual cycles. HOMER 
calculates a value of lifetime throughput (Qlifetime,i) using the following 
equation: 

Qlifetime,i = fidi

(
Vn × qmax

1000W/kW

)

(11)  

where di is the depth of discharge (%) fi is the number of cycles to 
failure, and qmax is the maximum capacity of the battery [Ah]. 

Control strategies 

Considering the multi-source nature of the proposed energy system, 
it is necessary to implement an operational strategy to effectively co
ordinate the flow of energy among the different components. This study 
did implement two dispatch strategies, viz: load following the load 
following (LF) and the cycle-charging (CC) strategies [11]. A dispatch 
strategy refers to a set of rules or actions implemented to regulate the 
functioning of the energy sources and storage components, particularly, 
when the power generated by renewable energy sources is inadequate to 
satisfy the demand. The load-following technique involves the power 
plant producing sufficient energy to meet the load requirements while 
the storage devices remain unchanged. In the cycle-charging mode, the 
generator operates at its maximum rated capacity to meet the load re
quirements and recharge the storage system with any surplus energy. 

Cost models 

The cost models used for evaluating the renewable energy systems’ 
economic viability are discussed in this section. These include the Total 
Net Present Cost and the Levelized Cost of Energy. 
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Total net present cost 

The total net present cost (TNPC) of a system is calculated by sub
tracting the present value of all the revenue it generates over its lifetime 
from the present value of all the costs it incurs over its lifetime. The costs 
encompass the capital expenditures, expenses for replacement, opera
tion and maintenance, fuel expenditures, penalties for pollution, and the 
expenses associated with current the purchase of electricity from the 
grid. Revenues consist of the value obtained from salvage and the rev
enue generated from grid sales. By using Eq. (12), the HOMER model can 
estimate the total net present cost. 

TNPC =
TCann

Fcr(i,Xproj
(12)  

where, TCann is the total annual cost incurred, while Fcr is the capital 
recovery factor. i is the interest rate (in %) and Xproj represents the 
project lifespan. This work adopted i as 12 % and Xproj to be 25 years. 

Levelized cost of energy (LCOE) 

The levelized cost of energy (COE) is defined by the HOMER model 
as the average cost per kilowatt-hour (kWh) of the productive electrical 
energy generated by the system. The HOMER utilizes the ratio of the 
yearly cost of electricity production (subtracting the cost of feeding the 
thermal load) to the total useable electric energy production i to 
determine the COE. For this case study, the HOMER employed Eq. (13) 
to calculate the COE. 

LCOE =
TCann

TDEM
(13)  

where TDEM is the total amount of electricity demand that was supplied 
by the source of electricity generation. 

Evaluation based on distance from average solution method 

Evaluation based on Distance from Average Solution, or EDAS, is a 
technique applied to study the optimization and the multi-criteria de
cision-making (MCDM) problems [12]. It assists in assessing and prior
itizing the available alternatives according to how close they are to the 
average solution. The goal of EDAS is to identify solutions that are both 
close to the average and have high individual performance across mul
tiple criteria. The distance calculation uses a normalized Euclidean 
distance metric. Assuming there are n alternatives and m criteria, the 
EDAS method can be implemented [23] by using the following steps. 

Step 1: Select the evaluation criteria for a decision-making problem. 
Step 2: Design a decision-making matrix by using the selected 

criteria. 
Step 3: Determine each criterion’s average solution. 
Step 4: Formulate the PDA and NDA matrices for the evaluation 

process. 
Step 5: Generate the alternatives’ weighted sums of PDA and NDA. 
Step 6: Normalize the alternatives’ SP and SN values. 
Step 7: Determine the alternatives’ appraisal score (AS). 
Step 8: Rank the alternatives, based on their appraisal scores by using 

the higher, the better concept. 

Assumptions, Limitations, and uncertainties 

The study assumes that the solar radiation and wind speed data from 
the NASA database accurately reflect the long-term averages for the 
specific areas in Nigeria and South Africa selected for the case study. 
Also, the study applied a day-to-day and time-step-to-time-step random 
variability of 10 % to load demand. It is assumed that the randomness 
would make the load profile more practical and capture the seasonal 
variations. Furthermore, system component technical specifications and 

costs are based on current market data and remain relatively constant. 
Economic parameters are also assumed to be stable over the project 
duration, and the HOMER software’s optimization algorithms and cal
culations are presumed to be accurate and reliable. 

The study is limited by its reliance on secondary data sources, its 
focus on two specific locations that may not be generalizable to other 
regions, and the exclusion of social, cultural, and institutional factors 
that may affect implementation and adoption. HOMER software’s 
optimization results are based on the specific input parameters and as
sumptions used in the study, and variations in these inputs may lead to 
different optimal system configurations and techno-economic outcomes. 
Hence, it is proposed that future studies consider the effects of change in 
input parameters on the study’s outcome. This study does not consider 
the social, cultural, and institutional aspects of hybrid renewable energy 
system acceptance and implementation in rural healthcare institutions. 

Furthermore, the results of this study are based on the assumption 
that batteries would be replaced once it reaches its lifetime throughput, 
as calculated by HOMER using Eq. (11). However, it is important to note 
that our analysis does not include a detailed battery degradation model. 
Battery degradation happens because of different things like tempera
ture, depth of discharge, and charging/discharging rates [40]. As the 
battery degrades, its capacity and performance decrease; this would 
mean they need to be replaced more often and spend more. Future work 
is expected to focus on integrating a detailed battery lifetime model that 
captures the effects of degradation on the system’s performance and 
economic viability. This could involve using empirical data or physics- 
based models to predict the battery’s capacity fade and resistance in
crease over time. By incorporating a more realistic battery degradation 
model, future studies can provide more accurate and reliable insights 
into the feasibility and cost-effectiveness of hybrid renewable energy 
systems for rural healthcare facilities. 

Despite these limitations and uncertainties, this study provides 
valuable insights into the feasibility and potential of hybrid renewable 
energy systems for rural healthcare facilities in sub-Saharan Africa. The 
results can serve as a basis for further detailed engineering design, pilot 
projects, and policy development to support the implementation of 
sustainable energy solutions in the healthcare sector. 

Results and discussion 

This section discusses the results of the techno-economic simulation 
of the proposed energy system for healthcare centers and the MCDM 
assessments for the various tracking systems. The simulation results for 
the Nigerian and South African cases are presented in Tables 1 and 2, 
respectively. The techno-economic details of the battery bank connected 
to the optimal energy systems are presented in Tables S2 and S3. 

Nigeria 

The techno-economic results of the viable energy systems for the 
seven tracking configurations for the Nigeria case study is presented in 
this section. 

No-tracking 

The optimal non-tracking energy system for the PHC in Lagos em
ploys a 5 kW solar photovoltaic (PV) array as the primary power source, 
supplemented by a 10 kW fuel cell and a 10 kW inverter to power the 
system when solar power is unavailable. An electrolyzer with a power 
capacity of 10 kW, a rectifier with a power capacity of 7.5 kW, and a 
hydrogen tank, weighing 16 kg allow for the storage of the solar PV 
power as hydrogen, which may be utilized later in the fuel cell. The 
system’s lifetime net present cost amounted to $14,272, whereas the 
levelized cost of energy was $0.336/kWh. The photovoltaic (PV) array 
accounted for 90 % of the annual power production with a capacity 
factor of 15 %. The implementation of the tracking mechanisms to 
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Table 1 
Techno-economic results of the proposed energy system with and without a solar tracking scenario for Nigeria.   

