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Optimising Solar-Biomass Hybrid Energy Systems for Sustainable Rural Electrification


[bookmark: _Hlk190825747]ABSTRACT
Off-grid hybrid microgrids, which integrate multiple energy sources based on resource availability and economic or environmental considerations, are gaining attention as an alternative to unreliable conventional power systems. This study explores the feasibility of combining photovoltaic (PV) and biomass energy to develop a sustainable hybrid renewable energy system (HRES). Using HOMER Pro v3.14.5, the system is designed to meet the energy demand of a rural community with an estimated load of 264,781 kWh, solar radiation of 5.3785 kWh/m²/day, and biomass availability of 8 tonnes/day. The proposed HRES consists of a 733.23 kW PV module with a 177% penetration rate, an 800 kW biomass generator producing 69,508 kWh annually, a 482.49 kW converter, and two battery storage options (ABB-P3 and ABB-M1). Five system configurations were evaluated based on key performance metrics, including renewable fraction (RF), initial capital cost (ICC), net present cost (NPC), operating cost (OC), and cost of energy (COE). The ABB-M1 storage system was identified as the most viable, with an NPC of $1.97 million, a COE of $0.046677, CO₂ emissions of 4.72 kg/h, and a 100% renewable fraction. This approach offers a scalable and cleaner energy solution for rural electrification, demonstrating the potential of hybrid renewable systems to reduce dependence on fossil fuels and lower carbon emissions in off-grid areas.
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1. INTRODUCTION
Rural development, a cornerstone of eradicating poverty in rural areas (Mihai and Iatu 2020), plays a crucial role in improving living standards, health outcomes, and life expectancy. However, many rural regions across the globe continue to lack access to modern amenities, leading to persistently high mortality rates and limited opportunities for economic and social growth. The absence of essential services like electricity exacerbates these challenges, hindering the provision of healthcare, education, and agricultural productivity (Zhang et al. 2017; Kaygusuz 2011).
Despite significant strides in global development, rural electrification remains a pressing issue, particularly in countries grappling with the gap between energy demand and supply, such as Nigeria (Akuru et al. 2017; Naibbi and Tukur 2017). Insufficient access to electricity not only impedes economic progress but also exacerbates social inequalities, with rural populations disproportionately affected by energy poverty. In response to this challenge, there is a growing recognition of the importance of decentralised renewable energy systems, which harness abundant local resources while promoting environmental sustainability (Malik et al. 2023; Rabea et al. 2023; Zhang et al. 2023; Dong et al. 2023; Batool et al. 2022; Saulat et al. 2021; Giwa et al. 2017).
Integrating multiple renewable energy resources with appropriate storage modules and backup systems, previously termed 'hybridization,' is a highly effective solution to these challenges. During the initial planning phase, determining the ideal capacity of each component in a hybrid renewable energy system (HRES) is crucial (He et al. 2022a). An undersized setup might result in an inadequate energy supply, whereas an oversized one can produce surplus electricity and incur higher capital expenses (He et al. 2022b). Therefore, determining the ideal capacity of decentralized HRESs is essential for the sustainable energy transition and overall societal development. Nevertheless, tackling the technical, economic, environmental, and socio-political challenges and risks associated with decentralized hybrid energy systems remains a significant issue (Das and De 2023).
Several studies have proposed methods for sizing hybrid renewable energy sources (HRES) to generate consistent power output (Muhammad et al. 2024; Dahunsi et al. 2022; Xu et al. 2023; Uzedhe et al. 2022; Ganjei et al. 2022; Achirgbenda et al. 2020). Olatomiwa et al. (2018) examined various hybrid energy system configurations across different regions using HOMER software. The study assessed economic feasibility under varying conditions, reporting Levelized Cost of Energy (COE) and Net Present Cost (NPC) within a specific range. In an earlier study (2015), the authors compared two optimal system setups—one combining diesel, solar PV, and battery storage, and another incorporating wind, solar PV, diesel, and battery. Results showed that the latter had higher costs, reflected in its COE and NPC values.
Weiping et al. (2019) introduced a novel hybrid optimisation approach to design a hybrid autonomous power system. This method integrates simulated annealing, harmonic search, and chaotic search techniques to assess system reliability. Bajaj and Kumar (2021) observed significant economic and environmental impacts of off-grid electrification systems in rural areas. Sharma and Sood (2021) developed a detailed sensitivity model to examine how different storage methods affect hybrid microgrid system performance. According to Choudhury et al. (2021), pumped storage represents a dependable and cost-effective solution for storing electrical energy. Khan et al. (2021) and Yousaf et al. (2021) discussed various methods for predicting electricity costs. Mustafa and Selim (2021) investigated several parameters for modelling a photovoltaic (PV) system in HES, identifying optimal techniques for accurately simulating solar PV arrays. Their suggested approach can generate separate benchmarks for each phase, which is crucial for addressing current imbalances effectively.
