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Abstract: This paper takes a cursory look at the problem of inadequate power supply in the rural 

healthcare centres of a developing country, specifically Nigeria, and proffers strategies to address 

this issue through the design of hybrid renewable energy systems combined with the existing unre-

liable grid in order to meet the healthcare load demand, thus ensuring higher reliability of available 

energy sources. The simulations, analysis and results presented in this paper are based on meteor-

ological data and the load profiles of six selected locations in Nigeria, using which hybrid grid-

connected systems integrating diesel, solar and wind energy sources are designed with configura-

tions to give optimum output. The optimised design configurations in the considered case study, 

Ejioku, Okuru-Ama, Damare-Polo, Agbalaenyi, Kadassaka and Doso, produce very low energy 

costs of of 0.0791 $/kWh, 0.115 $/kWh, 0.0874 $/kWh, 0.0754 $/kWh, 0.0667 $/kWh and 0.0588 $/kWh, 

respectively, leveraging solar and wind energy sources which make higher percentage contributions 

at all sites. The load-following-dispatch strategy is adopted at all sites, ensuring that at every point 

in time, there is sufficient power to meet the needs of the healthcare centres. Further works on this 

topic could consider other strategies to optimise general energy usage on the demand side. 

Keywords: renewable energy; hybrid energy optimization; rural electrification; renewable energy 

penetration 

 

1. Introduction 

The global population, industrial and commercial activities, technological innova-

tions such as electric vehicles, robust base transmission systems (BTS), smart cities, and 

many other aspects of human existence are experiencing an exponential increase, which 

has resulted in very high energy demands and consumption [1]. This calls for a massive 

increase in the available global energy resources to meet the increasing demand and avoid 

energy deficits. The minimum expected electrical energy per year in countries is 250 kilo-

watt hours (kWh) for a rural household and 500 kWh for an urban household [2], as rec-

ommended by the International Energy Agency (IEA). However, Moss et al. [3] reviewed 

these data and proposed a minimum of 1000 kWh per person per year to fully achieve the 

aim of Sustainable Development Goal 7 (SDG7): “Ensuring access to affordable, reliable, 

sustainable and modern energy for all” [4]. Many countries are still in a deficit of electrical 

energy supply needed to meet the demands of their population, having as little as 137.53 

kWh per capita per year, resulting in as little as 15.6 kW available per head in 2021 [5]. 

This low energy output thus has a very high negative impact on healthcare facilities, 
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especially those in rural settlements [6]. In order to meet SDG7 by 2030, significant and 

purposeful efforts need to be directed towards providing electrical energy to rural areas, 

as most people without access to electricity reside in these areas [7]. 

Generally, while urban settlements receive better preferential treatment regarding re-

source allocation, rural areas do not benefit much from resource allocation. Often, the re-

sulting shares allocated to these rural areas are insufficient to supply the population [8]. 

Accessibility to good healthcare services in rural areas is greatly impeded by the unavail-

ability/insufficiency of the electrical energy supply to these healthcare centres. This results 

in the poor health status of the people in the area, a high mortality rate, a high density of 

people with terminal diseases, and an overall decline in the living conditions of the pop-

ulace [9]. Thus, there is a need for scalable and sustainable solutions to help curb these 

issues and provide good healthcare services. 

Many healthcare centres in Nigeria are suffering from an electricity supply shortage 

due to the unreliability of the public utility system; moreover, many areas do not have 

access or are not connected to the public utility (national grid). It is this premise that mo-

tivates this research. The current situation is characterised by diesel-powered generators 

generically being employed in standalone and off-grid generating systems for most rural 

healthcare centres. In view of the high cost of fuel and carbon emissions, which are detri-

mental to the environment, this solution alone is termed inefficient [9,10]. Over the years, 

researchers have not ceased efforts to ensure that alternate sources of energy, particularly 

renewables, are deployed to provide energy solutions in our economy today to help mit-

igate energy security issues, thus giving rise to the integration of these alternative energy 

sources [11]. Renewable energy systems are considered a necessity for rural healthcare 

facilities’ operational efficiency; most of these remote health centres are located where the 

grid system cannot be accessed, thus hampering the operation of primary health services 

in rural areas [6]. 

Numerous energy access and quality issues exist in developing and undeveloped na-

tions, endangering the lives of patients, healthcare staff, and infrastructure. Even with die-

sel or petrol, grid electricity proves challenging to maintain, and rural health clinics need 

help to solve this problem. Since most developing nations live in rural or isolated places, 

it is imperative to subscribe to renewable systems such as solar energy in hospital opera-

tions [12]. Rural communities can likely boost local economic activity by producing re-

newable energy plants for various uses, including the primary healthcare sector. Access 

to energy for healthcare is essential to innovate and deliver a sizable number of stable 

healthcare practices, among other business outlooks [13]. Integrating renewable and non-

renewable energy sources proves more economically friendly, improves environmental 

friendliness, and is considered durable compared to traditional systems of single-genera-

tion sources [14]. 

Achieving an optimised configuration of energy resources for a given demand load 

centre given the available energy resources, reducing the cost of energy, carbon emissions, 

and fuel costs and meeting the hourly energy demands requires the adoption of proper 

strategies governing the dispatch sent and energy allocation [10]. These dispatch strate-

gies are rules and algorithms governing the energy flow in hybrid systems [15]. 

2. Literature Review 

Many studies have looked into the unreliability of electrical energy supply to con-

sumers, and have proffered technical and economical solutions. Most of these studies used 

HOMER software to solve optimisation problems, as revealed by Sminha and Chandel 

[16]. Most projects and research on rural electrification  have focused on solving electricity 

problems using standalone systems. Abnavi, M.D. et al. [17] showed that standalone sys-

tems based on the use of diesel generators could greatly reduce the cost of energy, but the 

economics of such systems are greatly affected by and dependent on the cost of fuel. A 

study was conducted by Shezan, S.A. et al. [18] to find the best dispatch strategy, consid-

ering a techno-economic and system stability analysis with optimal sizing for two 
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locations in Bangladesh. A study was carried out on the impact of energy dispatch strate-

gies on the design optimisation of hybrid renewable energy systems [10], and a techno-

economic feasibility and sensitivity analysis of the off-grid hybrid renewable energy sys-

tem was performed in order to find the electric load requirements of an unelectrified rural 

village in Chamarajanagar district, Karnataka (India) [19]. 

In [20], the authors emphasise that renewable energy solutions are appropriate for 

on-grid and off-grid applications, acting as a supporter for the utility network or rural 

location, and went ahead also to examine hybrid renewable energy power production sys-

tems with a focus on energy sustainability, reliability due to irregularities, techno-eco-

nomic feasibility, and environmentally friendliness. At the same time, a techno-economic 

analysis of renewable energy-based micro-grids (MG) considering incentive policies was 

presented in [21] for developing countries such as Iran. The developed framework for the 

optimal planning of a renewable energy-based MG considering incentive policies indi-

cates that the proposed incentive policies reduce the MG’s total net present cost (NPC) 

and the amount of carbon dioxide (CO2) emissions. 

A comparison study of HRES for the electrification of a rural city in Algeria was car-

ried out wherein a PV/wind/battery/electrolyzer/H2 tank/fuel cell hybrid system was pro-

posed as the most optimal solution [22]. Another study was conducted to find a technically 

feasible and economically viable hybrid energy solution for off-grid electrification for the 

village of Korkadu in the Puducherry region in India, in order to provide the least costly 

configuration of solar PV, wind turbines, bio generators, and battery bank backup to meet 

the projected demand [23]. M. Krishnamoorthy [24] performed a feasibility design and 

techno-economic analysis of a hybrid renewable energy system for the rural electrification 

of a remote village, Korkadu, located in the Union Territory of Pondicherry, India, as a 

case study using HOMER software and a combined dispatch strategy. 