Rank PV 
(kW) 

wind 
turbine 
(No) 

Fuel 
cell 
(kW) 

Battery 
(No) 

Converter 
(kW) 

Electrolyzer 
(kW) 

Hydrogen 
Tank (kg) 

Total 
NPC 
($) 

COE 
($/kWh) 

Tot. 
Electrical 
production 
(kWh/yr) 

Cap. 
Shortage 
(kWh/yr) 

Unmet 
Load 
(kWh/ 
yr) 

Excess 
Electricity 
(kWh/yr) 

NOx 
Emissions 
(kg/yr) 

Battery 
Autonomy 
(hr) 

Battery 
Throughput 
(kWh/yr) 

hydrogen 
tank 
autonomy 
(hours) 

Total 
hydrogen 
production 
(kg/yr) 

LCOH 
($ 

NT 1 5 0 10 0 10 10 16 14,272  0.34 7,263 30 24 1,136 2 0 0 1396 53.4 21 
2 5 1 10 0 10 10 12 14,617  0.34 7,335 34 28 1,457 2 0 0 1047 48.1 24 
3 5 0 10 10 10 10 3 14,711  0.34 6,824 4 3 2,255 1 37.69 461 262 16.6 69 
4 5 2 0 10 10 0 0 15,321  0.36 6,772 30 24 2,960 0 37.69 604 0 0 0 
5 5 1 10 10 10 10 3 15,338  0.36 6,913 1 1 2,390 1 37.69 430 262 15.7 76 
6 5 0 0 15 10 0 0 17,191  0.4 6,552 27 22 2,729 0 56.53 679 0 0 0 

HADA 1 5 0 10 0 10 10 12 14,612  0.34 7,556 33 27 1,567 2 0 0 1047 50.5 23 
2 5 1 10 0 10 10 8 14,953  0.35 7,628 37 30 1,888 2 0 0 698 45.2 26 
3 5 0 10 10 10 10 3 15,135  0.35 7,129 3 2 2,517 1 37.69 457 262 17.6 67 
4 5 2 0 10 10 0 0 15,722  0.37 7,062 31 25 3,248 0 37.69 613 0 0 0 
5 5 1 10 10 10 10 3 15,755  0.37 7,218 0 0 2,652 1 37.69 428 262 16.7 74 
6 5 0 0 15 10 0 0 17,593  0.41 6,842 24 20 3,013 0 56.53 689 0 0 0 

HAMA 1 5 1 10 10 10 10 28 16,103  0.38 6,255 37 29 1,000 1 37.69 401 2443 32.8 39 
2 5 0 10 15 10 10 28 18,674  0.44 6,157 34 27 901 1 56.53 437 2443 32.8 45 
3 10 0 10 0 10 10 2 20,717  0.48 12,398 0 0 7,079 2 0 0 174 35.1 46 
4 10 0 0 10 10 0 0 21,088  0.49 11,827 0 0 7,995 0 37.69 519 0 0 0 
5 10 1 10 0 10 10 2 21,138  0.49 12,480 0 0 7,223 2 0 0 174 33.7 49 
6 10 1 0 10 10 0 0 21,753  0.51 11,937 0 0 8,113 0 37.69 480 0 0 0 

HAWA 
TA 

1 5 0 10 10 10 10 28 15,360  0.36 6,345 33 27 907 1 37.69 455 2443 36 33 
2 5 1 10 10 10 10 24 15,938  0.38 6,422 34 28 1,197 1 37.69 427 2094 31.6 40 
3 10 0 10 0 10 10 2 20,706  0.48 12,618 0 0 7,292 2 0 0 174 35.2 46 
4 10 0 0 10 10 0 0 21,088  0.49 12,049 0 0 8,217 0 37.69 518 0 0 0 
5 10 1 10 0 10 10 2 21,129  0.49 12,700 0 0 7,436 2 0 0 174 33.9 49 
6 10 1 0 10 10 0 0 21,753  0.51 12,159 0 0 8,335 0 37.69 480 0 0 0 
1 5 0 10 0 10 10 3 15,113  0.36 8,810 36 29 3,199 2 0 0 262 42.4 28 
2 5 1 10 0 10 10 3 15,524  0.37 8,889 32 26 3,344 2 0 0 262 40.9 30 
3 5 1 0 10 10 0 0 15,695  0.37 8,215 30 24 4,396 0 37.69 632 0 0 0 
4 5 1 10 10 10 10 0 15,743  0.37 8,215 30 24 0 0 37.69 632 0 94.7 13 
5 5 0 10 10 10 10 3 15,800  0.37 8,405 0 0 3,751 1 37.69 442 262 18.6 67 
6 5 0 0 15 10 0 0 18,230  0.43 8,105 16 13 4,267 0 56.53 692 0 0 0 

VACA 1 5 3 10 10 10 10 28 17,207  0.41 6,907 35 28 1,659 1 37.69 384 2443 32.5 42 
2 10 0 10 0 10 10 2 20,563  0.48 13,304 0 0 7,996 2 0 0 174 34.8 46 
3 10 0 0 10 10 0 0 20,980  0.49 12,738 0 0 8,906 0 37.69 516 0 0 0 
4 10 1 10 0 10 10 2 20,992  0.49 13,387 0 0 8,140 2 0 0 174 33.5 49 
5 10 0 10 10 10 10 0 21,028  0.49 12,738 0 0 0 0 37.69 516 0 192 8.6 
6 10 1 0 10 10 0 0 21,645  0.51 12,847 0 0 9,024 0 37.69 478 0 0 0 

HACA 1 5 2 0 10 10 0 0 16,229  0.38 7,206 33 26 3,394 0 37.69 612 1047 50.3 24 
2 5 0 0 15 10 0 0 18,100  0.43 6,986 26 21 3,160 0 56.53 687 1047 49 25 
3 5 0 10 10 10 10 3 53,751  1.26 7,086 8 6 2,905 0 37.69 701 262 17.6 70 
4 5 2 10 10 10 10 0 53,983  1.27 7,206 33 26 0 0 37.69 612 0 0 0 
5 5 3 10 0 10 10 6 90,763  2.14 7,950 35 28 2,374 2 0 0 262 16.7 76 
6 10 0 10 0 10 10 2 94,593  2.21 14,539 0 0 9,188 2 0 0 0 0 0  
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Table 2 
Techno-economic results of the proposed energy system with and without a solar tracking scenario for South Africa.   