Zebarjadi and Askarzadeh (2016) applied the harmony search (HS) technique to optimise the sizing of a grid-connected photovoltaic power system supplying multiple households, demonstrating that the economic viability of PV installation improves with rising electricity costs.
Abdelshafya et al. (2021) developed a novel hybrid technique combining Grey Wolf Optimisation (GWO) and Particle Swarm Optimisation (PSO) tailored for an optimal grid-connected wind and photovoltaic (PV) hybrid system powering a regenerative osmosis desalination machine. Comparing wind/PV/battery and wind/PV/hydrogen configurations, the study found the former was not only more cost-effective but also more environmentally advantageous. Additionally, the hybrid PSO-GWO technique outperformed PSO and GWO alone. The inclusion of DG was found to reduce costs. A sensitivity evaluation revealed that solar radiation had a greater cost impact than wind speed.
The Sustainable Development Goals (SDGs) of the United Nations emphasise the critical need to ensure that everyone has access to energy that is affordable, reliable, and sustainable (Mehmood 2021; Obaideen et al. 2022). In line with these objectives, many governments have set ambitious targets to expand electricity access and integrate renewable energy sources into their energy mix. However, achieving these goals requires innovative solutions that address the unique challenges of rural communities, where geographical constraints and inadequate infrastructure often hinder electrification. Such challenges are prevalent in many remote areas experiencing energy poverty. Traditional grid connections are often unfeasible due to geographical limitations, infrastructure constraints, and budgetary constraints. Consequently, finding reliable, affordable, and clean energy solutions tailored to the specific needs of these communities is imperative. One promising approach entails combining biomass and solar energy into off-grid hybrid energy systems, leveraging local resources and environmental conditions to provide consistent electricity access.
Advanced modelling tools, such as the hybrid optimisation model for electric renewables (HOMER) Pro, offer invaluable support in designing and optimising hybrid energy systems, ensuring their technical feasibility and economic viability. By simulating different system configurations and conducting thorough techno-economic analyses, researchers can identify the most cost-effective and sustainable solutions for rural electrification.
This study aims to design, simulate, and evaluate a hybrid energy system that integrates solar photovoltaic (PV) and biomass resources to provide sustainable and reliable off-grid electricity. The objectives include assessing the availability and potential of solar and biomass energy resources in the selected location, analysing and categorising the electricity demand of the community based on residential, agricultural, and commercial needs, and designing a hybrid renewable energy system (HRES) that integrates solar PV and biomass resources using HOMER Pro software. Additionally, the study will simulate various configurations of the HRES, optimise for cost efficiency and reliability, perform a techno-economic analysis focusing on metrics such as Net Present Cost (NPC), Cost of Energy (COE), and operating costs, evaluate the environmental benefits of the HRES in terms of CO₂ emission reductions compared to traditional diesel generators, and assess the feasibility of scaling the proposed HRES model to other rural communities in Nigeria and similar regions globally.
This study also provides a comprehensive assessment of different storage systems and their impact on the overall efficiency and cost-effectiveness of the hybrid system, which is critical for ensuring continuous power supply in off-grid areas. By empowering rural communities with clean and reliable energy sources, governments and stakeholders can foster inclusive and sustainable development, contributing to the achievement of multiple SDGs (Mehmood 2021; Obaideen et al. 2022).
2. METHOD
The study area is a village called Adadu in Doma Local Government Area of Nasarawa State, Nigeria, located at 8° 51.3´ N, 7° 8.6´ E, with 1485 people living in 280 households.
[bookmark: _Toc141332343][bookmark: _Hlk132125213]2.1. Load Profile of Adadu
[bookmark: _Hlk170689142]The load data is collected from the village through surveys that cover various categories, including household load, school load (nursery, primary, and secondary), community demand, agricultural demand, health centre load, and business load. The business load section includes small and medium-sized enterprises (SMEs) such as provision stores, kiosks, charging booths, Mai Shayi shops, black market petrol stands, mechanic workshops, and pharmacies. The estimated total daily energy demand, including a safety load, is 264,781 kWh. 
[bookmark: _Toc133917034][bookmark: _Toc134538605][bookmark: _Toc134667477][bookmark: _Toc134670390][bookmark: _Toc141239216][bookmark: _Toc141332344]The software's input load profile feature lets users set daily load profiles for each month using hourly consumption data for weekdays and weekends provided by the village's load demand. HOMER scales this data for computation purposes by multiplying baseline values by a common factor, ensuring a yearly mean equivalent to the scaled annual average inputted. This scaled average can deviate from the baseline for two reasons: sensitivity analysis on load changes or unit conversion. Figure 1 shows Adadu's hourly and seasonal load profile over the course of a year, calculated by HOMER using Owl ADL 400-meter inputs, with a scaled annual average of 24,000 kWh/day.
[bookmark: _Toc141332346][bookmark: _Hlk132125372]Figure 1: Load profiles for PV/Biomass Gen/ABB-P3 showing daily (a), seasonal (b), and yearly (c) variations.(a)