A hybrid off-grid renewable power system has been proposed for sustainable rural 

electrification in Benin, Nigeria; the proposed system uses PV/DG/battery configurations 

to provide power for rural areas [25]. A case study on a demand side management-based 

cost-optimised battery-integrated hybrid renewable energy system for remote rural elec-

trification was carried out by Dhavala, R.K. et al. [26], and leveraged an HRES configura-

tion involving PV, wind turbines, diesel generators and batteries, while incorporating ex-

tra optimisation at the consumer end using demand side management. Another hybrid 

grid-tie electrification analysis of bio-shared renewable energy systems for domestic ap-

plication was presented in [27], taking Gaza as a case study. 

A comprehensive study on the optimal planning and design of hybrid renewable en-

ergy systems for microgrid (MG) applications at Oakland University, using HOMER Pro 

for a performance analysis of the technical, economic, and environmental aspects of inte-

grating renewable energy technologies, is presented in [28]. The work addresses the un-

met load in the MG system design to ensure the university’s electricity demand is consist-

ently met. On the other hand, the high fluctuation in PV sources makes it difficult to ac-

curately predict short-term PV output power generation, leading to ineffective system 

planning and effects on energy security. Khortsriwong, N. et al. [29] presented several 

well-known deep learning techniques to forecast short-term PV power generation in a 

real-site floating PV power plant of 1.5 MWp capacity at Suranaree University of Technol-

ogy Hospital, Thailand. 

Some issues, such as the uncertainty of renewable resources, characterise sizing 

methodologies for the HRES. Thus, Medina-Santana and Cárdenas-Barrón [30] proposed 

a sizing methodology that includes long short-term memory (LSTM) cells to predict 

weather conditions in the long term, multivariate clustering to generate different weather 

scenarios, and a nonlinear mathematical formulation to find the optimal sizing of an 

HRES. 

Most of the cited literature in this work clearly and sufficiently solves the issues pre-

sented using HOMER Pro software. Various dispatch strategies and configurations that 

are fitting for the available resources in the areas under review have been presented; 
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however, their simulations and design considerations do not make provisions for grid-

connected systems [10,17–26], while generically referring to the load demand and profile 

of the entire rural area as a case study. However, Al-Najjar, H et al. [27] presented a design 

that considered this observation in the present paper; there is an observable gap in the 

techno-economic analysis, as the techno-economic data for the grid utility was not com-

pletely incorporated into the simulation analysis presented. Although ref. [26] adopts ex-

tra optimisation on the demand side, the system is not grid-tied with a generic rural area 

load. 

This paper, therefore, contributes to existing knowledge by addressing the setbacks 

identified in the cited related literature in the following ways. 

• We design an optimum grid-tied energy system configuration to suffice for the en-

ergy requirements of some specific rural healthcare centres in Nigeria. 

• We adopt LF dispatch strategies to account for the deficiency of energy supplied, 

while ensuring optimal system operations and reductions in energy wasted. 

• The developed optimum grid-tied configuration and the adopted dispatch strategies 

contribute to an overall reduction in emissions. 

• We make an initial attempt to integrate the HRES into the national grid through 

healthcare centres in Nigeria. 

Essentially, the provisions in the configurations presented in this research are grid-

tied. This shows that despite the unreliability of the public utility in some areas, there is 

little time when grid power can be leveraged. The HRES is integrated into the national 

grid, and this study presents the percentage contribution and penetration of the HRES in 

the overall system. 

In addition to the design of grid-tied configurations, the results presented in this pa-

per were simulated with HOMER using actual data for the hourly load demand and con-

sumption of the various healthcare centres as input parameters for the load profiles. This 

goes a long way toward making the results practical and adaptable in their implementa-

tion. The results will provide necessary and useful data for further research and project 

implementation in the electrification of these rural healthcare centres. 

3. Methodology 

The methodological approach utilised in this research involves data collection, prep-

aration, assessment and validation, simulation, and results. The gathered data are from 

rural public healthcare centres (PHCs) in six different locations in Nigeria, which are in-

dependent. The geographical information of these PHCs is presented in Section 3.1 of this 

paper. 

A number of data types are collected and used to achieve the desired results in this 

study. One is the real-time load consumption and demand of the PHC, as shown in Section 

3.4.1. Also, the situational reports on the reliability and availability of the utility or grid 

are collected and discussed in Section 3.4.2. Wind and solar data are sourced and collected 

from the Nigeria Meteorological Agency (NIMET). These recent and accurate data will 

give proper insight into these areas’ available renewable energy resources. These collected 

data are prepared and processed into a suitable format, making the data ready for simu-

lation in HOMER Pro. The results obtained are presented and discussed in Section 4 of 

this paper. 

3.1. Geographical Data of Selected Locations 

In a bid to develop reliable and useful data, the selected locations in this work are 

widely dispersed, covering the six geopolitical zones in Nigeria, as illustrated in Figure 1. 

Table 1 presents a general overview of the geographical information about the PHC’s lo-

cation. This approach will give a broader insight into how system configurations and op-

timal solutions for HRES are affected by the locations and their performance in separate 

regions of Nigeria. In order to explicate and fully grasp how and why the separate regions 
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will have entirely different configurations irrespective of their separate load profiles, in-

formation about the meteorological data is presented in this section [9]. While the North-

west (NW) and North-east (NE) zones have a hot, semi-arid climate type, the North-cen-

tral (NC) region is tropical. Tropical and dry regions are associated with high tempera-

tures. These differences, among others, alter the design parameters in determining the 

optimum solutions for these areas. 

 

Figure 1. Map of Nigeria showing different geopolitical zones. 

Table 1. Geographic information of the selected locations. 

Location State Zone Latitude (°N) 
Longitude  

(°E) 

Altitude 

(Meters) 

Climate 

Type 

Ejioku Oyo South-west (SW) 7.475 4.071 330 
Tropical wet 

monsoon  

Kadassaka Sokoto North-west (NW) 13.68 5°31′59″ 220 Hot semi-arid 

Damare Polo Adamawa North-east (NE) 9°12′48″ 12°29′23″ 353.8 Hot semi-arid 

Doso Plateau North-central (NC) 9.154 9.713 1217 Tropical 

Agbalaenyi Enugu South-east (SE) 6.265 7.281 247 Humid  

Okuru-Ama Rivers  South-south (SS) 4°48′59″ 7°3′3″ 465 Monsoon 

3.2. Renewable Energy Resource Assessment 

Renewable energy resources determine the extent of renewable energy penetration 

in power generation in a particular location. These sources include solar, wind, biomass, 

hydro, and others. However, sun and wind energy are the most abundant and readily 

available for utilisation [9]. Therefore, a proper investigation must be conducted to deter-

mine which combination of resources is most feasible for power generation at a selected 

site. Assessment of renewable energy resources requires a good amount of data for the 

accuracy of the analysis. The geographical data of the location under study and the met-

rological data (solar GHI and wind speed) are the basic data inputs for the simulation. 