Rank PV 
(kW) 

wind 
turbine 
(No) 

Fuel 
cell 
(kW) 

Battery 
(No) 

Converter 
(kW) 

Electrolyzer 
(kW) 

Hydrogen 
Tank (kg) 

Total 
NPC 
($) 

COE 
($/kWh) 

Tot. 
Electrical 
production 
(kWh/yr) 

Cap. 
Shortage 
(kWh/yr) 

Unmet 
Load 
(kWh/ 
yr) 

Excess 
Electricity 
(kWh/yr) 

NOx 
Emissions 
(kg/yr) 

Battery 
Autonomy 
(hr) 

Battery 
Throughput 
(kWh/yr) 

hydrogen 
tank 
autonomy 
(hours) 

Total 
hydrogen 
production 
(kg/yr) 

LCOH 
($/kg) 

NT 1 5 0 10 0 10 10 16 14,272  0.336 7,263 30 24 1,136 2 0 0 1.396 53.4 20.9 
2 5 1 10 0 10 10 12 14,617  0.344 7,335 34 28 1,457 2 0 0 1.047 48.1 23.8 
3 5 0 10 10 10 10 3 14,711  0.344 6,824 4 3 2,255 1 37.69 461 262 16.6 69.2 
4 5 2 0 10 10 0 0 15,321  0.361 6,772 30 24 2,960 0 37.69 604 0 0 0 
5 5 1 10 10 10 10 3 15,338  0.359 6,913 1 1 2,390 1 37.69 430 262 15.7 76.2 
6 5 0 0 15 10 0 0 17,191  0.404 6,552 27 22 2,729 0 56.53 679 0 0 0 

HADA 1 5 0 0 10 10 0 0 14,393  0.339 8,390 31 27 4,533 0 37.69 755 0 0 0 
2 5 0 10 10 10 10 0 14,441  0.34 8,390 31 27 0 0 37.69 755 0 97.7 11.6 
3 5 0 10 0 10 10 2 14,448  0.34 9,160 24 20 3,287 3 0 0 174 48 23.6 
4 5 1 10 0 10 10 2 14,993  0.351 9,246 9 7 3,409 3 0 0 174 46.9 25 
5 5 1 0 10 10 0 0 15,058  0.354 8,494 24 21 4,640 0 37.69 711 0 0 0 
6 5 1 10 10 10 10 0 15,106  0.355 8,494 24 21 0 0 37.69 711 0 100 11.8 

HAMA 1 5 0 0 10 10 0 0 14,393  0.339 5,963 30 26 2,100 0 37.69 797 0 0 0 
2 5 0 10 10 10 10 0 14,441  0.34 5,963 30 26 0 0 37.69 797 0 45.3 25 
3 5 0 10 0 10 10 3 14,760  0.346 6,781 16 14 853 3 0 0 262 49.1 23.5 
4 5 1 0 10 10 0 0 15,058  0.354 6,067 23 20 2,207 0 37.69 751 0 0 0 
5 5 1 10 10 10 10 0 15,106  0.355 6,067 23 20 0 0 37.69 751 0 47.6 24.8 
6 5 1 10 0 10 10 3 15,268  0.358 6,859 8 7 976 3 0 0 262 48 24.9 

HAWA 1 5 0 0 10 10 0 0 14,393  0.339 6,229 30 26 2,368 0 37.69 791 0 0 0 
2 5 0 10 10 10 10 0 14,441  0.34 6,229 30 26 0 0 37.69 791 0 51 22.1 
3 5 0 10 0 10 10 2 14,672  0.345 7,031 28 24 1,145 3 0 0 174 48.4 23.7 
4 5 1 0 10 10 0 0 15,058  0.354 6,334 23 20 2,475 0 37.69 746 0 0 0 
5 5 1 10 10 10 10 0 15,106  0.355 6,334 23 20 0 0 37.69 746 0 53.3 22.2 
6 5 1 10 0 10 10 2 15,213  0.357 7,117 12 10 1,250 3 0 0 174 47.6 25 

TA 1 5 0 0 10 10 0 0 15,030  0.354 10,470 28 24 6,611 0 37.69 754 0 0 0 
2 5 0 10 10 10 10 0 15,078  0.355 10,470 28 24 0 0 37.69 754 0 142 8.28 
3 5 0 10 0 10 10 2 15,149  0.355 11,253 6 5 5,330 3 0 0 174 48.7 24.3 
4 5 1 10 0 10 10 2 15,646  0.366 11,330 0 0 5,478 3 0 0 174 47 26 
5 5 1 0 10 10 0 0 15,695  0.369 10,575 22 18 6,719 0 37.69 709 0 0 0 
6 5 1 10 10 10 10 0 15,743  0.37 10,575 22 18 0 0 37.69 709 0 145 8.51 

VACA 1 5 0 0 10 10 0 0 14,285  0.336 6,160 28 24 2,298 0 37.69 798 0 0 0 
2 5 0 10 10 10 10 0 14,333  0.337 6,160 28 24 0 0 37.69 798 0 49.5 22.6 
3 5 0 10 0 10 10 4 14,609  0.343 6,977 13 11 1,041 3 0 0 349 49.2 23.2 
4 5 1 0 10 10 0 0 14,950  0.351 6,264 21 18 2,405 0 37.69 752 0 0 0 
5 5 1 10 10 10 10 0 14,998  0.352 6,264 21 18 0 0 37.69 752 0 51.8 22.6 
6 5 1 10 0 10 10 4 15,075  0.353 7,048 12 10 1,183 3 0 0 349 47.6 24.8 

HACA 1 5 0 0 10 10 0 0 14,900  0.351 8,507 31 26 4,650 0 37.69 753 0 0 0 
2 5 1 0 10 10 0 0 15,565  0.366 8,611 24 20 4,757 0 37.69 709 0 100 11.7 
3 5 0 10 10 10 10 0 52,654  1.24 8,507 31 26 0 0 37.69 753 174 48.4 24.2 
4 5 1 10 10 10 10 0 53,319  1.254 8,611 24 20 0 0 37.69 709 174 47 25.8 
5 5 3 10 0 10 10 2 89,772  2.098 9,521 0 0 3,816 2 0 0 0 0 0 
6 5 0 10 0 10 10 2 92,255  2.163 9,284 14 11 3,383 3 0 0 0 103 11.9  

O
.S. A
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enhance the capacity factor can significantly increase the energy pro
duction of the photovoltaic systems. The fuel cell contributed 10 % of 
the power required to compensate for the periods when solar energy was 
inaccessible, however, functioned for more than 5,000 h annually. An 
analysis of the hydrogen tank storage level (Fig. 6) shows that hydrogen 
production peaked between the months of mid-May and early November 
when the wind speed and solar radiation are at their cumulative peaks. 
The capacity factor and efficiency of 50 % are acceptable. The annual 
un-met load was 24 kWh, whereas the excess power generation is ~ 
1,100 kWh. The surplus electricity can be utilized to enhance the elec
trolyzer’s capacity for increased hydrogen fuel production and improved 
reliability. The system effectively handled the load by using 100 % 
renewable energy. Because it is a renewable power set-up, emissions are 
significantly minimized. The fuel cell alone emitted only ~ 2.47 kg/year 
of nitrogen oxides. 

Horizontal Axis, daily Adjustment 

The most economical configuration of the HADA system comprises a 
5 kW photovoltaic (PV) array, a 10 kW fuel cell, a 10 kW inverter, a 7.5 
kW rectifier, a 10 kW electrolyzer, and a 12 kg hydrogen tank. The 
system had a total net present cost of $14,612, a levelized cost of energy 
of $0.344/kWh, and an annual operating cost of $624. The photovoltaic 
(PV) array represented 46 % of the system’s expenditure, while the fuel 
cell constituted 44 %. The electricity production amounts to 7,556 kWh/ 
yr, with photovoltaic (PV) systems contributing 91 % and fuel cells for 
the remaining 9 %. The primary load consumed 3,320 kWh/yr, which 
accounted for 59 % of the total energy consumption. The electrolyzer 
consumes 2,342 kWh annually, representing 41 % of the total energy 
consumption. The monthly hydrogen tank storage level for the optimal 
energy system for the HADA configuration is presented in Fig. 7. 