(b)

(c)



[bookmark: _Toc141332347][bookmark: _Hlk132125390]2.2. Renewable Solar and Biomass Assets in the Studied Region 
[image: ]The availability of resources for biomass (8 tonnes/day) and solar radiation (5.3785 kWh/m²/day) has been determined. The region has reasonably good solar radiation and valuable crop residues available. Figure 2 displays the location's mean daily solar irradiance and clarity coefficient. Because agricultural residue is a viable biomass to use in the production of syngas, it has been considered in this study.

[bookmark: _Toc133917041][bookmark: _Toc134538612][bookmark: _Toc134667484][bookmark: _Toc134670397][bookmark: _Toc141239223][bookmark: _Toc141332351]









[bookmark: _Hlk132125511]Figure 2: Monthly global horizontal irradiance and clearance index data for the specified region.
2.3. Modelling of PV System
The literature offers a variety of techniques and methodologies for modelling PV systems, including MPPT, PV area-based, insolation hierarchy-based, equivalent circuit-based, and PV module output equation-based, with or without temperature impact consideration. The system's performance hinges on hourly radiation data, with power output assessed on a fixed surface (Kumar and Channi, 2022; Nsafon et al., 2020).
                                                                                 1
where;  represents the electricity produced by each PV system,  denotes the rated power of the PV panel,  stands for the solar radiation factor,  indicates a specific radiation level at 150 W/m2, and  denotes the standard solar radiation level at 1000 W/m2.
HOMER utilizes equations (7) and (8) to determine the power output and efficiency of the PV panel, represented as (Rahaman, 2020):
  						 2
where:  (power output in kWh),  (rated capacity in kWh),  (de-rating factor),  (solar radiation in kW/m2),  (solar irradiance in standardized testing conditions in kW/m2),  (power temperature coefficient in %),  (solar cell temperature in °C), and  (the temperature of a PV cell in standard test conditions in kWC) (Udeh et al., 2022).   
2.4. Modelling of Biomass Power
i. Potential gross crop residue 
						3 
where  is the total potential gross crop residue produced from "" different crops in tons ,  is the yield per hectare of the ith crop,  is the cultivated area dedicated to the ith crop in hectares (ha), and  is the residue-to-product ratio of the ith crop.  
ii. Recoverable residue biomass potential  