The software calculates the possible power output that can be achieved from the re-

sources based on the solar and wind speed data provided. The solar and wind data of the 

six stations are analysed in Sections 3.2.1 and 3.2.2, respectively. Since the locations have 

different climatic statuses, variation is expected in their penetration levels. The average 

daily solar radiation data from 4 to 16 years was prepared monthly for better accuracy.  
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3.2.1. Solar Global Horizontal Irradiance (GHI) 

As earlier established, the solar GHI data are obtained from NIMET. Global horizon-

tal irradiance (GHI) is the total solar radiation incident on a horizontal surface. It is the 

sum of direct normal irradiance (DNI), diffuse horizontal irradiance, and ground-reflected 

radiation [31]. It is given in kWh/m2/day. HOMER uses Solar GHI to compute flat-panel 

PV output, while computing the effects using the Hay and Davies, Klucher and Reindl 

(HDKR) model according to Equation (1): 

𝐺̅𝑇 = (𝐺̅𝑏 + 𝐺̅𝑑𝐴𝔦)𝑅𝑏 + 𝐺̅𝑑(1 − 𝐴𝔦) (
1+cos 𝛽

2
) [1 + ℱ 𝑠𝑖𝑛3 (

𝛽

2
)] + 𝐺̅𝜌𝑔 (

1−cos 𝛽

2
)  (1) 

where 

β = the slope of the surface [°]; 

ρg = the ground reflectance, which is also called the albedo [%];  

𝐺̅𝑏 = the beam radiation [kW/m2]; 

𝐺̅𝑑 = the diffuse radiation [kW/m2]; 

Rb = the ratio of beam radiation on the tilted surface to beam radiation on the horizontal; 

Ai = measure of the atmospheric transmittance of beam radiation. 

A pictorial comparative analysis of the GHI of each location is shown in Figure 2. The 

inputs are the average monthly GHI from 5 to 16 years. It is observed that Doso and Da-

mare-polo, which are, respectively, located in the tropical and hot–semi-arid regional 

parts of Nigeria, have the highest solar penetration. However, the stations located in the 

southern part, which include Okuru-ama, Ejioku, and Agbalaenyi, exhibit lower solar po-

tential. 

 
Figure 2. Average solar data of selected locations. 

3.2.2. Wind Speed Data 

As previously stated, the wind speed data are obtained from NIMET and given in 

m/s. These data forms the basis from which the best wind turbine configuration is devel-

oped to take advantage of the existing wind speed conditions in the locations, as the anal-

ysis of the wind energy potential is based on wind speed data. However, it is important 

to take into account the fact that there is variability in wind speed with respect to height 

(in this case, the height of the turbine) [32]. To account for this, HOMER uses the logarith-

mic profile (or log law), which assumes that the wind speed is proportional to the loga-

rithm of the height above ground [33], as shown in Equation (2). 
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𝑈ℎ𝑢𝑏

𝑈𝑎𝑛𝑒𝑚
=

ln(𝑍ℎ𝑢𝑏 𝑍𝑜)⁄

ln (𝑍𝑎𝑛𝑒𝑚 𝑍𝑜)⁄
 (2) 

where 

Uanem = the wind speed at anemometer height [m/s]; 

Uhub = the wind speed at the hub height of the wind turbine [m/s]; 

zhub = the hub height of the wind turbine [m]; 

zanem = the anemometer height [m]; 

zo = the surface roughness length [m]. 

A comparative analysis of wind speed is presented in Figure 3. From this figure, the 

data show that the Northern region locations, Doso (Northcentral), Kadassaka (North-

west), and Damare-polo (Northeast), have the highest wind penetration level, followed by 

Agbalaenyi (Southsouth), with the lowest potential stations at Ejioku (Southwest) and 

Okuru-ama (Southeast); Doso has the highest level overall. Additionally, it can be ob-

served that there is a relative drop in wind speed in centres starting from May to Septem-

ber, after which there is an observed rise in relative wind speed. 

 
Figure 3. Wind speed of the selected locations. 

3.3. Energy Needs Assessment of PHC in the Selected Sites 

An effective assessment of energy demand is one of the prerequisites to ensure the 

proper selection of a suitable system combination. A load analysis of the equipment used 

in healthcare facilities is required to plan and design the energy system. With this step, 

we can easily obtain the total connected load, average load, peak demand, and hourly 

power usage throughout the 24 h. 

This section gives the load descriptions for the six stations. These include the equip-

ment power rating, hourly demand, and total energy demand. A proper description of the 

site’s load is provided in Appendix A, Tables A1 and A2, as collected on site. From the 

data collected through site visits, load analyses, and questionnaires, it is observed that all 

six healthcare centres are faced with the problem of unreliable grid supply. The grid’s 

unreliability results from very old electricity transmission equipment and materials, im-

proper load shedding, and sometimes unplanned and unscheduled downtime. This poses 

problems for healthcare centres as electrical energy is needed to power the medical equip-

ment. According to information gathered from the sites, there is an average availability of 

electrical supply of about 10% to 15% per year. This equals about 876 h of electrical energy 
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supply per year, compared to 8760 h/yr. With this problem comes the need for a reliable 

system. 

As a result of the unreliable supply of public utilities, all the healthcare centres have 

resorted to using diesel generators to meet their demands. This, in turn, is very costly, as 

the cost of energy is very high considering the cost of diesel; further, the running hours of 

the diesel generator sum up to no less than 14 h daily on average for the various healthcare 

centres, totalling no less than 5000 h per year (about 60%). 

Loads in the health centres are a combination of heavy and light loads. Light loads 

or small energy-consuming appliances are lighting, fans, televisions, and other miscella-

neous devices or loads. Some medical equipment includes a centrifuge, an electrical mi-

croscope, sterilisers, an X-ray machine, a haematology analyser, a blood chemical ana-

lyser, and a few others. 

The approximate daily watt hour load demands of the healthcare centres are 67.306 

kWh/d, 50.757 kWh/d, 49.739 kWh/d, 34.176 kWh/d, 23.916 kWh/d and 30.65 kWh/d for 

Doso, Agbalaenyi, Okuru-Ama, Ejioku, Kadasaka, and Damare Polo, respectively. These 

centres are open 24 h a day, and at every point in time, loads are consumed by the centres. 

These data form part of the input data for the HOMER simulation. 

The situational report shows that the available energy supply is deficient, and the 

diesel generator is not cost-effective. Hence, there is a need for a more scalable and reliable 

configuration to be adopted to improve the efficiency of these PHCs. 

3.4. Homer Software Description and Input Data 

HOMER (Hybrid Optimization for Multiple Energy Resources) is a piece of software 

invented by the National Renewable Energy Laboratory (NREL) for the simulation, opti-

misation, and sensitivity analysis of renewable energy systems [34]. HOMER software is 

designed to provide an optimised system configuration by evaluating the available tech-

nology options based on their energy resource potential in the target location [35]. The 

HOMER methodology employed in this case study is presented in Figure 4 [36]. 

Initial Problem 
Assessment 

Pre-HOMER 
Assessment 

User s Load 

Techno-Economic 
Analysis using 

HOMER 

Results and 
Discussion  

System Design  
Resources  

 
Figure 4. HOMER methodology. 
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The data used in the simulation in HOMER Pro software include load profile data, 

wind speed, diesel fuel consumption, and a model of an unreliable grid and global hori-

zontal irradiance (Solar GHI) for PV analysis. 

3.4.1. Load Profile 

The load profile forms the basis for the configurations and solutions. The load profile 

of each health centre is taken over 24 h. The load demand differs for each selected location, 

with Doso peaking at the highest value of 6.827 kW. A comparative analysis of the load 

profiles of the healthcare centres distributed over 24 h is presented in Figure 5. 

 
Figure 5. Comparative analysis of sites’ load profiles. 