The hydrogen level pattern for the HADA configuration also followed 
that without a tracking system, there is deficient production between the 
months of January and February, while the hydrogen level was highest 
between the months of May and December. Additionally, there was a 
surplus of 1,567 kWh/yr from renewable energy sources. The annual 
hydrogen output was 50 kg, while the consumption rate was 42.8 kg/yr. 
The hydrogen tank had a storage capacity of 1,047 h. The net CO2 
emissions were − 0.438 kg/yr, indicating a negative value, and the 

annual emission of NOx was 2.48 kg. 

Horizontal Axis, monthly Adjustment 

An optimal configuration for the tracking of HAMA comprised a 5 
kW photovoltaic (PV) array, a 1 kW wind turbine, a 10 kW fuel cell, a 10 
kW battery bank, a 10 kW inverter, a 7.5 kW rectifier, a 10 kW elec
trolyzer, a 28 kg hydrogen tank, and a load following (LF) dispatch 
strategy. The system had a total net present cost of $16,103. It also had a 
levelized energy cost of $0.380 per kilowatt-hour and an annual oper
ating cost of $425. The photovoltaic (PV) array represented 42 % of the 
system’s overall cost, while the battery bank represented 40 %. The 
expenses that were related to the initial investment were 65 % of the 
system’s overall expenditures. The overall electricity production 
amounted to 6,255 kWh per year, with the photovoltaic (PV) systems 
contributing 95 %, wind power contributing 2 %, and fuel cells 
contributing 4 %. The renewable energy surplus was 1,000 kWh annu
ally, while the primary load consumed 3,318 kWh annually, accounting 
for 69 % of the total consumption. The electrolyzer consumed 1,520 
kWh annually, accounting for 31 % of the total consumption. The tank 
had a storage capacity of more than 2,400 h, with hydrogen production 
at 33 kg per year and consumption at 13.9 kg per year. The monthly 
hydrogen tank storage level for the optimal energy system for the HAMA 
configuration showed low levels of hydrogen between the months of 
January and mid-March and high levels of storage between the months 
of mid-June and early December (Fig. 8). The battery connected to the 
HAMA system is projected to have a lifetime throughput of 9170 kWh 
during its 10-year lifespan, with an average annual energy output of 401 
kWh (Table S2). Other technical and economic features of the battery is 
given in Table S2. The net CO2 emissions were − 0.142 kg/yr, indicating 
a reduction in the CO2 levels. Additionally, there were 0.806 kg/yr of 
NOx emissions. 

Horizontal Axis, weekly Adjustment 

The optimal design for the HAWA tracking system includes a 5 kW 
PV array, a 10 kW fuel cell, a 10 kW battery bank, a 10 kW inverter, a 
7.5 kW rectifier, a 10 kW electrolyzer, a 28 kg hydrogen tank, and a 
cycle charging dispatch strategy. The net present cost was $15,360, the 

Fig. 6. Monthly hydrogen tank storage levels for the optimal energy system of a non-tracking configuration.  

Fig. 7. Monthly hydrogen tank storage level for the optimal energy system of a HADA configuration.  
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levelized energy cost was $0.362/kWh, and the annual running cost was 
$403. The PV array represented 44 % of the system’s overall cost, while 
the battery bank represented 42 %. System costs comprised 66 % of the 
capital costs. The PV system and fuel cell generated a combined elec
tricity production of 6,345 kWh/yr, with the PV system accounting for 
95 % and the fuel cell accounting for 5 % of the overall output—the 
primary load accounted for 3,321 kWh each year, representing 67 % of 
the total consumption. 

Conversely, the electrolyzer consumed ~ 1,672 kWh annually, ac
counting for 33 % of the overall production. The surplus of renewable 
energy amounted to 907 kWh/yr. The annual hydrogen output was 36 
kg, while the consumption was 19.2 kg. The tank had a storage capacity 
of over 2,443 h. The net CO2 emissions were − 0.196 kg/yr, indicating a 
reduction in the CO2 levels. Additionally, there were 1.11 kg/yr of NOx 
emissions. The monthly hydrogen tank storage level for the optimal 
energy system for HAWA configuration indicated the fact that the tank 
was full between the months of Mid-June and mid-November, while it 
was at its lowest between the months of January and mid-March (Fig. 9). 
Similarly, the HAWA battery bank is projected to have a lifetime 
throughput of 9170 kWh during its expected 10-year lifespan but it is 
anticipated to achieve a throughput of 455 kWh annually. 

Two-Axis tracking 

The best system with TA tracking comprised a 5 kW PV array, a 10 
kW fuel cell, a 10 kW inverter, a 7.5 kW rectifier, a 10 kW electrolyzer, 
and a 3 kg hydrogen tank. The TNPC of this system was $15,113, with a 
levelized COE of $0.356 per kWh and an annual running cost of $614. 
The PV array represented 44 % of the whole system expenditure, 
whereas the fuel cell constituted 42 %; the system costs comprised 48 % 
of the capital costs. The total electricity production was 8,810 kWh/yr, 
with the PV systems contributing 92 % and fuel cells contributing 8 %. 
The primary load consumed 3,318 kWh/yr, which accounted for 63 % of 
the total consumption. The electrolyzer utilized 1,967 kWh each year, 
which accounted for 37 % of the total energy usage. The surplus of 
renewable energy amounted to 3,199 kWh/yr. According to Fig. 10, the 
annual production and consumption of hydrogen were 42 kg, while the 
tank offered a storage capacity of 262 h. The net CO2 emissions were 
− 0.432 kg/yr, indicating a reduction in the CO2 levels. Additionally, 
there were 2.45 kg/yr of NOx emissions. 

Vertical Axis, Continuous Adjustment 

The components of the optimal energy system for the VACA tracking, 
include a 5 kW solar (PV) array, a 3 kW wind turbine, a 10 kW fuel cell, a 
10 kW battery bank, an inverter, a rectifier, an electrolyzer, a 28 kg 
hydrogen tank, and a program that followed the load. With an annual 
running cost of $447 and a levelized energy cost of $0.406 per kWh, the 
system has a total net present cost of $17,207. Of the system cost, 39 % 
was attributable to the PV array and 37 % to the battery bank. Sixty- 
seven percent of system costs were attributed to capital expenditures. 
Wind accounted for 5 %, fuel cells for 3 %, and photovoltaics (PV) for 92 
% of the total 6,907 kWh/yr. The AC primary load consumed 3,319 
kWh/yr (69 %), and 1,507 kWh/yr went to the electrolyzer (or 31 % of 
consumption). The renewable energy sources produced an excess of 
1,659 kWh/yr. The annual output of hydrogen was 32 kg, whereas the 
yearly consumption was 12.5 kg. The tank had a hydrogen storage au
tonomy of more than 2,400 h. Renewable energy replacing fossil fuels, 
resulted in a net CO2 emissions reduction of − 0.128 kg/yr and 0.726 kg/ 
yr of NOx emissions. The system successfully attained a 100 % renew
able energy supply by generating more energy than what was needed at 
a levelized cost of $0.406/kWh during its projected lifespan. The PV 
array and battery bank were the primary contributors to the system’s 
overall expenses. Hydrogen production surpassed consumption, allow
ing for extended storage. The hydrogen level in the tank attached to the 
optimal energy system indicated that its level peaked between the 
months of June and December (Fig. 11). The battery connected to the 
VACA system is projected to have a total energy output of 9170 kWh 
throughout its anticipated 10-year lifespan; annually, the expected 
throughput is 384 kWh. 