 							4 
where  is the potential of recovered crop residue from "" crops in tons , and  is the recoverability factor of the ith crop. 
iii. Potential for bioenergy estimation 
 							5 
where  represents the potential bioenergy from crops t at the j region (MJ),  represents the recoverable crop residue of the crop i at the region j, and   represents the lower heating value of crop i at region j (MJ kg−1). The residues that are being examined have reduced heating values.
2.5. Modelling of Diesel Generator (DG)
Hybrid renewable energy sources' (HRES) output and performance vary with climate. Occasionally, HRES comprising PV, biomass, hydro, wind, and batteries may not meet load demand due to data limitations, necessitating diesel generator (DG) backup. The DG application in HRES depends on the load type. Two methods, load following and cycle charging, are used post-DG integration. Load following prioritizes renewable sources for lower-priority tasks, while DG meets load demand exclusively. Cycle charging maximizes DG output by using excess power for secondary tasks, enhancing efficiency and reliability compared to load following. When HRES falls short, DG acts as a backup, improving efficiency and reliability while reducing costs. Fuel consumption and efficiency of DG are analyzed using equations (6) and (7) respectively (Houssem et al., 2023). 
								6
where  represents the consumption of diesel fuel in , while  denotes the electrical power generated by a diesel generator, measured in kilowatts (kW).  represents the diesel generator's rated power, parameters A and B, which are constant values (l/kW), are typically around 0.08145 and 0.246, respectively.
        								         7
where:  = total efficiency;  = thermal efficiency;  = efficiency of the DG
To achieve the lowest cost in determining the optimal size of any HRES, it is critical to operate the DG on 70–90% of the total load (Houssem et al., 2023).  
2.6. Modelling of Battery System
Battery system modelling typically employs two types of equations: electromotive force (EMF)-based charging and discharging and state of charge (SOC)-based equations (Khan et al., 2022). Excess power from hybrid renewable energy systems (HRES) charges the battery bank when demand is met, and the battery bank provides backup power when HRES cannot meet demand, improving efficiency (Muleta and Badar 2023). Factors such as the maximum depth of discharge (DOD), heat, and lifetime influence battery size. Batteries are critical in HRES for power storage and balancing supply and load, with input power fluctuating depending on charging and draining operations (Anurag and Saini 2017). They evaluate charge condition, productivity, and time expenditure.
i. 	   	    							8
In this battery scenario, the capacity remains stable and unchanged.
ii.       	     							9
In this case, the system's total hybrid power (PV and biomass) surpasses the required load. The battery is currently in the charging position, and the amount of charge it has at time (t) is indicated as follows:
 				10
where;  and  = charge quantities of the battery,  stands for the power generated by a PV panel, while  indicates the power generated by biomass. P1T denotes the energy demand for a specific hour,  represents the battery bank charging efficiency,  signifies the efficiency of the inverter, and τ symbolizes the hourly self-discharge rate.
 								11
In this case, the hybrid system's (PV + Bio) total power generated is lower than the load requirement. Currently, the battery bank is discharging, and the equation specifies its charge level. Only the nominal capacity of the storage battery bank can be discharged.
              		       		 12
where:  = battery bank discharge efficiency    
2.7. Converter/Inverter
The energy flow between the AC and DC components must be balanced, which requires the electronic converter. At the frequency desired for the load, the converters or inverters transform electrical energy from one form to another (such as converting AC to DC with a converter and DC to AC with an inverter) (Choudhury et al., 2021). The efficiency of the inverter can be represented in the following manner:
           								13         
, , and k are determined by employing the following equations:      
           							14
									15
                   									16
where  and  are the efficiencies of the converter, they are specified by assemblers at ten percent and one hundred percent.
2.8. Designing, Simulating, and Modelling of HRES.
The following steps were followed in the design and simulation processes for HRE using the HOMER Pro software:
· Some constraints were considered during the pre-feasibility study. To begin, the location's latitude and longitude were entered as 8° 51.3' N, 7° 8.6' E to determine resource availability, such as solar irradiation and temperature, and biomass variation available.
· The local load information was added by clicking the add load button. A summary of the statistical data and a graphic depiction of the load are displayed on the load profile page. Scaled data is used in calculations. The annual load profile for the selected area is shown in Figure 2.
· The HRES was expanded to include the PV module as well as the price, features, and alignment of a PV array. The solar GHI resource is now included in the HRES.
· Putting a battery and a converter inside the HRES. Any system that has both DC and AC components needs a converter, and the variables for the inverter and rectifier are specified.
· The biomass feedstock was introduced into a gasifier through the integration of a biogas generator into the HRES to produce syngas. The data is utilised to determine the biogas quantity that the gasifier can supply to the generator powered by biogas.
· A cost analysis was performed after designing and modelling HRES.
· The HRES is optimised. While varying the system configuration, the best solution was obtained.
[bookmark: _Toc141332354][bookmark: _Hlk132125538]2.9. Components Inputs into HOMER for the Proposed System
[bookmark: _Toc133917039][bookmark: _Toc134667482][bookmark: _Toc134670395][bookmark: _Toc133917045][bookmark: _Toc134538616][bookmark: _Toc134667488][bookmark: _Toc134670402][bookmark: _Toc141239228][bookmark: _Toc141332356]The hybrid system includes biomass generators (CAT 1000), off-grid connections, storage batteries (ABB PS-BatP3 and ABB-M1), a generator converter (CAT 250), and standard flat-plate PV (CS6U-3430M) inputs, as well as size, capacity, capital and replacement costs, and O&M expenses for each component. HOMER searches for suitable system designs, exploring all possible architectures and component combinations. It assesses generator emissions based on fuel consumption, as well as technical and financial viability. Cycle charging (CC) or load following (LF) strategies control the system, while optimisation factors in varied inputs, including two battery technologies and control strategies (cycle charging and load following). Figure 3 displays schematic layouts of the different components based on the inputs provided.
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Figure 3: Schematic of a PV/BioGen/Battery/Inverter