As observed in the load distribution, the system does not utilise all the equipment at 

every instance during the day; the optimisation begins at the consumer end. From the data 

presented in the chart above, it can be observed that Doso Healthcare Center has the high-

est peak load of about 6.827 kW, occurring between 11:00 a.m. and 2:00 p.m. during the 

day, when there is a peak in load consumption. Conversely, Damare Polo and Kadassaka 

have the lowest average daily load consumption. The daily load profiles for various sites 

that serve as input to the HOMER software are shown in Figure 6. It can be deduced that 

there is more demand for power during the day than at night. The maximum demand of 

each station was set to 10% day-to-day random variability and a 15% timestep. This rede-

fines the peak load of the station for better accuracy of results. The need to redefine peak 

load arises from the variability in daily energy demand, which is influenced by consum-

ers’ usage patterns and connected loads. Adapting the definition of peak load to reflect 

these changing requirements for effective energy management is important. These details 

will help to a great extent to determine the nature and size of the hybrid system configu-

ration. 
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Hour  

  

Figure 6. Load profiles input data for various sites. 

3.4.2. Grid Supply 

As mentioned earlier, the current condition of the supply in all the considered PHCs 

is an unreliable grid, which is as low as 30% in some centres. A model of a randomly 

generated profile for outages and normal operation of the grid is generated and provided 

0

0.5

1

1.5

2

2.5

3

3.5

4

1 3 5 7 9 11 13 15 17 19 21 23

Lo
ad

 (
kW

h
/d

)

Hour

Kadasaka PHC 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 2 4 6 8 10 12 14 16 18 20 22

Lo
ad

 (
kW

h
/d

)

Hour

Ejioku PHC

0

1

2

3

4

5

6

7

1 3 5 7 9 11 13 15 17 19 21 23

Lo
ad

 (
kW

h
/d

)

Doso PHC

0

0.5

1

1.5

2

2.5

3

1 3 5 7 9 11 13 15 17 19 21 23

Lo
ad

 (
kW

h
/d

)

Hour

Damare Polo PHC

0

1

2

3

4

5

6

1 3 5 7 9 11 13 15 17 19 21 23

Lo
ad

 (
kW

h
/d

)

Hour 

Okuru-Ama PHC

0

1

2

3

4

5

6

1 3 5 7 9 11 13 15 17 19 21 23

Lo
ad

 (
kW

h
/d

)

Hour

Agbalaenyi PHC



Energies 2023, 16, 7259 11 of 24 
 

as input data for the grid system to obtain the optimal solution from a grid-tied system. 

However, to do this, the grid’s outages and normal operating conditions are arbitrarily 

selected from a 365-day profile. This selection, though arbitrary, is constrained to a maxi-

mum of 30% of normal operation, that is, when there is a power supply in the PHC. 

From the above, a more randomised grid profile is generated by constraining the 

mean outage frequency to 100/yr, with a mean repair time of 3 h and repair time variability 

of 0%. The grid model produced from the profile is shown in Figure 7, and the constraint 

parameters presented here are shown in Figure 8. The purpose of this model is to simulate 

how the grid operates in selected locations. In the model, the green area represents normal 

operation when there is a power supply, while the black section signifies periods of out-

age. The data generated by this model are used as input for simulations, allowing the 

software to better understand the grid’s status in these locations. This forms the basis for 

the unreliable grid input in the research work. Additionally, to obtain a more insightful 

result, the model is generated differently for each of the PHCs. It is noteworthy that the 

designed grid parameters do not allow sales of excess available energy in the centres to be 

sold back to the grid. Hence, the grid export energy tariff is capped at 0 $/kWh. 

 

Figure 7. Profile of arbitrarily selected outage. 

 

Figure 8. Model of unreliable grid input. 

3.4.3. Techno-Economic Data and Specifications 

Table 2 summarises the techno-economic data and specifications used in this study. 

The prices and parameters detailed here are based on recent data from Ngpricehunter 

websites and distribution companies’ tariff rates [37,38]. The data presented in this section 

greatly affect the overall system cost, particularly the inflation rates, as the project’s 

lifespan is 25 years. The annual capacity shortage is set to zero. This ensures an energy 

supply to the PHCs at every point in time, thus justifying the reliability prospects pre-

sented in the design configurations. 

The system’s life-cycle cost is represented by the total net present cost (NPC). The 

NPC is a composite of the system component’s initial capital costs, replacement costs, 



Energies 2023, 16, 7259 12 of 24 
 

annual operating and maintenance costs, and fuel costs, and is computed using Equation 

(3) [9,39]. 

𝑁𝑃𝐶𝑇𝑜𝑡 =
𝐶𝑎𝑛𝑛,𝑇𝑜𝑡

𝐶𝑅𝐹
 (3) 

where 𝐶𝑅𝐹 is the capital recovery factor and can be evaluated in terms of interest rate (i) 

and project lifetime (n), as 

𝐶𝐹𝑅 =  
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
 (4) 

However, in a PV/wind/diesel/battery hybrid system, the total annualised cost of the 

entire hybrid system can be represented as 

 𝐶𝑎𝑛𝑛,𝑇𝑜𝑡 = ∑ 𝐶𝑎𝑛𝑛,𝑝𝑣
𝑁𝑝𝑣

𝑁=1 + ∑ 𝐶𝑎𝑛𝑛,𝑤𝑡 +
𝑁𝑤𝑡
𝑁=1 ∑ 𝐶𝑎𝑛𝑛,𝐷𝐺

𝑁𝑏𝑎𝑡𝑡
𝑁=1 + ∑ 𝐶𝑎𝑛𝑛,𝑏𝑎𝑡

𝑁𝑏𝑎𝑡𝑡
𝑁=1 + ∑ 𝐶𝑎𝑛𝑛,𝑐𝑜𝑛𝑣

𝑁𝑐𝑜𝑛𝑣
𝑁=1   (5) 

where 𝑁𝑝𝑣,  𝑁𝑤𝑡,  𝑁𝐷𝐺, 𝑁𝑏𝑎𝑡, and 𝑁𝑐𝑜𝑛𝑣 are numbers of PV modules, wind turbines, diesel 

generators, batteries and converters, respectively. 𝐶𝑎𝑛𝑛,𝑝𝑣 , 𝐶𝑎𝑛𝑛,𝑤𝑡 ,  𝐶𝑎𝑛𝑛,𝐷𝐺 ,  𝐶𝑎𝑛𝑛,𝑏𝑎𝑡  and 

𝐶𝑎𝑛𝑛,𝑐𝑜𝑛𝑣 are total annualised costs for each component (PV modules, wind turbine, diesel 

generator battery and converter) as computed from 

𝐶𝑎𝑛𝑛 = 𝐶𝑎𝑛𝑛,𝑐𝑎𝑝. + 𝐶𝑎𝑛𝑛,𝑟𝑒𝑝. + 𝐶𝑎𝑛𝑛,𝑂&𝑀 (6) 

In this study, the project lifetime is considered to be 25 years, and the current annual 

interest rate is 10%, while the inflation rate stands at 12%. These economic parameters are 

needed to compute the CRF. After that, HOMER uses the CRF to compute the NPC for 

various system configurations. HOMER aims to minimise the total net present cost (NPC) 

and cost of electricity (COE) by finding the optimal system configuration that matches the 

load demand and satisfies these constraints. It should be noted that all economic factors 

considered in HOMER are calculated in constant dollar (USD) terms. 

Table 2. Economics and technical specification of various proposed system components [37]. 