Horizontal Axis, Continuous Adjustment 

The optimal system comprised of a 5 kW PV array, a 10 kW fuel cell, 
a 10 kW inverter, a 7.5 kW rectifier, a 10 kW electrolyzer, and a 12 kg 
hydrogen tank. The total net present cost was $15,074, while the lev
elized energy cost was $0.355/kWh, and the running cost was $621 per 
year. The PV array represented 45 % of the system’s overall cost, while 
the fuel cell accounted for 43 %. The total electricity production was 
7,697 kWh per year, with the PV systems accounting for 91 % and the 
fuel cells contributing 9 %. The primary load consumed 3,319 kWh/yr, 
which accounted for 59 % of the total consumption. The electrolyzer, 

Fig. 8. Monthly hydrogen tank storage level for the optimal energy system of a HAMA configuration.  

Fig. 9. Monthly hydrogen tank storage level for the optimal energy system of a HAWA configuration.  
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consumed 2,334 kWh annually, accounting for 41 % of the total energy 
usage. The surplus of renewable energy amounted to 1,719 kWh/yr, 
while the annual hydrogen output amounted to 50 kg. The yearly con
sumption amounted to 42.7 kg and the tank offered a storage capacity of 
1,047 h. The hydrogen level in the tank, connected to the best energy 
system, showed a maximum level between the months of June and 
December and a minimum level between the months of January and 
February (Fig. 12). The net CO2 emissions were − 0.436 kg/yr, indi
cating a reduction in CO2 levels. Additionally, there were 2.48 kg/yr of 
NOx emissions. 

South Africa 

The techno-economic results of the viable energy systems for the 
seven tracking configurations for the South Africa case study is pre
sented in this section 

No-Tracking 

The optimal system without tracking consisted of a 5 kW photovol
taic array, a 10 kW fuel cell, a 10 kW inverter, a 7.5 kW rectifier, a 10 kW 
electrolyzer, and a 16 kg hydrogen tank. With a COE of $0.336/kWh, the 

system had a total net present cost of $14,272 throughout its lifespan, 
while the operational cost is $626 per year. The fuel cell ($6,530) and PV 
array ($6,695) were the most significant contributors with regard to net 
present costs The PV array was responsible for 90 % of the system’s total 
electricity production, or 6,552 kWh annually; it had a 15 % capacity 
factor and a $0.0799/kWh levelized cost. The fuel cell provides 10 % of 
the electricity, which had a 50 % mean electrical efficiency and pro
duced 711 kWh annually. This system’s monthly hydrogen tank storage 
level showed that the hydrogen level was at its maximum between the 
months of June and December (Fig. 13). The energy consumption was 
entirely sourced from renewable sources, resulting in an annual surplus 
of 1,136 kWh. However, there was a shortfall of 24.2 kWh in meeting the 
demand and a capacity shortage of 29.8 kWh. This showed that the 
system can handle the primary need of 3,323 kWh/year. The fuel cell’s 
annual hydrogen consumption of 42.6 kg was less than the hydrogen 
production of 53 kg. The hydrogen tank storage allowed 1,396 h of 
autonomy. Overall, emissions were minimal; nonetheless, 2.47 kg of 
nitrogen oxides were produced annually. 

Horizontal Axis, daily Adjustment 

The optimal system architecture under the HADA tracking system, 

Fig. 10. Monthly hydrogen tank storage level for the optimal energy system of a TA configuration.  

Fig. 11. Monthly hydrogen tank storage level for the optimal energy system of a VACA configuration.  

Fig. 12. Monthly hydrogen tank storage level for the optimal energy system of a HACA configuration.  
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was a 5 kW photovoltaic array combined with a 10–24 kWh lithium-ion 
battery bank. The balance of the system, rectifier, and inverter were the 
other parts. With a levelized COE of $0.339/kWh, the net present cost 
came to $14,393. With $328 annually, the operating costs were less. The 
PV array and battery bank were the most significant contributors to 
capital expenses. The PV array supplied the entire electric load of 8,390 
kWh/year. The battery stored the excess PV production, delivering 675 
kWh of output per year to the load. The highest average production 
occurred in the month of October, while the lowest was observed in the 
month of June (Fig. 14). Most of the months in the year had a power 
production ranging between 1 to 1.5 kW, except for the period from the 
months of April to July, during which time, the power production fell 
below 1 kW. 

Horizontal Axis, monthly Adjustment 

The HAMA system architecture comprised of a 5 kW PV array, a 10 
battery, a 10 kW inverter, and a 7.5 kW rectifier. The cost summary 
indicated that the TNPC was $14,393, the levelized energy cost was 
$0.339/kWh, and the yearly running cost was $328. The PV array and 
the Vision 6FM200D battery substantially contributed to both the initial 
investment and the expenses for replacing them. The electrical pro
duction data showed a surplus of 2,100 kWh/yr, an un-met load of 25.7 
kWh/yr, and a renewable portion of 100 %. The photovoltaic (PV) 
system functioned with a capacity factor of 13.6 %, producing an l en
ergy output of 5,963 kWh/yr. The battery had a nominal capacity of 
24.0 kWh and was expected to last 10 years. It had a throughput of 797 
kWh/yr. The emissions remained at a constant level of zero, demon
strating the system’s exceptional environmental sustainability. Fig. 15 
displays the average monthly generation of electricity for the HAMA 
tracking configuration. The months of December and January experi
enced the least production. The months of September and October 
experienced the highest production; the range of the monthly averages 
was between 0.5 to 0.9 kW. The battery connected to the HAMA 
configuration has a lifetime throughput of 9,170 kWh and an annual 
throughput of 791 kWh, indicating continuous and efficient energy de
livery over its lifespan. 

Horizontal Axis, weekly Adjustment 

For the HAWA tracking system, the optimal energy system was a 5 
kW solar PV array with 10 Vision 6FM200D batteries that could hold 24 
kWh of charge; a 10 kW inverter and a 7.5 kW rectifier were parts of the 
power circuits. At a levelized cost of $0.339 per kWh, this system design 
was estimated to have a total net present cost of $14,393 It would also 
cost $328 per year to run. With an average output of 0.71 kW and a 
capacity factor of 14.2 %, the PV array generated 6,229 kWh of energy 
per year. The effective nominal battery capacity was 14.4 kWh, allowing 
for 37.7 h of self-sufficiency. During a projected lifespan of 10 years, the 
batteries were estimated to produce a total energy output of 9,170 kW- 
hours. The system adequately served the energy demand, with an 
additional annual generation of 2,368 kWh. The solar photovoltaic (PV) 
penetration was 186 %, indicating that the amount of solar PV energy 
generated exceed the total energy demand by 86 %. Additionally, the 
renewable portion was 100 %, meaning that all energy produced was 
from renewable sources. 

Fig. 16. represents a year’s average monthly electric production for 
the HAWA with the lowest production occurring in the months of 
December and January, while the highest production occurred in the 
month of October. Production fluctuates throughout the year, growing 
in the earlier months, peaking in the later months, and then falling at the 
end of the year. The monthly averages range from 0.52 to 0.96 kW. 