[bookmark: _Hlk197529072]3. ECONOMIC ANALYSIS
The economic analysis of the hybrid power system in this study centres on minimising Net Present Cost (NPC) over a 25-year project lifespan, reflecting the PV panel's longevity. NPC is computed using annualised costs and a capital recovery factor (CRF), with the real interest rate adjusted for inflation per Masud and El-Saadany (2019). Present Value (PV) and annuity-related formulas are used to evaluate future costs and benefits. Total annualised cost includes capital, replacement, operation, maintenance, fuel, battery, converter, and biomass generator costs. Annualised capital and replacement costs are calculated using CRF and the sinking fund factor (SFF), accounting for component lifespan and salvage value. Finally, the Cost of Energy (COE) is derived by dividing total annualised cost by the primary energy demand, facilitating comparison between system configurations based on economic performance.




4. RESULTS AND DISCUSSION
[bookmark: _Toc141332432][bookmark: _Hlk132126517]4.1 Patterns of Hourly Electricity Composition for Adadu
The hourly electricity consumption pattern for Adadu for a one-month period, as recorded by an Owl ADL400 three-phase Din Rall Energy meter, is shown in Figure 4. Scaled values of 24,000, 2634, and 38 were utilized for the average load (kWh/d), peak load (kW), and load factor (kW), respectively, to account for a surge in periods of increased load consumption. All three results used this load data.
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[bookmark: _Hlk132144275]Figure 4: Primary load consumption for Adadu.


Table 1: Optimized hybrid system for the simulation using ABB-P3 Battery type
	CS6U-          CAT-    ABB-      CAT250   Dispatch   NPC        COE          Operating         Initial          Ren Frac    Total Fuel
 340M           1000       P3          (KW)                          ($)            ($)             Cost ($/yr)       Capital ($)       (%)           (tons/yr)
(KW)           (KW)

	892.745745   800      1584         379.4177     CC            5890467    0.139481   70730.23           1442347         100             134.4699
                      800      3366         698.6078     CC            9776457    0.231498    129601.9          1625982         100             281.488
3158.66667   800                       170.3333     CC            1.28E+07   0.303847    166957.5         2332167         100             501.0887
3506.31263                4752        299.2798     CC             1.31E+07   0.310883    137948.9         4445003        100              0
                        800                                         CC            1.68E+07    0.397354    265720.8         70000             100             791.478



Table 2: Optimized hybrid system for the simulation using ABB-M1 Battery type
	CS6U-          CAT-    ABB-      CAT250   Dispatch   NPC        COE          Operating        Initial          Ren Frac    Total Fuel
 340M           1000      M1          (KW)                          ($)             ($)            Cost ($/yr)     Capital ($)     (%)            (tons/yr)
(KW)           (KW)

	733.234344   800      3762        482.4893      CC         1971224    0.046677   10456.68        1313619          100               26.1671
2424.46297               3762        440.4461      CD         3150710    0.074646   11700.77       2414866           100               0
                       800     3366        513               CC         3531215    0.083616    44258.47       747865            100               282.012
 3496             800                        114              CC         1.28E+07   0.304078   163626.4       2551400         100              491.3307
                      800                                            CC         1.68E+07   0.397354   265720.8        70000            100              791.478



