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Abstract

This study examines the viability of integrating photovoltaic and biomass energy in the Adadu
community, Nigeria. HOMER Pro v3.14.5 was used to model a hybrid renewable energy system (HRES)
capable of consistently supplying power to 280 households with an estimated load of 264,781 kWh, a
5.3785 kWh/m?/day solar radiation, and an 8 tons/day biomass potential. The HRES includes 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 types (ABB-P3 and ABB-M1). Five optimal system combinations
were simulated based on renewable fraction, initial capital cost, net present cost (NPC), operating cost,
and cost of energy (COE). The ABB-M1 storage system emerged as the most viable option, with an NPC of
$1.97 million, a COE of $0.0467, 4.72 kg/h of CO2 emissions, and a 100% renewable fraction.

This approach can be replicated in similar rural areas globally, offering cleaner energy alternatives and
leveraging untapped renewable resources. The optimal HRES significantly reduces CO5 emissions
compared to diesel-only systems, making it a sustainable solution for rural electrification. However, the
study is limited to techno-economic modeling and does not fully account for environmental life-cycle
impacts, socio-political dynamics, or future demand growth. Future research should incorporate these
aspects and investigate additional renewable options and smart grid applications to enhance resilience,
scalability, and long-term sustainability.

Categories: Renewable Energy Systems, Environmental and Sustainable Engineering
Keywords: hybrid renewable energy system, techno-economic analysis, sustainable energy solutions, biomass energy,
homer pro simulation, rural energy access, off-grid power solutions

Introduction

A crucial element in alleviating poverty in rural areas is rural development [1], which substantially
influences life expectancy, health outcomes, and living standards. Nevertheless, some rural regions
globally continue to lack access to modern amenities, leading to persistently elevated mortality rates and
limited opportunities for social and economic progress. The absence of fundamental utilities, such as
electricity, exacerbates these problems, hindering the provision of healthcare, education, and agricultural
productivity [2,3].

Notwithstanding considerable advancements in global development, rural electrification continues to be a
critical challenge, especially in nations like Nigeria that struggle with the disparity between energy
demand and availability [4,5]. Inadequate access to power hinders economic advancement and intensifies
social disparities, particularly impacting rural communities afflicted by energy poverty. In response to this
problem, there is increasing acknowledgement of the significance of decentralized renewable energy
systems, which utilize plentiful local resources while fostering environmental sustainability [6-12].

The integration of various renewable energy sources with suitable storage systems and backup
mechanisms, formerly referred to as "hybridisation," is an exceptionally successful approach to these
issues. During the initial planning phase, establishing the optimal capacity of each component in hybrid
renewable energy sources (HRES) is critical [13]. An insufficient arrangement could result in an
inadequate energy supply, whilst an excessive one might create surplus electricity and incur greater
capital expenditures [14]. Therefore, identifying the appropriate capacity of decentralized HRESs is vital
for the sustainable energy transition and general social growth. Nevertheless, resolving the technological,
economic, environmental, and socio-political problems and hazards involved with decentralized hybrid
energy systems (HES) remains an important concern [15].

Numerous researches have presented strategies for scaling HRES to create a constant power output [16-
21]. According to Olatomiwa et al. [22], several configurations of HES were examined in six distinct
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geographical zones of Nigeria using HOMER software. The investigation involved examining economic
sustainability under sensitivity scenarios with levelized cost of energy (COE) and net present

cost (NPC) ranging from $1.1 to $1.3. In 2015 research, Olatomiwa et al. [23] did a comparison between
two ideal system combinations-diesel-PV-battery and wind-PV-diesel-battery-finding that the latter was
less economically viable, with COE at $0.409/kWh and NPC at $69,811.

Zhang et al. [24] presented a unique hybrid optimization technique to construct a hybrid autonomous
power system. This method incorporates simulated annealing, harmonic search, and chaotic search
techniques to measure system dependability. Bajaj and Singh [25] reported considerable economic and
environmental implications of off-grid electricity schemes in rural regions. Sharma and Sood [26] created
a thorough sensitivity model to analyze how different storage strategies impact hybrid microgrid system
performance. According to Choudhury et al. [27], pumped storage is a dependable and cost-effective
alternative for storing electrical energy. Khan et al. and Yousaf et al. discussed numerous strategies for
estimating electricity expenditures [28,29]. Inci and Aygen [30] studied numerous criteria for modeling a
photovoltaic (PV) system in HES, establishing ideal strategies for properly reproducing solar PV arrays.
Their recommended technique may provide unique standards for each phase, which is vital for resolving
present imbalances efficiently.