S/N Component Parameter Value Unit 

1. Grid 

Grid capital cost  0 $ 

Import energy tariff 0.11 $/kWh 

Export energy tariff 0 $/kWh 

2. Solar PV 

Capital cost  500 $/kW 

Replacement cost 450 $/kW 

Operation and maintenance cost 5 $/yr 

Lifetime  25 years 

Efficiency 20 % 

De-rating factor  88 % 

Temperature coefficient −0.38 %/oC 

3. Wind turbine 

Power output type AC  

Initial cost per unit  800 $/kW 

Replacement cost  700 $/kW 

Operation and maintenance cost 50 $/yr 

Hub height 24  m 

Lifetime  20  years 

4. Battery storage 

Type Lead–acid  

Capacity 1  kWh 

Initial cost per unit  200 $ 

Replacement cost  150 $ 

Operation and maintenance cost 5 $/yr 

Maximum depth of discharge 20 % 

Throughput 800 kWh/yr 
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5. Converter 

Capital cost  300 $/kW 

Replacement cost  250 $/kW 

Operation and maintenance cost 5 $/yr 

Lifetime  15 year 

Inverter efficiency  95 % 

Rectifier efficiency 95 % 

6. Diesel generator 

Initial cost per unit  195 $/kW 

Replacement cost  190 $/kW 

Operation and maintenance cost 0.03 $/h 

Lifetime  15,000 hours 

Conversion efficiency  30 % 

Diesel price  1.8 $/L 

Fuel curve slope 0.236 L/h/kW 

7. Control parameters 

Project lifespan  25 year 

Simulation time step 1 hour 

Annual capacity shortage 0 % 

Expected Inflation rate  12 % 

Interest rate 10 % 

Dispatch strategy  Load following (LF)  

3.5. System Component Modelling for Hybrid Systems 

3.5.1. PV Model 

The power output of a photovoltaic cell is determined by several factors, including 

variation in solar radiation, module temperature, fill factor, shading, soiling, potential in-

duced degradation and module orientation, and tilt angle. The most important factor here 

is solar radiation. The I–V characteristics of the solar cell change greatly with sunshine 

intensity S (W/m2) and cell temperature [40,41]. Figure 9 shows an equivalent circuit of the 

solar cell. 

 

Figure 9. Equivalent circuit of the solar cell [42]. 

The corresponding I–V function is given as 

𝐼 = 𝐼𝐿 − 𝐼𝑜 {𝑒𝑥𝑝 [
𝑞(𝑉 + 𝐼𝑅𝑠)

𝐴𝐾𝑇
] − 1} −

𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 (7) 

𝑉𝑜𝑐 =
𝑘𝑇

𝑞
ln (

𝐼𝐿

𝐼𝑜
+ 1) ≈

𝑘𝑇

𝑞
ln (

𝐼𝐿

𝐼𝑜
) (8) 

I = load current  

IL = photovoltaic current 

Io = reverse saturation current  

q = electronic charge 

k =Boltzmann constant 

T = absolute temperature 

A = factor of the diode quality 
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RS = series resistance 

RSH = parallel resistance  

VOC = open circuit voltage 

A group of PV cells constitute a module; some modules are arranged in series or 

parallel, and referred to as an array. Thus, the power of the PV array depends on the num-

ber of PV cells and modules coupled together. HOMER computes the power of the array 

using Equation (9). 

𝑃𝑃𝑉 = 𝑌𝑝𝑣𝑓
𝑝𝑣

(
𝐺̅𝑇

𝐺̅𝑇,𝑆𝑇𝐶

) [1 + 𝛼𝑝(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑐,𝑆𝑇𝐶)] (9) 

where 

YPV = the rated capacity of the PV array, meaning its power output under standard test 

conditions [kW]; 

fPV = the PV derating factor [%]; 

𝐺̅𝑇 = the solar radiation incident on the PV array in the current time step [kW/m2]; 

𝐺̅𝑇,𝑆𝑇𝐶 = the incident radiation at standard test conditions [1 kW/m2]; 

αP = the temperature coefficient of power [%/°C]; 

Tcell = the PV cell temperature in the current time step [°C]; 

Tc,STC = the PV cell temperature under standard test conditions [25 °C]; 

3.5.2. Wind Model 

Wind turbines generate electrical energy from the kinetic energy of moving air, 

which is wind. This is achieved by the rotary motion produced as the wind breezes 

through coupled blade-like fans attached to an alternator. The power output of a wind 

turbine is given in Equation (10). 

𝑃𝑚 =
1

2
𝜌𝐴𝑉3𝐶𝑒  (10) 

where р, A, V and Ce represent air density (kg/m3), the turbine’s swept area (m2), wind 

speed (m/s), and the maximum power extraction efficiency of the wind generator, usually 

referred to as the Bertz limit, with a peak value of about 0.59, respectively [43,44]. 

The meteorological information on wind characteristics used in this study are de-

tailed in Section 3.2.2. Since the relative peak energy demand of the PHCs is roughly 5 

kW, the wind turbine size selected for this work is a generic 1 kW wind turbine with a 

hub height of about 24 m. 

3.5.3. Diesel Generator 

The most important parameter for the diesel generator model is the fuel curve slope 

unit, given as L/h/kW output. The second parameter is the cost of fuel, which at the time 

of carrying out this study, was 1.8 $/L. In the generator inputs options, when the fuel curve 

inputs are computed, HOMER draws the corresponding efficiency curve [32]. The fuel 

consumption of the diesel generator, ConsG (l/h) is modelled as dependent on the output 

power [44] from Equation (11). 

𝐹𝐺 = 𝐵𝐺 × 𝑃𝐺−𝑟𝑎𝑡𝑒𝑑 + 𝐴𝐺 × 𝑃𝐺−𝑜𝑢𝑡 (11) 

where PG-rated (kW) is the nominal power, PG-out (kW) is the output power of the diesel gen-

erator, and AG and BG are the fuel curve slope and the fuel curve intercept, respectively, 

defined by the user (l/kWh). The fuel curve slope given in the simulation data is 0.236 

L/h/kW. 
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3.5.4. Battery Energy Storage 

This is a very important aspect of the HRES. The battery storage system helps store 

available energy during the day and supply it at night or when there is a shortage of avail-

able renewable energy resources (wind and solar) [45]. Again, it should be pointed out 

that the behaviour of the battery with respect to the state of charge, autonomous runtime, 

depth of discharge, and other characteristics solely depends on the dispatch strategy uti-

lised. Whilst cycle charging focuses on using available excess energy to charge the batter-

ies, load following focuses on meeting the immediate demand of the load regardless of 

the battery storage capacity. 

There are a number of available battery technologies used in renewable energy sys-

tems, some of which include: lithium ion–lithium manganese oxide (LMO), lithium nickel 

manganese cobalt oxide (NMC), lithium nickel cobalt aluminium oxide (NCA), lithium 

iron phosphate (LFP); lead acid-flooded, valve-regulated lead-acid (VRLA); nickel–nickel 

cadmium (NiCd); flow-redox flow batteries (RFB), and hybrid flow batteries [46]. Lead-

acid batteries were selected for this research. The model is a 1 kWh battery with a nominal 

voltage of 12 V and a maximum capacity of 83.4 Ah. It has a roundtrip efficiency of 80%, 

a maximum charge current of 16.7 A, and a maximum discharge current of 24.3 A. 

The charging of batteries occurs whenever the available energy supplied completely 

satisfies the available demand; thus, the excess is used for charging. The battery charge 

capacity at any instant can be computed from Equations (12) and (13) [9]. 

𝐶𝐵(𝑡) = 𝐶𝐵(𝑡 − 1). (1 − 𝜎) + [𝑃𝑇(𝑡) −
𝑃𝐿(𝑡)

𝜂𝑖𝑛𝑣
]  × 𝜂𝐵𝑎𝑡𝑡 (12) 

𝑃𝑇(𝑡) = 𝑁𝑝𝑣𝑃𝑝𝑣 + 𝑁𝑤𝑡𝑁𝑤𝑡 (13) 

where 

𝑃𝐿(𝑡) = load demand; 

𝜎  = battery self–discharging rate; 

𝜂𝑖𝑛𝑣 = inverter efficiency; 

𝜂𝐵𝑎𝑡𝑡 = inverter efficiency; 

𝑃𝑇(𝑡) = total power generated by the RE sources at time t; 

𝑃𝑝𝑣 = power output of PV panel; 

𝑃𝑤𝑡 = output power of the wind turbine; 

𝑁𝑝𝑣 and 𝑁𝑤𝑡 = number of PV modules and wind turbines, respectively. 