Two-Axis tracking 

The optimum architecture for the TA system consisted of a 5 kW PV 
array, a 10 Vision 6FM200D battery, a 10 kW inverter, and a 7.5 kW 
rectifier. The cost summary revealed a net present cost of $15,030 a 
levelized cost of energy of $0.354/kWh, and an annual running cost of 
$328. The electrical production data indicated an excess of 6,611 kWh/ 
yr, an un-met demand of 24.3 kWh/yr, and a renewable energy pro
portion of 100 %. The PV system ran at a capacity factor of 23.9 %, 
producing an energy output of 10,470 kWh/yr. The levelized cost of 
electricity for this system was $0.0500/kWh. The battery had a nominal 
capacity of 24.0 kWh and it was predicted to have an annual throughput 
and lifetime throughput of 754 kWh/yr and 9,170 kWh respectively over 
a lifespan of 10 years. 

Fig. 13. Monthly hydrogen tank storage level for the optimal energy system of a No tracking configuration.  

Fig. 14. Monthly Average Electric Production for HADA.  
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Fig. 17 depicts the monthly average electric generation from the TA 
solar tracking arrangement. Production was lowest in the months of 
April, May, and June, and highest in the month of October, with monthly 
averages ranging from 0.69 to 1.81 kW. 

Vertical Axis, Continuous Adjustment 

The VACA system comprised of a system architecture with a 5 kW 
photovoltaic (PV) array, a 10 Vision 6FM200D battery, a 10 kW inverter, 
and a 7.5 kW rectifier. The cost summary revealed a net present cost of 
$14,285 a levelized cost of energy of $0.336/kWh, and an annual 
running cost of $328. The PV array and the Vision 6FM200D battery 
substantially contributed to the capital, replacement, and overall ex
penses, on an individual component basis. The electrical production 
data indicated an excess of 2,298 kWh/yr, an un-met demand of 24.0 
kWh/yr, and a renewable energy proportion of 100 %. The photovoltaic 

(PV) system had a capacity factor of 14.1 %, producing an annual energy 
output of 6,160 kWh/yr with a levelized cost of $0.0850/kWh. The 
battery had a nominal capacity of 24.0 kWh and an annual throughput of 
798 kWh/yr over the period of 10 years. The battery’s lifetime 
throughput is also 9,170 kWh The energy production data for the VACA 
revealed that the months of December and January experienced the 
lowest levels of production, whereas September witnessed the highest 
levels of output (Fig. 18). The monthly averages fluctuated between 0.45 
and 0.89 kW. 

Horizontal Axis, Continuous Adjustment 

The HACA system layout comprised of a 5-kW photovoltaic (PV) 
array, a 10 Vision 6FM200D battery, a 10 kW inverter, and a 7.5 kW 
rectifier. The cost study showed that the total net current cost, was 
$14,900, with a levelized energy cost of $0.351/kWh and an annual 

Fig. 15. Monthly Average Electric Production for HAMA.  

Fig. 16. Monthly Average Electric Production for HAWA.  

Fig. 17. Monthly Average Electric Production for TA.  

Fig. 18. Monthly Average Electric Production for VACA.  
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running cost of $328. The PV array produced 8,507 kWh/yr, resulting in 
an excess of 4,650 kWh/yr, an unmet demand of 26.2 kWh/yr, and a 
renewable fraction of 100 %. The photovoltaic (PV) system functioned 
with a capacity factor of 19.4 %, generating electricity at a levelized cost 
of $0.0616/kWh. The 24.0 kWh battery had an average yearly energy 
output of 753 kWh throughout its 10-year lifespan. For the HACA 
configuration, the lowest levels of energy production were observed in 
the months of April, May, and June, while the peak, at 1.432 kW was 
reached in the month of October with monthly averages ranging from 
0.6 to 1.432 kW (Fig. 19). 

Water consumption and implications of the electrolyzer 

An important aspect of the proposed hybrid renewable energy sys
tem is the water consumption of the electrolyzer, which is used to store 
excess electricity as hydrogen. The electrolyzer in this study has a rated 
hydrogen production capacity of 10 kW. Based on the annual hydrogen 
production ranges presented in Table 1 and Table 2, the estimated 
annual water consumption of the electrolyzer can be calculated using 
the water consumption rate of 0.9 L/kWh, which is typical for polymer 
electrolyte membrane (PEM) electrolyzers [22]. 

For Nigeria, around 48.1 to 53.4 kg/year of hydrogen is produced, 
which is equal to 1,603 to 1,780 kWh/year (assuming a lower heating 
value of hydrogen of 33.33 kWh/kg [25]. This means that the electro
lyzer in Nigeria would use approximately 1,440 to 1600 L of water per 
year. Similarly, in South Africa, the annual hydrogen production ranges 
from 45.3 to 53.3 kg/year (1,510 to 1,776 kWh/year), resulting in an 
estimated annual water consumption of 1,360 to 1600 L. While these 
water consumption estimates are low in comparison to the total amount 
of water used in healthcare institutions, it is critical to evaluate the 
water source and its consequences for the system’s sustainability and 
resilience. Given the healthcare institutions’ rural locations, it is assu
med that the electrolyzer will use freshwater obtained from surroun
ding boreholes or wells. If the water quality does not satisfy the 
electrolysis specifications, a simple filtration and purification device can 
be used to pre-treat the water [19]. 

However, in areas with limited freshwater resources, using seawater 
for electrolysis could be considered as another option. This would 
involve making important changes to the design of the electrolyzer, like 
using materials that can resist corrosion and implementing more 
advanced filtration and pretreatment systems. These modifications are 
likely to make the electrolyzer subsystem more expensive to build and 
maintain [30]. In the future, researchers could conduct studies to assess 
whether it’s practical and financially viable to use seawater for elec
trolysis in hybrid renewable energy systems for rural healthcare facil
ities. The water requirement for the electrolyzer may have a long-term 
implication regarding sustainability and resilience in the development 
of the proposed hybrid renewable system. On the other hand, the 
possible use of seawater has a corresponding potential in future works to 
optimize system design and economics, especially in areas that are water 
scarce. 

Multi-criterial-decision-making results 

This section presents the results of the MCDM analysis by using 
EDAS; as opposed to using the ideal or optimal answer; EDAS uses the 
average solution as a benchmark. As a result, it is less susceptible to 
extremes in the criteria values. The results of the EDAS method were 
validated by using the TOPSIS method; this was selected because of its 
ability to establish positive and negative ideal reference points, offering 
a valuable benchmark for comparison. 

The first step in implementing EDAS is to determine the initial de
cision matrix. This matrix usually entails the determination of the al
ternatives (in this case the best energy systems for each tracking system) 
and the criteria (obtained from the energy simulation results). This study 
selects the Total NPC, COE, LCOH, Capacity Shortage, Total Electrical 
Production, and Excess Electricity as criteria. These criteria cover factors 
that are related to economic and technical constraints. The alternative 
includes optimal systems for: NT, HADA, HAMA, HAWA, TA, VACA and 
HACA tracking configurations. Hence, the initial decision matric is 
given, as shown in Eq. (14). 

X =
[
Xij
]

q×p =

⎡

⎢
⎢
⎣

x11 x12 ⋯ x1p
x21 x22 ⋯ x2p
⋮ ⋮ ⋮ ⋮

xq1 xq2 ⋯ xqp

⎤

⎥
⎥
⎦ (14)  

0 ≤ xij 

i ∈ {1,2, ...q} and j ∈ {1,2, ...p}. 
The elements of the matrix are obtained from Tables 1 and 2 (opti

mization the results from Nigeria and South Africa). The initial decision 
matrix for the Nigeria case study, is given in Eq. (14). 