Zebarjadi and Askarzadeh [31] employed the harmony search approach to optimize the scale of a solar
power system integrated into a grid servicing six houses in Iran, indicating that adding a PV system might
become profitable as energy costs climb. Abdelshafya et al. [32] proposed a unique hybrid approach
combining Grey Wolf Optimization (GWO) and Particle Swarm Optimization (PSO) designed for an ideal
grid-connected wind and PV hybrid system powering a regenerative osmosis desalination unit. Comparing
wind/PV/battery and wind/PV/hydrogen systems, the study indicated the former was not only more cost-
effective but also more ecologically friendly. Additionally, the hybrid PSO-GWO approach beat PSO and
GWO alone. The incorporation of DG was shown to minimize expenses. A sensitivity test indicated that
solar radiation had a bigger cost impact than wind speed.

The Sustainable Development Goals (SDGs) of the United Nations underline the crucial need to ensuring
that everyone has access to energy that is cheap, dependable, and sustainable [33,34]. In keeping with
these aims, the Nigerian government has set ambitious ambitions to boost power availability to 90% by
2030, with 10% of the energy mix coming from renewables by 2025 [35,36]. However, reaching these aims
needs new techniques suited to the particular problems encountered by rural populations, where
geographical limits and poor infrastructure offer substantial impediments to electrification. Adadu
Community, situated in Nigeria's Nassarawa State, symbolizes the problems of many rural places coping
with energy poverty. Traditional grid connections are generally impracticable owing to geographical
limits, infrastructural constraints, and cost constraints. Consequently, developing dependable,
inexpensive, and sustainable energy solutions customized to the individual demands of these
communities is vital. One possible solution is mixing biomass and solar energy into off-grid HES,
exploiting local resources and environmental circumstances to offer reliable electricity supply.

Modern modeling tools, such as the hybrid optimization model for electric renewable (HOMER) Pro, offer
crucial help in planning and optimizing HES, assuring their technical feasibility and economic
sustainability. By modeling multiple system configurations and doing detailed techno-economic
assessments, researchers may discover the most cost-effective and sustainable options for rural
electrification.

Beyond technical considerations, it is essential to recognize the broader socio-economic implications of
rural electrification initiatives. Access to electricity not only improves living standards and economic
opportunities but also enhances social inclusion and resilience. 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 [33,34].

Battery storage is critical for enhancing system performance and reliability. Recent studies have focused
on optimizing single battery systems, emphasizing cost-effectiveness, reliability, durability, and higher
energy density [37-41].

Lead-acid batteries are one of the oldest and most widely used battery technologies in HRES due to their
reliability and cost-effectiveness. Bortolini et al. [41] analyzed the performance of lead-acid batteries in
HRES for off-grid applications, emphasizing their robustness and ability to handle varying load conditions.
They are known for their high discharge capability and tolerance to overcharging, making them suitable
for rural electrification projects where maintenance might be less frequent [38]. However, lead-acid
batteries have a shorter lifespan and lower energy density compared to newer technologies, which limits
their long-term viability [42]. Akinyele et al. [43] provided a comprehensive review of the use of lead-acid
batteries in renewable energy storage, highlighting their affordability and ease of recycling. Despite these
advantages, lead-acid batteries are criticized for their environmental impact due to the use of lead and
acid, which pose significant disposal challenges [42]. Furthermore, their efficiency decreases significantly
in extreme temperatures, which can be a concern in certain off-grid rural areas [40].

Lithium-ion batteries have gained prominence in HRES due to their high energy density, long lifespan,

2026 Ndah et al. Cureus J Eng 3 : es44388-024-00001-y. DOI https://doi.org/10.7759/s44388-024-00001-y 20of21


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus Journal of Engineering

and efficiency. [jeoma et al. reviewed the advancements in lithium-ion battery technologies, emphasizing
their suitability for hybrid systems because of their superior performance metrics [40]. Lithium-ion
batteries offer higher energy storage capacity and longer cycles compared to lead-acid batteries, making
them ideal for applications requiring a consistent and reliable power supply [44]. However, the high initial
cost and complex battery management systems required for lithium-ion batteries can be a barrier to their
adoption in cost-sensitive projects [45]. Moreover, the thermal runaway risk, although mitigated by
advanced battery management systems, remains a concern, especially in high-temperature environments
[39]. Ghenai and Bettayeb [46] conducted a cost-benefit analysis of lithium-ion batteries in HRES,
concluding that while the upfront costs are higher, the longer lifespan and lower maintenance costs can
result in significant long-term savings.