There are several models used to predict the expected lifespan of batteries, which 

depend on the operation conditions, the charge/discharge regime and temperature [45]. 

The operational lifetime of the battery can be prolonged if DOD is set within the range 

(30–50)%, depending on the manufacturer’s specifications [9]. The maximum amount of 

power the storage bank can discharge over a specific time is given by Equation (14). 

𝑃𝑏𝑎𝑡𝑡,𝑑𝑚𝑎𝑥,𝑘𝑏𝑚 =
−𝑘𝑐𝑄𝑚𝑎𝑥 + 𝑘𝑄1𝑒−𝑘Δ𝑡 + 𝑄𝑘𝑐(1 − 𝑒−𝑘Δ𝑡)

1 − 𝑒−𝑘Δt + 𝑐(𝐾Δ𝑡 − 1 + 𝑒−𝑘Δt)
 (14) 

where 

Q1 = available energy [kWh] in the storage component at the beginning of the time step; 

Q = total amount of energy [kWh] in the storage component at the beginning of the 

Qmax = total capacity [kWh] of the storage bank; 

c = the storage capacity ratio [unitless]; 

k = the storage rate constant [h−1]; 

Δt = the length of the time step [h]. 
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3.6. Dispatch Control Strategies 

During the normal daily operations of demand centres, the energy consumed at 

every instant is different. This results from different load consumption cultures among 

consumers, time of day, peak load consumption, and the behaviours of loads, especially 

inductive loads. Sometimes, the rate of change or increase in instantaneous energy de-

mand is so sudden that spikes can be identified in the load demand curves of the centres. 

In normal conditions, the energy supply is sufficient to meet average energy use, but when 

these spikes occur, there tends to be a deficiency in the energy supply. In such instances, 

strategies must account for the deficiency of energy supplied while ensuring that the sys-

tem operates in optimal conditions and that energy excesses are reduced. A dispatch con-

trol strategy helps solve this problem. They are predefined rules and algorithms that con-

trol generator and storage unit operations when insufficient renewable energy resources 

supply the load [18]. 

Some of the existing dispatch strategies adopted by systems include load following 

(LF), cycle charging (CC), and combined dispatch strategy (CD). LF algorithms check and 

ensure that the generator supply is sufficient to power the primary load demand without 

charging the battery storage; CC dispatch strategy sees to it that the generator is operated 

at full capacity and excess supply is used to charge the batteries. CD encompasses LF and 

CC, using a trained model for predicting load behaviour, as it takes into consideration the 

future load demand and net present load consumption, and decides whether battery 

charging should be achieved using a generator or a renewable supply should be adopted 

[18,24,25]. 

LF strategy has been identified to be cost-effective in locations with high renewable 

energy potential, while CC strategy has mostly shown to be suitable in areas with limited 

renewable resources. Furthermore, it was observed from our review of the literature that 

the dispatch approach adopted in most grid-connected hybrid renewable energy systems 

(HRESs) that the grid acts as a reliable backup capable of delivering or absorbing surplus 

energy [47–51]. 

One disadvantage of the LF control strategy is that when the net load is less than the 

optimum operating capacity of the diesel generator, it may lead to underutilisation of the 

generator. On the other hand, when it is predicted that renewable energy sources will not 

be available in the near future or when the net load is lower than the optimal operating 

power of the generator, it is cost-effective to charge the battery and simultaneously supply 

the net load. However, this strategy can lead to missed opportunities to absorb excess 

renewable energy using the battery later in the day when RES become available, since the 

battery may have already been charged with the generator. This can result in higher green-

house gas emissions and increased operation and maintenance (O&M) costs. However, 

this kind of operation creates substantial issues for developing nations such as Nigeria, 

wherein grid electrical supply can be unreliable and there is no policy regarding selling 

excess energy back to the grid. 

4. Results and Discussion 

This section presents the results obtained from the simulation of the resources at the 

selected sites. The project lifespan is 25 years, and the data presented here will help re-

searchers’ further work on rural electrification, especially in remote places in Nigeria. The 

results discussed here are the optimum configurations for the six considered sites. An 

analysis of the pollution and emissions from the proposed configurations, the electrical 

summaries, percentage contributions, renewable energy penetration, and a comparative 

analysis of the outcomes of the various sites with insights on factors that determine and 

affect the choice of some configurations are presented herein. 
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4.1. Optimum System Configurations 

The optimum system configurations for the locations under study in this paper are 

detailed in Table 3. The results obtained from simulations in the HOMER Pro software 

with information on the components in the system configuration present for each config-

uration the respective sizing and economic data covering initial capital, net present cost 

(NPC), and cost of energy (COE). Systems involving diesel generators (DG) have further 

information on annual fuel consumption. The dispatch strategy adopted in the optimised 

solutions is the load-following dispatch strategy. An inflation rate of 12% is considered 

for the estimated lifespan of the project configuration of 25 years. 

Based on these results, the best system configuration for all the sites considered is a 

hybrid PV/wind/diesel/battery/grid system, as shown in Table 3. The optimal configura-

tion obtained for Kadassaka has the lowest NPC ($32,167) and COE (0.0667 $/kWh) of all 

the sites considered, followed by the Damare-polo site, with a $54,012 NPC and 0.0874 

$/kWh COE. The low NPC and COE obtained from these sites are due to the sites’ high 

availability of solar and wind resources compared to other sites. 

Additionally, it was noted from the obtained results that one of the variables in de-

termining the size (in kW) of the systems put together to power the site is the load demand 

of each site. HOMER chooses systems with lower ratings for locations with minimal en-

ergy demand and vice versa. Kadasaka is a station situated in an area with favourable 

wind patterns and dependable solar radiation levels. Although the Kadasaka PHC has a 

low energy requirement, HOMER chooses just the right number of PV and wind kilowatts 

to meet the demand, bringing the renewable fraction to 93.5%. As a result, these findings 

need to be cautiously interpreted while considering the potential for renewable sources 

and the highest possible demand. 

Furthermore, compared with each site’s present load profile and demand, the opti-

mal and best system configuration allows for future load growth, as depicted in Figure 

10. For instance, Doso, with a total present load power description of 9.7 kW, has an in-

stalled capacity under the best configuration (PV/wind/diesel/battery/ grid) of 29.8 kW. 

Additionally, in terms of the reduction of emissions through renewable integration, the 

two-period moving average line computed and depicted in Figure 10 shows that the av-

erage renewable fraction is above 45%. 

Since the conventional standalone diesel generator and grid are presently employed 

in the selected rural healthcare facilities, it is considered the base case simulation. It is 

selected to allow a comparison to be made regarding the total savings that can be made in 

terms of cost and emissions when renewable energy sources are included in the design 

and implementation of the hybrid power system. This configuration (diesel–grid system) 

is observed to be the worst configuration, with the highest NPC ($1,180,000) and COE 

(0.866 $/kWh). More so, it has the highest initial capital cost of $2145 (as observed in the 

Doso PHC) among other base system configurations. High fuel consumption due to long 

hours of generator operation, high demand, and the associated maintenance costs have 

led to this high NPC. It is also noted that the COE of a diesel–grid system is approximately 

fifteen times the optimal configuration at all the selected sites. This observation has 

demonstrated that the configuration with the lowest capital cost may not necessarily be 

the configuration with the lowest energy cost. Conversely, the diesel-only system config-

uration NPC costs 30 times more than the best optimal configuration at the entire site. 