4.2 Optimal System Investigation
[bookmark: _Toc133917051][bookmark: _Toc134538623][bookmark: _Toc134667495][bookmark: _Toc134670409][bookmark: _Toc141239253][bookmark: _Toc141332385]
[bookmark: _Toc141332433][bookmark: _Hlk132126552]Using PV and biomass resources in the Adadu region, an HRES was modelled, consisting of batteries, a biomass generator, a converter, and a PV module. Through optimisation of various variables such as battery, PV, biomass generator, and converter ratings, the ideal HRES was determined. The simulation generated numerous feasible solutions for each battery type. Five optimal system combinations were identified using HOMER simulation, prioritising cost-effectiveness based on minimised COE and NPC. Configuration-1 emerged as the most cost-effective among these options. Tables 1 and 2 present the chosen combinations for two battery types: ABB-M1 and ABB-P3. For ABB-M1, the best dispatch strategy is CS6U-340M (892.75 kW)/CAT-1000 (800 kW)/ABB-M1 (1584 kW)/CAT250 (379.42 kW) with cycle charging. For ABB-P3, the optimal strategy is CS6U-340M (733.23 kW)/CAT-1000 (800 kW)/ABB-P3 (3762 kW)/CAT250 (482.49 kW) with cycle charging.
[bookmark: _Toc141332434][bookmark: _Hlk132126592]4.3. Suitability of Renewable Resources Availability for Adadu
[bookmark: _Toc133917058][bookmark: _Toc134538630][bookmark: _Toc134667502][bookmark: _Toc134670416][bookmark: _Toc141239260][bookmark: _Toc141332392]Figure 5 displays the required electrical load for the hybrid system to prevent an unmet primary load in Adadu. The principal load peaks from 7:00 to 22:00, as shown in Figure 1(b). Daily load profiles were used to derive seasonal and annual load profiles, illustrated in Figures 1(a) and (c), respectively. Figure 2 presents the mean monthly solar radiation and clearance index for Adadu, with an average yearly solar radiation of 5.380 kWh/m²/day. Solar insolation occurs daily from 7:00 to 18:00, peaking in March and lowest in August, with a maximum daily insolation between 0.6212 and 0.6322 kW/m². The lowest insolation, ranging from 0.0000 to 0.0126 kW/m², occurs between 00:00 and 06:00 and 18:00 and 24:00. This pattern is evident between 09:00 and 13:00. Figures 5 and 6 support these findings, showing that PV electricity generation is sustainable in Adadu. August experiences the [image: ]lowest solar insolation, attributed to cloud formation from rainfall.
[bookmark: _Hlk132147161]Figure 5: PV power output of the ABB-P3 battery type
[image: ]
[bookmark: _Toc133917074][bookmark: _Toc134667520][bookmark: _Toc134670434][bookmark: _Toc141239276][bookmark: _Toc141332408][bookmark: _Hlk132147527]Figure 6 PV power output of the ABB-M1 battery type
[bookmark: _Toc141239303][bookmark: _Toc141332435]4.4 Optimisation Configuration of PV/Biomass Gen/ABB-P3 (CS6U-340M, CAT-1000kVA-50Hz-PP, ABB PS-BatP3 and CAT250)
[bookmark: _Toc133917063][bookmark: _Toc134538635][bookmark: _Toc134667507][bookmark: _Toc134670421][bookmark: _Toc141239265][bookmark: _Toc141332397][bookmark: _Toc141332436][bookmark: _Hlk132126703]The systems were assessed based on various factors, including minimising NPC, capacity shortage, COE, excess production, unmet load, fuel consumption, CO₂ emissions, and ensuring low capital and maintenance costs while maximising the renewable energy fraction. Emphasis was placed on COE and NPC. Additionally, limitations like a maximum allowable annual capacity deficit of 10% and a requirement for at least 40% renewable energy were taken into account. The economic limitations, which were informed by a nominal discount rate of 6.5% and a system lifespan of 25 years, were taken into account. Utilising a multicriteria decision-making method, evaluations were conducted to identify the most optimal systems for the site, considering various design configurations. Based on Table 4, the economic ranking of the scenarios CS6U-340 (892.7457 kW), CAT1000 (800 kW), ABB-P3 (1584), and CAT250 (379.4177 kW) using the HOMER cycle charging controller setup is the overall most viable system that reliably satisfies the load and satisfactorily meets all the design constraints and conditions. As shown in Figure 7, the system emits about 24.3 kg/h of CO₂.. These system architectures (Table 1) have low emissions, confirming their environmental friendliness. In this study, the bio-generator was not a priority but rather served as a backup to compensate for any irregularities in renewable resources such as PV. This system's renewable energy contribution is 100%, indicating that it can adequately supply the load without relying on non-renewable energy sources. The remaining systems studied on this site perform equally encouragingly and motivatingly.
[bookmark: _Hlk132144576]Figure 7: Greenhouse Gases (GHG) emissions in kg/h of the HRES
[bookmark: _Toc141332437][bookmark: _Toc141332438][bookmark: _Toc141332439][bookmark: _Hlk132127176]4.5 CS6U-340 (892.7457kW)/CAT1000 (800kW)/ABB-P3 (1584)/CAT250 (379.4177kW) Using HOMER Cycle Charging Controller set up for ABB-P3 Battery Type
Table 1 presents the optimal system configuration, a CS6U-340/CAT1000/CAT250 setup with HOMER cycle charging, derived from multiple component simulations. Key cost metrics, NPC and COE aid in selecting the best architecture. Table 3 outlines economic parameters for both the base case and the lowest-cost system. The CS6U-340/CAT1000/ABB-P3/CAT250 with HOMER cycle charging has the lowest NPC at $5.89 million, contrasting with the CAT1000 alone at $16.8 million. When comparing the base case to this system, the former has higher initial capital costs, but the latter has lower operation, maintenance, and energy expenses. The least expensive system boasts a 9.6% ROI and a 6.22-year payback period, contrasting with the costliest option.