Nickel-cadmium (Ni-Cd) batteries are known for their durability and ability to perform well in a wide
range of temperatures. Zhao et al. [47] discussed the application of Ni-Cd batteries in renewable energy
systems, highlighting their robustness and reliability. Ni-Cd batteries are less affected by temperature
extremes and can tolerate deep discharges better than lead-acid batteries, making them suitable for off-
grid installations where environmental conditions can be harsh [37]. Despite these advantages, Ni-Cd
batteries have significant drawbacks, including a lower energy density compared to lithium-ion batteries
and the environmental hazard posed by cadmium, a toxic heavy metal [48]. Additionally, the memory
effect, where the battery loses its maximum energy capacity if repeatedly recharged after being only
partially discharged, can affect their performance over time [49]. This makes their maintenance more
complex and costly in the long run [50].

Sodium-sulfur (Na-S) batteries are another emerging technology in HRES, known for their high energy
density and long cycle life. Spiru and Lizica-Simona [39] reviewed the potential of Na-S batteries in hybrid
systems, noting their efficiency and ability to store large amounts of energy. These batteries operate at
high temperatures, which can be both an advantage and a disadvantage; while they perform well in hot
climates, they require significant insulation and heating systems to maintain operational temperatures
[51]. The high operating temperature (around 300-350°C) and the corrosive nature of sulfur are major
challenges in the widespread adoption of Na-S batteries [49]. Additionally, the high cost of installation
and the need for sophisticated safety systems to manage the high temperatures can limit their use in less
developed areas [52].

Flow batteries, including vanadium redox flow batteries, offer a unique advantage in HRES with their
ability to decouple energy storage capacity from power capacity. Madziga et al. [53] explored the use of
flow batteries in renewable energy systems, highlighting their scalability and long cycle life. Adewuyi et
al. highlight the high efficiency and simultaneous charging and discharge of these batteries, which makes
them ideal for large-scale energy storage [54]. However, the complexity and cost of flow batteries are
significant drawbacks. The need for large, external tanks to store the electrolyte solutions makes them less
practical for small-scale or mobile applications [44]. Moreover, the maintenance of these systems can be
complex, requiring specialized knowledge and equipment, which might not be readily available in rural
off-grid areas [45].

The review of various battery technologies reveals significant limitations that present an opportunity for
innovation in HRES. Lead-acid batteries, despite their cost-effectiveness, suffer from shorter lifespans and
lower energy density [38,42]. Lithium-ion batteries, while efficient and high in energy density, are costly
and require complex management systems [40,45]. Nickel-cadmium (Ni-Cd) batteries offer durability and
temperature resilience but pose environmental hazards due to cadmium toxicity and the memory effect
[47,48]. Sodium-sulfur (Na-S) batteries, although high in energy density, need high operating
temperatures and sophisticated safety systems [39,51]. Flow batteries are scalable and efficient but are
complex and costly, requiring significant space and maintenance [53,54].

This study focuses on designing, optimizing, and evaluating a HES tailored to Adadu's needs, integrating
biomass and PV solar energy. Simulations were carried out using two different battery types in HRES to
exploit their complementary strengths and mitigate individual weaknesses. By combining high-energy-
density lithium-ion batteries with cost-effective and robust lead-acid batteries, the system can achieve a
balance between performance, cost, and reliability. Leveraging Nassarawa's sunlight and local biomass,
this system promises consistent electricity for rural areas while reducing emissions. Advanced software
like HOMER Pro aids in system design, component selection, and comparative analysis, aiming to create a
blueprint for Adadu's HES. The study also emphasizes the importance of techno-economic analysis,
assessing financial feasibility and economic viability to inform decision-makers, investors, and
policymakers about the potential of off-grid hybrid energy solutions in combating energy poverty and
promoting sustainable development.

Materials And Methods

Materials

The following materials and data were used in the study.
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i. Laptop (processor: HP Core i7, 64-bit operating system).

ii. Hybrid Optimization Model for Electric Renewable (HOMER pro v3.14.5) algorithm tool.

iii. Owl meter ADL 400 three phase Din Rall Energy Meter.

iv. Average global horizontal irradiance (GHI) data for one year (Hourly average solar radiation).

v. Monthly Energy Demand of 10 households in Adadu.

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.