Xij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

14272 0.336 20.9 30 7263 1136
14612 0.344 22.6 33 7556 1567
16103 0.38 38.5 37 6255 1000
15360 0.362 33.3 33 6345 907
15113 0.356 27.9 36 8810 3199
17207 0.406 41.5 35 6907 1659
16229 0.382 24.4 33 7206 3394

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15) 

The next step is to obtain the average solution AVj, a 1 × 6 matrix, 
obtained by dividing the sum of the elements xij for each criterion, by the 
number of elements n, as given in Eq. (15). When this is implemented, it 
results in Eq. (16). 

AVj =

∑n
i=1xij

n
(16)  

when Eq. (15) is implemented, it results in Eq. (17). 

AVj = [15,557 0.3666 30 34 7, 192 1,837 ] (17) 

The next step in implementing the EDAS, is the estimation of the 
positive distance from the average [PDAij]q×p and the corresponding 
negative distance from the average [NDAij]q×p by using Eqs. (17) and 
(18), respectively; these yielded the matrices in Eqs. (19) and (20). 

Fig. 19. Monthly Average Electric Production for HACA.  
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PDAij =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

max(0, (Xij − AVj))

AVj
, if jthcriterionisbeneficial

max(0, (AVj − Xij))

AVj
, if jthcriterionisnon − beneficial

(18)  

NDAij =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

max(0, (AVj − Xij))

AVj
, if jthcriterionisbeneficial

max(0, (Xij − AVj))

AVj
, if jthcriterionisnon − beneficial

(19)  

PDAij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0826 0.0834 0.3003 0.1139 0.0099 0.0000
0.0607 0.0616 0.2434 0.0253 0.0507 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0126 0.0125 0.0000 0.0253 0.0000 0.0000
0.0285 0.0288 0.0660 0.0000 0.2250 0.7410
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.1832 0.0253 0.0020 0.8471

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(20)  

NDAij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0000 0.0000 0.0000 0.0000 0.0099 0.0000
0.0000 0.0000 0.0000 0.0000 0.0507 0.0000
0.0351 0.0366 0.2889 0.0928 0.0000 0.0000
0.0000 0.0000 0.1148 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0633 0.2250 0.7410
0.1061 0.1076 0.3893 0.0338 0.0000 0.0000
0.0432 0.0421 0.0000 0.0000 0.0020 0.8471

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(21) 

Following the estimation of the positive and negative distances from 
the average, the alternatives’ weighted sums of PDA and NDA (SPi and 
SNi), are calculated by multiplying [PDAij]q×p and [NDAij]q×p with the 
weight of the criteria, denoted as wj by using Eqs. (22) and (23), 
respectively. The weight, wj is usually greater than 0 and does not 
exceed 1; in addition, the sum of the weights of the criteria must be equal 
to 1. The CRITIC method is used to calculate the criteria weights and for 
the CRITIC method, the weights obtained are from Eq. (23). For the 
Nigerian case study, excess electricity had the highest weight of 28.87 
%, while the criterion with the least weight was the levelized cost of 
hydrogen (Fig. 20). With regards to the South African case, the Total 
Electricity Production, and the Total NPC, had the highest and lowest 
contributions of 22.22 % and 12.74 %, respectively (Fig. 20). 

SPi =
∑m

j=1
wjPDAij (22)  

SNi =
∑m

j=1
wjNDAij (23)  

where: 

wj =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.1314
0.1298
0.1153
0.1745
0.1603
0.2887

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(24) 

The product of the weights (wj) and the PDAij and NDAij for the 
Nigerian case, is obtained thus: 

WPDAij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0108 0.0108 0.0346 0.0199 0.0016 0.0000
0.0080 0.0080 0.0281 0.0044 0.0081 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0017 0.0016 0.0000 0.0044 0.0000 0.0000
0.0037 0.0037 0.0076 0.0000 0.0361 0.2140
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0211 0.0044 0.0003 0.2446

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(25)  

WNDAij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0000 0.0000 0.0000 0.0000 0.0016 0.0000
0.0000 0.0000 0.0000 0.0000 0.0081 0.0000
0.0046 0.0048 0.0333 0.0162 0.0000 0.0000
0.0000 0.0000 0.0132 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0110 0.0361 0.2140
0.0139 0.0140 0.0449 0.0059 0.0000 0.0000
0.0057 0.0055 0.0000 0.0000 0.0003 0.2446

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(26)  

SPi =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0778
0.0566
0.0000
0.0077
0.2651
0.0000
0.2705

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(27)  

SNi =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0778
0.0566
0.0000
0.0077
0.2651
0.0000
0.2705

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(28) 

The next step is to normalize the weighted sum of the PDA and NDA 
by employing Eqs. (29) and (30) to obtain the following matrices: 

Fig. 20. Quality of information and weights of the criteria by using the CRITIC method.  

O.S. Adedoja et al.                                                                                                                                                                                                                             



Energy Conversion and Management: X 23 (2024) 100643

19

NSPi =
SPi

maxi(SPi)
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.2875
0.2092
0.0000
0.0285
0.9803
0.0000
1.0000

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(29)  

NSNi =
SNi

maxi(SNi)
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.9939
0.9689
0.7745
0.9493
0.0000
0.6987
0.0192

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(30) 

The assessment score for each energy system alternative is obtained 
by using Eq. (31). The values of the assessment score were used to rank 
the alternatives. The results of the EDAS assessment for the South Af
rican case study is presented in Table 3; these include the values for SPi,

SNi.NSPi,NSNi, and ASi. By using the assessment scores for both case 
studies, the most preferred energy technology for the Nigerian case 
study, is the one that used the non-tracking device, while the least 
preferred, is the energy system with a VACA technology (Fig. 21). For 
the South African case, the energy system HAMA tracking technology 
was the most preferred, while the energy system without a tracking 
system is the most preferred (Fig. 21). 

ASi =
(NSPi + NSNi)

2
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.6407
0.5890
0.3872
0.4888
0.4901
0.3493
0.50959

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(31) 

Table 4 compares the results of this present and similar studies. 
Dekkiche et al., [20] reveal that Vertical Single-Axis Trackers are the 
most economically feasible, contrasting with [24]’s emphasis on 
improved energy harvest and reduced NPC with horizontal and dual 
trackers. Hosseini Dehshiri et al. highlighted the significant electricity 
generation increase with Two-Axis (TA) systems, contrasting with [12]’s 
regional optimization focus, which identified daily adjusted horizontal 
axis trackers as the best for Nigeria. However, Hosseini Dehshiri & Fir
oozabadi, [24]’s result aligns with that obtained by Babatunde et al. 
which identified Dual Axis as optimal for the South African case. This 
present study shows that based on the techno-economic results, the 
optimal energy system for the Nigerian case is the energy arrangement 
without tracking devices, while the best system for the South African 
healthcare facility is the one with HAWA tracking. The findings 
emphasize the complex nature of HRES design, which is influenced by 
economic, technological, and regional factors. Efficient system design 
necessitates the harmonization of economic viability and energy pro
duction capacity, employing appropriate monitoring configurations 
tailored to specific project objectives and geographical circumstances. 