[bookmark: _Hlk132144449]Table 3: Economic metrics of the best optimized system as compared to bio generator alone
	Economic Metrics                                                 Base Case ($)            Lowest cost system ($)

	Net present cost (NPC)                                         16.8M                         5.89 M 
Initial capital                                                        70,000                          1.44 M 
Operation and maintenance cost (O & M)           265,720 /yr                 70,730 /yr 
Cost of Energy (COE)                                         0.3973 / kWh                0.1395 /Kwh
Internal rate of return (IRR)                                  -                                    13.5 %
Return on investment (ROI)                                  -                                    9.6 %
Simple payback                                                      -                                   6.22 yr



[bookmark: _Toc141332440]4.6 Optimization Configuration of PV/Biomass Gen/ABB-M1 (CS6U- 340M, CAT-1000kVA-50Hz-PP, ABB PS-BatME2 and CAT250)
[bookmark: _Toc141332441][bookmark: _Hlk132127243]Similarly, from the foregone discussion, the results for the simulation using ABB-M1 battery technology can be seen in Table 2. The system configuration with CS6U-340M (733.2343 kW), CAT1000 (800 kW), ABB-M1 (3762), and CAT250 (482.4893 kW) using the HOMER cycle charging dispatch algorithm as its setup is the most viable system amongst the five categorised systems, having NPC, COE, CO₂ emissions, and renewable energy fractions of $1.97 million, $0.047, 4.72 kg/h, and 100%, respectively, as shown in Table 2. Just as in the ABB-P3 battery type simulation, the system architecture for the ABB-M1 simulation has low emissions, which confirms their eco-friendliness. The system's renewable energy contribution stands at 100%, suggesting it can adequately meet the load without relying on any non-renewable energy sources.
[bookmark: _Toc141332442][bookmark: _Toc141332443]4.7 CS6U 340 (733.234kW)/CAT1000(800kW)/ABB-M1(3762)/CAT250 (482.4893kW) Using HOMER Cycle Charging Controller set up for ABB-M1 Battery Type
[bookmark: _Hlk132127346]The summary of the optimal system configuration is presented in Table 4, which has the CS6U-340/CAT1000/ABB-M1/CAT250 system using HOMER cycle charging. Thousands of feasible solutions for the different combinations of the components were simulated, and the ones that were not feasible were discarded. Five (5) optimisation results based on different categories were presented, as can be seen from Table 2. NPC and cost of energy (COE) are the most important cost characteristics used to compare them, which assist the consumer in selecting the best system architecture. The economic parameters of both the base case and the lowest-cost system are detailed in Table 4. The system configuration with the least NPC is $1.97 million, which is CS6U-340 (733.234 kW), CAT1000 (800 kW), ABB-M1 (3762 kW), and CAT250 (482.489 kW) using the HOMER cycle charging controller setup, while the one with the highest NPC of $16.8 million is the CAT1000 (800 kW). As indicated in Table 4, the initial capital expenditure, operational and maintenance expenses, and energy costs of the base case (biogen-only system) as compared to the CS6U-340 (733.234 W), CAT1000 (800 kW), ABB-M1 (3762), and CAT250 (482.489 kW) systems show that the base case has a lower initial capital expenditure, but its operational and maintenance expenses and energy costs are high. The lowest-cost system also has a return on investment (ROI) of 16% and a simple payback period of 5.0 years when deployed with a cycle charging dispatch strategy.
Table 4: Economic metrics of the best optimized system as bio to diesel generator alone
	Economic Metrics                                      Base Case ($)                    Lowest cost system ($)

	Net present cost (NPC)                                 16.8M                               1.97 M 
Initial capital                                                 70,000                               1.31 M 
Operation and maintenance cost (O&M)    265,721 /yr                        10,457 /yr
Cost of Energy (COE)                                  0.3973 / kWh                    0.0467/Kwh
IRR                                                                       -                                       20 %
ROI                                                                       -                                       16 %
Simple payback                                                     -                                      5.0 yr