Adadu Load Profile

The load data is acquired from the village through surveys that include many categories, including home
load, school load (nursery, primary, and secondary), community demand, agricultural demand, health
center load, and business load. The business load area covers small and medium-sized firms such as
supply stores, kiosks, charging booths, Mai Shayi shops, black market fuel stations, mechanic workshops,
and pharmacies. The anticipated total daily energy requirement, including a safety load, is 266,430 kWh.

The software's input load profile tool enables users to establish daily load profiles for each month using
hourly consumption statistics for weekdays and weekends given by the village's load demand. HOMER
adjusts this data for calculating purposes by multiplying baseline values by a common factor, assuring a
yearly mean similar to the scaled annual average entered. This scaled average might depart from the
baseline for two reasons: sensitivity analysis on load changes or unit conversion. Figure ! illustrates
Adadu's hourly and seasonal load profile over the course of a year, estimated by HOMER utilizing Owl ADL
400-m inputs, with a scaled yearly average of 24,000 kWh/day.
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FIGURE 1: Daily (a), seasonal (b), and yearly (c) load profiles for
PV/Biomass Gen/Battery

PV, photovoltaic

Renewable Solar and Biomass Assets in the Studied Region

Resources for solar radiation (5.3785 kWh/m?/day) and biomass (10 tons/day) have been identified. The
area offers valuable crop waste and a fair amount of sun radiation. The location's mean daily sun
irradiance and clarity coefficient are shown in Figure 2. This study has taken into account agricultural
residue, as it is a feasible biomass to employ in the manufacture of syngas.
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FIGURE 2: Monthly global horizontal irradiance and clearance index
data for the specified region

PV System Modeling

Numerous approaches and procedures, including Maximum Power Point Tracking, PV area-based,
insolation hierarchy-based, equivalent circuit-based, and PV module output equation-based, with or
without temperature effect consideration, are available in the literature for modeling PV systems. Hourly
radiation data determines the system's performance, and power production is measured on a stationary
surface [55,56].

P(pv,each) = PRS

where; Ppy cqch represents the electricity produced by each PV system, Ppgg denotes the rated power of
the PVpanel, R stands for the solar radiation factor, Rcrindicates a specific radiation level at 150

W/m? and R...denotes the standard solar radiation level at 1000 W/m2.

SIS

HOMER utilizes equations (7) and (8) to determine the power output and efficiency of the PV panel,
represented as [57]:

G
P = Youdoe (Goee ) I+ y(Ts = Tsroll

where: Py, (power output in kWh), Yy, (rated capacity in kWh), fp, (de-rating factor), GT (solar radiation in

kW/m?2), Gr,s7c (solar irradiance in standardized testing conditions in kW/m 2), ap (power temperature
coefficient in %), T (solar cell temperature in °C), and T s7c (the temperature of a PV cell in standard
test conditions in kWC) [19].

Modeling of Biomass Power

i. Potential gross crop residue

GCRP =) i = 1tCA; x CY,) x PRP(;)®)
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where GCRP is the total potential gross crop residue produced from "t" different crops in tons (¢), CY(;) is
the yield per hectare of the ith crop, CAj is the cultivated area dedicated to the ith crop in hectares (ha),

PRP; is the residue-to-product ratio of the ith crop.

ii. Recoverable residue biomass potential

RCRP = Zi = 1tGCRP; x RF; 4

where RCRP is the potential of recovered crop residue from "¢" crops in tons (t), and RF; is the

recoverability factor of the ith crop.
iii. Potential for bioenergy estimation

EP(j) = Y i = 1tRCRP(;; x LHV(;;,6)

where EPj) represents the potential bioenergy from crops t at the j region (M]), RCRP (; ;) represents the

recoverable crop residue of the crop i at the region j, and LHV; j) represents the lower heating value of

crop i at region j (MJ kg™1). The residues that are being examined have reduced heating values.
Modeling of Diesel Generator (DG)

Climate affects the performance and production of HRES. Sometimes data constraints prevent HRES-
which includes PV, biomass, hydro, wind, and batteries-from meeting load demand, requiring diesel
generator (DG) backup. The kind of load determines the DG application in HRES. Following DG
integration, two techniques are employed: load following and cycle charging. Whereas DG just satisfies
load demand, load following gives preference to renewable sources for lower-priority jobs. Compared to
load following, cycle charging improves efficiency and reliability by using extra power for secondary
activities, maximizing DG output. DG serves as a fallback when HRES is insufficient, increasing
dependability and efficiency while cutting expenses. The formula developed by [58] is used to analyze the
fuel consumption and efficiency of DG.