Therefore, adding renewable energy sources (wind and solar PV) and batteries to the ex-

isting diesel–grid system at the selected sites is considered a good investment in fuel sav-

ings and emission reduction. 

Finally, the outcome depicts how sites with high renewable energy penetration are 

massively more favoured in sufficient and reliable power generation via renewable energy 

sources than the less potential areas. This can be explained by the percentage renewable 

fraction, which is clearly defined in the result in Table 3. 



Energies 2023, 16, 7259 18 of 24 
 

 

Table 3. Optimised system configurations for selected sites. 

PHCs 
System Configura-

tion 

Components Size Economics 
Fuel 

Consp 

(L/yr) 

RF 

(%) 

Total Grid 

Purchase 

(kWh) 

Dis-

patched 

Strategy 
PV 

(kW) 

Wind 

(kW) 

Diesel 

(kW) 

Total In-

stalled 

(kW) 

Batt. 

(no.) 

Conv. 
Initial 

Cap ($) 

Total 

NPC ($) 

COE 

($/kWh) (kW) 

Damare-

Polo 

PV–Wind–Diesel–

Battery–Grid 
5.5 4 4.4 13.9 58 3.86 19,565 54,012 0.0874 0.506 95.8 470 LF 

PV–Wind–Battery–

Grid 
5.35 4 — 9.35 57 3.22 18,242 55,836 0.0903 — 95.8 470 LF 

Diesel–Grid — — 4.4 4.4 — — 858 495,571 0.801 4177 — 2276 CC  

Agbalaenyi 

PV–Wind–Diesel–

Battery–Grid 
14.9 5 8.8 28.7 58 7.5 27,004 77,224 0.0754 11.3 88.1 2174 LF 

PV–Wind–Battery–

Grid 
18.5 5 — 23.5 57 7.1 26,773 81,198 0.793 — 88.6 2112 LF 

Diesel–Grid — — 8.8 8.8 — — 1716 882,843 0.862 7136 —  6862 CC 

Doso 

PV–Wind–Diesel–

Battery–Grid 
11.8 7 11 29.8 61 9.08 28,564 79,835 0.0588 6.32 93.7 1533 LF 

PV–Wind–Battery–

Grid 
11.6 7 — 18.6 60 8.13 25,852 84,414 0.0622   93.7 1539 LF 

Diesel-Grid — — 11 11 — — 2145 1.18 M 0.866 13,104 — 8349 CC 

Kadassaka 

PV–Wind–Diesel–

Battery–Grid 
7.09 2 7 16.09 28 5.57 13,780 32,167 0.0667 7.24 93.5 551 LF 

PV–Wind–Battery–

Grid 
7.28 2 — 9.28 29 5.38 12,653 35,169 0.0729   93.7 549 LF 

Diesel–Grid — — 7 7 — — 1365 728,227 1.51 5513 — 2680 CC 

Ejioku 

PV–Wind–Diesel–

Battery–Grid 
16.4 3 6.2 25.6 24 4.74 18,034 54,515 0.0791 10.7 90.9 1109 LF 

PV–Wind–Battery–

Grid 
15.9 4 — 19.9 24 4.17 17,181 57,620 0.0836 0 91.9 1014 LF 

Diesel–Grid — — 6.2 6.2 — — 1209 631,458 0.916 9269 — 4010.381 CC  
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Okuru-

Ama 

PV–Wind–Diesel–

Battery–Grid 
20.9 4 8.6 33.5 72 7.53 31,981 114,903 0.115 18.8 85.6 2582 LF 

PV–Wind–Battery–

Grid 
24.2 4 — 28.2 72 7.3 31,896 118,820 0.119 — 86.1 2,21 LF 

Diesel–Grid — — 8.6 8.6 — — 1677 850,331 0.847 6906 — 6451 CC 

 

Figure 10. Comparative sizes of sources: installed capacity, present demand, and renewable fraction of installed power sources. 

DAMARE-POLO AGBALAENYI DOSO KADASSAKA EJIOKU OKURU-AMA

PV 5.5 5.35 0 14.9 18.5 0 11.8 11.6 0 7.09 7.28 0 16.4 15.9 0 20.9 24.2 0

Wind 4 4 0 5 5 0 7 7 0 2 2 0 3 4 0 4 4 0

Diesel 4.4 0 4.4 8.8 0 8.8 11 0 11 7 0 7 6.2 0 6.2 8.6 0 8.6

Total Installed 13.9 9.35 4.4 28.7 23.5 8.8 29.8 18.6 11 16.09 9.28 7 25.6 19.9 6.2 33.5 28.2 8.6

Present Demand 2.135 7.787 9.771 5.122 5.226 6.625

RF 95.8 95.8 0 88.1 88.6 93.7 93.7 0 93.5 93.7 0 90.9 91.9 0 85.6 86.1 0
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4.2. Electrical Energy Output of Optimum System Configuration 

The summary of the optimum solutions is illustrated in Table 4. The data presented 

contain the results for PV, wind, diesel generator, and grid resources. Studies have shown 

that analysis of the yearly system performance of renewable energy resources suffices and 

provides ample information for decision making [52]. This results from the relatively sim-

ilar behaviour or patterns of climatic data in terms of wind speed, irradiance from the sun, 

temperature, and other meteorological data. Hence, the data presented in this section are 

drawn from annual data and the system’s behaviour. 

Table 4. Summary of electrical energy output of optimum configuration. 

Source Metrics Damare-Polo Agbalaenyi Doso Ejioku Kadasaka Okuru-Ama 

PV 

Max. Output 5.85 15.9 12.4 17.7 7.58 22.2 

Total Annual Energy 

Production (kWh/yr) 
9954 18,535 21,340 23,803 12,643 25,584 

% Contribution 38.1 49.3 37.8 74.2 59.4 74.9 

Wind 

Max. Output 4.0 5.0 7.0 3.0 2.0 4.0 

Total Annual Energy 

Production (kWh/yr) 
15,689 16,891 33,599 7129 8075 5955 

% Contribution 60.1 44.9 59.5 22.2 37.9 17.4 

D-Gen 

Max. Output 1.10 2.98 2.75 1.55 1.75 2.15 

Total Annual Energy 

Production (kWh/yr) 
1.10 25.0 13.8 23.3 15.8 40.9 

OPERATING HOUR 

(1 h/yr) 
1.0 11 5 15 9 19 

% Contribution 0.0042 0.0664 0.0243 0.0725 0.074 0.12 

Grid 

Total Annual Energy 

Production (kWh/yr) 
470 2174 1533 1109 551 2582 

% Contribution 1.80 5.78 2.71 3.46 2.59 7.56 

4.3. Pollution and Emission Analysis 

While analysing the potential of a hybrid renewable energy system, it is essential to 

consider the effect on the environment [35]. The HOMER Pro software evaluates the emis-

sion of six different pollutants. The pollutants include CO2, CO, unburned hydrocarbon, 

particulate matter, SO2, and NO. These pollutants are produced from generators or ther-

mal boilers and are attributed to a negative environmental impact. 

In this study, HOMER analysed the emission of each pollutant in kg/yr, whereby the 

proposed PV–wind–diesel–battery–grid system combinations contribute a very low emis-

sion rate compared to a base case of diesel–grid system for all the sites under study. Table 

5 gives the comparative details of total emissions per year released into the environment. 

Table 5. Comparative analysis of emission rate (kg/yr). 

Configuration Okuru-Ama Kadassaka Agbalaenyi Damare-Polo Dosso Ejioku 

Proposed system 

(kg/yr) 
1692.28 369.54 23,325.35 12,545.13 991.499 733.9 

Base case (kg/yr) 22,451.6 16,353 1413.32 299.94 30,828.28 
16,232.