By and large, this study’s findings present some novel results. First, 
the techno-economic analysis shows that the proposed hybrid renewable 
energy systems for rural healthcare institutions in Nigeria and South 

Africa are feasible and cost-effective. This agrees with the study carried 
out by Babatunde et al. for another application in both South Africa and 
Nigeria [11]. The optimal energy designs can supply electricity demands 
at competitive costs, with LCOEs ranging from $0.340–0.410/kWh in 
Nigeria and $0.336–0.354/kWh in South Africa. Furthermore, the 
analysis of various solar tracking arrangements reveals their impact on 
energy production, costs, and overall system viability, introducing a new 
viewpoint to evaluating hybrid systems for rural healthcare centers. The 
findings of this study have broader implications that extend beyond the 
specific case studies of rural healthcare facilities in Nigeria and South 
Africa. The methods and insights acquired can be utilized in other lo
cations facing similar energy access and healthcare delivery challenges. 
The comprehensive techno-economic analysis, integration of various 
solar tracking configurations, and utilization of the EDAS approach for 
MCDM analysis provide a framework for assessing the viability and 
enhancing the design of hybrid renewable energy systems in other re
gions. The system designs, which integrate solar PV, wind turbines, 
batteries, and hydrogen storage, can be adapted to suit different loca
tions’ specific conditions and requirements. 

Conclusion 

Access to reliable and sustainable power in developing countries’ 
rural areas remains a major issue. This study examined the technical and 
economic performances of solar PV/wind/battery/fuel cell hybrid sys
tems for off-grid primary healthcare clinics in Sub-Saharan Africa. The 
HOMER software was used to design and simulate optimal hybrid 
renewable energy systems for Nigeria and South Africa, as case studies. 
This study provides novel insights into the subject of hybrid renewable 
energy systems for rural healthcare facilities in sub-Saharan Africa. The 
comprehensive techno-economic analysis, assessment of solar tracking 
configurations, and utilization of the EDAS approach for MCDM analysis 
offer innovative perspectives on these systems’ viability, optimization, 
and decision-making procedures. The results emphasize the potential 
impact of hybrid renewable energy systems on bridging the gap between 
energy access and healthcare delivery in rural areas, while also sup
porting the global initiatives to accomplish Sustainable Development 
Goals 3 and 7 and reduce the effects of climate change. 

The findings demonstrate the practicality of supplying energy to 
rural clinics by using solar photovoltaic (PV) systems, wind power, 
batteries, and hydrogen storage. The hybrid systems developed, can 
efficiently meet the electrical demands of health the facilities in Nigeria 
and South Africa, with levelized energy costs ranging from 
$0.340–0.410/kWh and $0.336–0.354/kWh, respectively. The pro
posed hybrid systems can provide reliable power, facilitating healthcare 
service delivery and enhancing quality of life. This aligns with the 
Sustainable Development Goals (SDGs) 3 and 7. 

The hybrid systems leverage abundant local solar and wind re
sources, aligning with SDG 7′s call for sustainable energy access. 
Nigeria’s annual power production ranges from 6,255 to 8,810 kWh, 
while South Africa’s ranges from 5,963 to 10,470 kWh. Solar photo
voltaic (PV) technology accounts for over 90 % of this energy produc
tion. The research provides an effective framework for context-specific 
planning and adopting renewable hybrids for off-grid health facilities. 
Although greater proportions of renewable energy sources lead to a 
decrease in the cost of electricity (COE) and emissions, they also 
significantly increase the initial investment required. To make hybrid 
systems more affordable, governments should institute policies that can 
be of help, such as: subsidies, incentives, and financing schemes to the 
operators of the hybrid systems. Positive signs for increasing electrifi
cation in the rural areas include a declining COE trend due to an increase 
in the incorporation of renewable energy sources. A decrease in COE 
enhances the availability of power and drives socioeconomic develop
ment in outlying regions. 

The proposed hybrid energy system can mitigate the associated 
environmental concerns by replacing diesel generators. The emissions 

Table 3 
EDAS assessment results for the South African case study.  

Tracking Configuration Spi Sni Nspi Nsni Asi 

NT  0.1233  0.6945  0.6605  0.0000  0.3303 
HADA  0.1475  0.0891  0.7903  0.8718  0.8310 
HAMA  0.1866  0.0028  1.0000  0.9960  0.9980 
HAWA  0.1728  0.0028  0.9260  0.9960  0.9610 
TA  0.1767  0.2369  0.9469  0.6590  0.8029 
VACA  0.1758  0.0000  0.9418  1.0000  0.9709 
HACA  0.1476  0.1044  0.7911  0.8497  0.8204  
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decrease by between 90–100 %, with yearly NOx emissions ranging 
between 0.726–2.48 kg in Nigeria and 0 kg in South Africa. The NOx 
emission results from the air intake of contaminants, anode reactions, 
catalyst activity, operating conditions, and fuel impurities. The study 

demonstrates the feasibility of solar PV/wind/battery systems in deliv
ering sustainable and reliable energy access to enhance healthcare, 
therefore, promoting the achievement of Sustainable Development 
Goals 3 and 7. 

This research has proven that it is feasible to power healthcare fa
cilities in Sub-Saharan Africa with sustainable and efficiently designed 
hybrid renewable systems. By employing efficient system design, PV/ 
wind/battery hybrids offer a practical alternative for extending power 
supply to facilitate healthcare service delivery, therefore, effectively 
addressing the issue of intermittent electricity supplies in the primary 
health sectors in Sub-Saharan Africa. The study provides a significant 
framework that can adequately assist in the planning of tailored to the 
specific circumstances of un-electrified rural communities in the region, 
with the desire to attain the aims of the Sustainable Development Goals 
3 and 7. 
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Fig. 21. Ranking of the energy systems.  

Table 4 
Comparison of the present study with relevant studies.  

Study Location Hybrid 
System 

Solar Tracking 
Configurations 

Key Findings 

[20] Algeria PV/ 
Reformer/FC 

4 configurations Vertical Single Axis 
Tracker (VSAT) had 
the best economic 
performance with 
low NPC and COE. 

[24] Iran PV (grid- 
connected) 

4 configurations Two-Axis (TA) 
system generated 
31.8 % more 
electricity than 
Fixed Tilt (FT). 
Horizontal tracking 
systems had 8.8 % 
higher LCOE than 
FT. 

[11] South 
Africa and 
Nigeria 

PV/Wind/ 
FC/Battery 

7 configurations Nigeria: Optimal 
system with TNPC 
of $9421 and COE 
of $0.754/kWh. 
South Africa: 
Optimal system 
with TNPC of 
$8771 and COE of 
$0.701/kWh. 

[5] Sudan 
and South 
Sudan 

PV/DG/ESS 2 configurations Horizontal and dual 
solar trackers 
provided up to 50 
% better energy 
harvest and 
reduced NPC by up 
to 7 %. Solar 
tracking feasible if 
costs < 375 USD 
(Sudan) and 250 
USD (South Sudan). 

Present 
study 

Nigeria 
and South 
Africa 

PV/Wind/ 
Battery/Fuel 
Cell/ 
Hydrogen 
Storage 

7 configurations Nigeria: LCOE 
$0.336–0.410/ 
kWh, Optimal 
system (NT) with 
TNPC $14,272 and 
COE $0.336/kWh. 
South Africa: LCOE 
$0.336–0.354/ 
kWh, Optimal 
system (HAMA) 
with TNPC $14,393 
and COE $0.339/ 
kWh  
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