Faa(t) = A-Pr+ B - P(t)©
where F(t) represents the consumption of diesel fuel in 1/h dsl, P(t) denotes the electrical power generated

by a DG, measured in kilowatts (kW). P represents the DG's rated power. Parameters A and B, which are
constant values (I/kW), are typically around 0.08145 and 0.246, respectively.

nr =N X N (7)
where: 7)7= total efficiency; 7)p =thermal efficiency; 7)G = 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 [58].

Modeling of Battery System

State of charge (SOC)-based equations and electromotive force-based charging and discharging equations
are the two main types of equations used in battery system modeling [59]. When demand is satisfied,
excess electricity from HRES charges the battery bank; when demand is not satisfied, the battery bank
supplies backup power, increasing efficiency [60]. Battery size is influenced by variables including
longevity, heat, and maximum depth of discharge. With input power varying based on charging and
draining activities, batteries are essential for power storage and supply and load balancing in HRES [61].
They assess time spent, productivity, and charge state.

va + Pbio = Pdemand ®)
In this battery scenario, the capacity remains stable and unchanged.
va + Pbiu > Pdemand )

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:

2026 Ndah et al. Cureus J Eng 3 : es44388-024-00001-y. DOI https://doi.org/10.7759/s44388-024-00001-y 7 of 21


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus Journal of Engineering

(va+Pbi0)_P1T

ninverter

Eg;ttery = ET_l (1 - T) +

battery * Moe (10)

. T T—1
where; Ebattery and Ebattery

generated by a PV panel, P, indicates the power generated by biomass. PlT denotes the energy
demand for a specific hour, 7Jpcrepresents the battery bank charging efficiency, "inverter signifies the
efficiency of the inverter, and T symbolizes the hourly self-discharge rate.

= charge quantities of the battery, va stands for the power

va + sz'o < Pdemand (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.

T
_ p
EbatteryT = EbatteryT 1(1 - T) + [(va + Pbio) - 71]771#(12)

inverter
where: 7)pf = Battery bank discharge efficiency
Converter/Inverter
The electronic converter is necessary to balance the energy flow between the AC and DC components. The
converters or inverters convert electrical energy from one form to another at the frequency required for

the load (e.g., changing DC to AC with an inverter and AC to DC with a converter) [27]. The following is a
representation of the inverter's efficiency:

P
= (13
T =5 kP

P, Py, and K are determined by employing the following equations:

1 1
P0:1—99<—O———9)(14)

o 7o
1
K=——-—F—-13a5
1100
Pout
P = (16)
P,

where 7)10and 7)10 are the efficiencies of the converter, they are specified by assemblers at 10% and
100%.

Designing, Simulating, and Modeling of HRES

Using HOMER Pro software, the design and simulation procedures for HRES were carried out as follows:

A few limitations were taken into account when conducting the pre-feasibility study. To ascertain resource
availability, including solar irradiation and temperature, as well as biomass fluctuation, the location's
latitude and longitude were first input as 8° 51.3'N, 7° 8.6'E.

- The add load button was clicked to add the local load information. The load profile page shows a visual
representation of the load along with a summary of the statistical data. Calculations employ scaled data.

Figure 2 displays the chosen area's yearly load profile.

- The PV module, together with the cost, characteristics, and alignment of a PV array, was included in the
HRES. The HRES now includes the solar GHI resource.

Installing a converter and a battery within the HRES. A converter is required for every system that
contains both DC and AC components, and the inverter and rectifier's variables are stated.

- By integrating a biogas generator into the HRES, syngas was produced by introducing the biomass
feedstock into a gasifier. The information is used to calculate how much biogas the gasifier can provide to
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the biogas-powered generator.
After the HRES was designed and modeled, a cost analysis was conducted.

- The HRES has been tuned. The optimal answer was found by adjusting the system setup.
Components Inputs into HOMER for the Proposed System

The hybrid system contains 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 the size, capacity, capital and replacement costs, and O &M expenses for each
component. HOMER looks for acceptable system designs, evaluating all potential architectures and
component combinations. It examines generator emissions based on fuel usage, as well as technical and
economic viability. Cycle charging (CC) or load following (LF) strategies control the system, while
optimization 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.

1839.80 kWh/d
194.26 kW peak

CAT250

FIGURE 3: Schematic of a PV/BioGen/Battery/Inverter

PV, photovoltaic

Economic analysis

In this study, hybrid system economic analysis relies on NPC. The project with the lowest NPC will be
selected. The considered power systems have a 25-year lifespan, chosen due to the PV panel's longest
lifespan among components. The equation linking the yearly nominal interest rate and the real interest
rate is provided by [62].

i f
1+ f

i' denotes the nominal interest rate and f represents the yearly inflation rate.