90 

5. Conclusions 

This research paper vividly presents and discusses the adverse effects of electrical 

energy deficiency in residential and commercial sectors, focusing on Nigeria and the 
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affected public healthcare centres. We also highlighted Nigeria’s available per capita en-

ergy, currently at 137.53 kWh per annum, which is technically insufficient and not suffi-

cient meet the Sustainable Development Goal 7 (SDG 7) proposed by the United Nations. 

This energy shortage affects the general performance of PHCs in Nigeria, especially those 

in rural areas facing poor healthcare services and high mortality rates. In a bid to contrib-

ute positively to the stated problems, this paper looks into the situation of the power sup-

ply of the PHCs, and proffers solutions. 

The areas selected for this research are spread across the six geographical zones in 

Nigeria, thus giving a broader insight into how systems configurations and optimal solu-

tions for HRES are affected by their location and performance in the separate regions in 

Nigeria. These areas include Ejioku (Southwest), Kadassaka (Northwest), Damare Polo 

(Northeast), Doso (Northcentral), Agbalaenyi (Southeast) and Okuru-Ama (Southsouth) 

regions. The meteorological data sources for this report are very recent, being from as 

recent as 2020, and are from the Nigeria Meteorological Agency; this justifies our degree 

of confidence in said results, which form part of the optimisation parameters. The load 

profiles were collected on-site, and the techno-economic data are up to date, sourced from 

original equipment manufacturers and distribution companies’ tariff rates in Nigeria. The 

results of this research will be useful and insightful in future works for providing grid-

tied configurations to rural healthcare centres. 
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Appendix A 

Table A1. Load analysis for Okuru-Ama, Agbalaenyi and Doso PHC. 

PHC Centers Okuru-Ama Agbalaenyi Dosso 

Load Description Qty 

Total 

Power 

(W) 

Total 

on-

Time 

(h/d) 

Total En-

ergy 

(kWh/d) 

Qty 

Total 

Power 

(W) 

Total 

on-

Time 

(h/d) 

Total En-

ergy 

(kWh/d) 

Qty 

Total 

Power 

(W) 

Total on-

Time (h/d) 

Total Energy 

(kWh/d) 

Multi-purpose refrigerators  1 330 18 5.94 1 330 18 5.94 2 660 16 10.56 

Lab refrigerators  1 90 17 1.53 1 90 17 1.53 1 90 17 1.53 

Surgical lights 2 18 4 0.072 2 18 4 0.072 2 18 4 0.072 

Televisions 2 160 7.5 1.2 6 480 8 3.84 6 480 7 3.36 

Ceiling fans 13 910 11 10.01 10 700 11 7.7 13 910 11 10.01 

Water pumping machines 1 746 3 2.238 1 786 3 2.358 1 786 3 2.358 

Lighting—indoor 27 405 9 3.645 17 255 9 2.295 20 300 12 3.6 

Lighting—outdoor  14 560 12 6.72 13 520 12 6.24 15 600 12 7.2 

Centrifuge 1 250 3 0.75 2 500 3 1.5 2 500 3 1.5 

Haematology mixer 1 30 5 0.15 1 30 5 0.15 1 30 5 0.15 

Haematology analyser 1 220 5 1.1 1 220 5 1.1 1 220 5 1.1 

Desktop computer 1 160 6 0.96 1 160 6 0.96 2 320 6 1.92 

Mobile charger 6 90 6 0.54 8 120 3 0.36 6 90 2 0.18 

Vacuum aspirator 1 38 2 0.076 1 38 2 0.076 1 38 2 0.076 
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Oxygen concentrator 1 300 3 0.9 1 300 3 0.9 1 300 3 0.9 

AC 2 2238 6 13.428 2 2238 6 13.428 3 3357 6 20.142 

Microscope 1 30 6 0.18 5 100 2 0.2 6 120 2 0.24 

Printer 1 50 6 0.3 1 50 6 0.3 2 100 6 0.6 

VCR - - - - 1 20 2 0.04 1 20 2 0.04 

Ultrasound machine - - - - 1 800 2 1.6 1 800 2 1.6 

Radio—standby - - - - 1 2 24 0.048 1 2 24 0.048 

Radio–transmitting - - - - 1 30 4 0.12 1 30 4 0.12 

TOTAL  6625 129.5 49.739  7787 155 50.757  9771 154 67.306 

Table A2. Load analysis of Ejioku, Kadasaka, Damare-polo PHC. 

PHC Centers Ejioku Kadassaka Damare-polo 

Load Description Qty 

Total 

Power 

(W) 

Total 

on-

Time 

(h/d) 

Total En-

ergy 

(kWh/d) 

Qty 

Total 

Power 

(W) 

Total 

on-

Time 

(h/d) 

Total En-

ergy 

(kWh/d) 

Qty 

Total 

Power 

(W) 

Total on-

Time (h/d) 

Total Energy 

(kWh/d) 

Multi-purpose refrigerators  1 200 7 1.4 1 300 10 3 1 200 10 2 

Lab refrigerators  1 80 11 0.88 1 60 18 1.08 1 90 10 0.9 

Surgical lights 1 40 3 0.12 - -  -  0 - - - 0 

Television 2 200 10 2 1 80 6 0.48 1 80 10 0.8 

Ceiling fans 12 840 13 10.92 7 420 8 3.36 8 560 10 5.6 

Water Pumping machines 1 1119 3 3.357 - - - 0 - - - 0 

Lighting—indoor 8 120 15 1.8 8 120 8 0.96 14 210 13 2.73 

Lighting—outdoor  8 192 12 2.304 6 240 12 2.88 10 400 12 4.8 

Centrifuge 1 245 5 1.225 1 242 3 0.726 - - - 0 

Haematology mixer - - - 0 1 28 4 0.112 1 30 4 0.12 

Haematology analyser 1 230 3 0.69 1 230 4 0.92 1 220 2 0.44 

Desktop computer 1 200 5 1 1 150 5 0.75 - - - 0 

Mobile charger 10 200 9 1.8 4 80 6 0.48 11 165 10 1.65 

Vacuum aspirator 1 40 3 0.12 1 40 2 0.08 - - - 0 

Oxygen concentrator 1 300 3 0.9 1 270 2 0.54 - - - 0 

Lab autoclave - - - 0 1 1500 2 3 - - - 0 

Microscope 2 60 4 0.24 2 40 6 0.24 1 30 4 0.12 

Printer 1 50 4 0.2 -     0 - - - 0 

VCR - - - 0 1 20 4 0.08 - - - 0 

Ultrasound machine - - - 0 1 800 2 1.6 - - - 0 

Standby - - - 0 1 2 24 0.048 - - - 0 

Transmitting - - - 0 1 30 4 0.12 - - - 0 

Incubator 1 500 6 3 1 400 5 2 - - - 0 

Hf radio transmitter 2 60 7 0.42 - - - 0 - - - 0 

Electric sterilizer (autoclave) 1 100 3 0.3 - - - 0 1 150 2 0.3 

Cd4 machine 1 200 4 0.8 - - - 0 - - - 0 

X-ray machine 1 200 3 0.6 - - - 0 - - - 0 

Blood chemical analyser 1 50 2 0.1 - - - 0 - - - 0 

Blood bank regulator - - - 0 1 70 18 1.26 - - - 0 

Suction apparatus - - - - 1 100 2 0.2 - - - 0 

Air conditional  - - - - - - - - 1 1119 10 11.19 

TOTAL   5226 135 34.176   5122 153 23.916   2135 87 30.65 
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