[bookmark: _Toc141332449][bookmark: _Hlk132127551]
4.8 Comparison of the Best Systems of the Two Battery Types.
[bookmark: _Toc141332451][bookmark: _Hlk132127614]The results from Tables 2 and 3 demonstrate that the cycle charging dispatch algorithm produces the most effective hybrid system. Specifically, Table 2 analysis shows that the ABB-M1 battery combined with CS6U-340M, CAT1000, and CAT250 components offers favourable outcomes with minimal NPC, COE, CO₂ emissions, and a 100% renewable fraction.
Figures 8 and 9 indicate that the yearly electricity production using ABB-M1 battery technology amounts to 1,258,807 kWh/yr, mostly from PV (95%) and Biogen (5%). Despite a 42% energy surplus, the system achieves 100% renewable energy deployment, with negligible capacity deficiencies and unmet demands. Adjusting generation capacity or battery size affects NPC and system reliability, with excess energy primarily influenced by PV size.
Figure 10 illustrates cost components for various configurations, with the ABB-M1 battery configuration displaying an NPC of $1,971,224 and a COE of $0.04668/kWh, mainly from PV and battery costs. However, because of government subsidies, this COE exceeds the utility-grid rate. Biomass usage impacts emissions, with Configuration-2 emitting less due to lower biogen consumption.
The ABB-M1 battery configuration outperforms the ABB-P3 in terms of emissions reduction and cost-effectiveness, primarily due to PV's significant contribution to load demands. Its PV array size of 733 kW ensures high electricity production, with the lowest COE among hybrid systems.
Furthermore, the proposed system's ABB-M1 battery bank exhibits superior performance with the highest energy throughput, despite considerable SOC variation and yearly losses. It maintains a 10-year life expectancy, outperforming other battery types.
The converter system effectively manages electricity transfer, with yearly average outputs for the rectifier and inverter ensuring smooth operation. Overall, the ABB-M1 battery configuration emerges as the most practical and optimal choice for sustainable energy provision in remote rural areas, considering NPC, COE, reliability, emissions reduction, and location.
(a)
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Figure 8: (a) Monthly electric production, and (b) excess and unmet electrical production of the ABB-M1 battery type
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Figure 9: (a) ABB-M1 battery type's annual generic power output and (b) PV power output[image: ]
Figure 10: Net present cost by component of the ABB-M1 battery type

5. CONCLUSION
This study explores the feasibility and optimisation of hybrid renewable energy systems (HRES) by integrating photovoltaic (PV) and biomass resources. Various system configurations were analysed using HOMER software to identify cost-effective and environmentally sustainable solutions.
Key findings include:
· The hourly electricity consumption pattern exhibited notable fluctuations, with peak demand occurring during extended daytime and evening hours, highlighting the need for a reliable energy system to prevent supply shortages.
· Five optimal configurations were identified using HOMER simulations, with cost-effectiveness prioritised. 
· The configuration with CS6U-340M, CAT-1000, ABB-M1, and CAT250 using cycle charging emerged as the most viable for both battery types.
· For the ABB-M1 battery type, the optimal system configuration achieved the lowest NPC ($1.97 million) and COE ($0.0467/kWh), with a 100% renewable energy fraction and low CO2 emissions (4.72 kg/hr).
· For the ABB-P3 battery type, the optimal system also demonstrated high efficiency, with an NPC of $5.89 million and a COE of $0.1395/kWh.
· The systems using ABB-M1 and ABB-P3 batteries significantly outperformed the base case (biomass generator alone) in terms of NPC, COE, and emissions.
· The ABB-M1 configuration exhibited superior economic indicators, such an ROI,of 16% and a simple payback period of 5 years.
· Both configurations demonstrated substantial environmental benefits, with low emissions and high renewable energy contributions, confirming their eco-friendliness.
· The ABB-M1 battery configuration, with its high PV contribution and efficient battery performance, proved to be the most practical and optimal choice for sustainable energy provision in remote rural areas.
[bookmark: _Toc141332452][bookmark: _Hlk132127726]RECOMMENDATIONS
i. The findings of this study could be used as a guide for policymakers and investors interested in investing in renewable energy systems for rural areas. 
ii. The suggested approach could be broadened to encompass additional ecological factors, such as detailed component-level analyses, to support the advancement of rural networks, smart cities, and projections of future demand.
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