1= an

In the context of this research, the annual real rate is postulated to be 12% of the total cost under
consideration (Central Bank of Nigeria, 2015).

The Concept of Present Value
Present worth is the current value of a sum expected to grow with compound interest to a set future

amount. For a payment due in years with compound interest at rate i, its present value (PW) is calculated
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as follows: [62].

C
PW = W(IS)

It is often the case that the annual expenses must be equal. Equations (28) and (29) are then used to
determine the present value of a uniform annual sequence of payments p after N years.

aw = () (e o

W= Gy

(1 +2)N —1]eo)

Here, the expression is known as the capital recovery factor or the present worth factor [62].
Net Present Cost (NPC)

The total NPC of a power system is calculated using the following equation [63].

C tot
NPC = —2% ()
CRE(i, Ryrog)
where Cann tor denotes the total annualized cost, — represent the capital recovery factor, and Rpmj
yr

is the project lifetime.

Systems are ranked by NPC count. In their investigation using HOMER software [64], they found that the
NPC tends to increase with component size. An annuity's present value is evaluated using the capacity
recovery factor ratio. The equation for the capital recovery factor is as follows [65].

i(1+ )N

ey -1 #
(1+14) 1

CRF(i,N) =

Total Annualized Cost

The overall annual cost equals the aggregate of the annual costs for each individual component of the
system.

Cann,tot = Cann,tot + Cann,bat + Cann,con + Oann,bg (23)
Cann,comp = Cacap + Carep + Cann,o&m + Cann,fuel (24)

Cacap represents the yearly capital cost, Cyrep stands for the replacement cost, Cann ogm Signifies the
annual operation and maintenance cost, Cann fyel denotes the annual fuel cost, Cann pat indicates the
yearly battery cost, Cann,con represents the annual converter cost,and  C'gnn, bgsignifies the annual

cost of the biomass generator [63].

Annualized Capital Cost (Amortization)

The annualized capital cost for each component is calculated using the following equation:
Coacap = Ceap X CRF (1, Rpy0j) (25

Cecap represents the initial capital expenditure for the component [62].

Depreciation Reserve for Annual Replacement Expenses

The equation provides the annualized replacement expense for a system component (27).

Carep = [Crep X frep X SFF (i, Reomp)] — [S X SFF (i, Ryroj)] (26)
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The factor fmp emerges due to the potential variance between the component's lifespan and the
project's duration, and it is defined as follows:

CRF(i,Rpro;)
CRF(i,Rre
frep = (i Brep) @7)

0 7R’rep =

Ryep represents the duration of replacement costs throughout the entirety of the project's lifespan, as
defined by:

R r07]
Ryep = Reomp - INT (#> (28)

comp

A mathematical function called INT retrieves the integer part of a real value or expression.

The residual value of the component is presumed to correlate with its remaining duration. Hence, the
salvage value (S) can be expressed as:

Rrem
S = Chep (R ><Z9>
comp

Rrem represents the residual lifespan of the component at the conclusion of the project's duration, and it is

determined as follows:
Rrem = Rcomp - (Rproj - Rrep) (30)

Crep represents the replacement cost of the component, Rcomp denotes the lifespan of the component,
and SFF stands for the sinking fund factor.

The formula representing the SFF is given in [62] as.
SFF(i,N)=i/(1+i)" —16D
Cost of Energy (COE)

The COE equation is presented as follows [62].

C(I’H,TL 01
COE = —8mmtot 59
Eprim

where: Epjpy represents the primary load being served.

Results

CAT250 Dispatch  NPC (5) COE (5) Operating Cost Initial Capital Ren Frac Total Fuel
(kW) ($lyr) $) (%) (tonslyr)
379.4177 cC 5890467  0.139481 70730.23 1442347 100 134.4699
698.6078 cC 9776457  0.231498 129601.9 1625982 100 281.488
170.3333 CcC 1.28E+07 0.303847 166957.5 2332167 100 501.0887
299.2798 CcC 1.31E+07 0.310883 137948.9 4445003 100 0

cC 1.68E+07 0.397354 265720.8 70000 100 791.478

TABLE 1: Optimized hybrid system for the simulation using ABB-P3 battery type

COE, cost of energy; NPC, net present cost
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FIGURE 4: Primary load consumption for Adadu
ABB- CAT250 Operating Cost Initial Capital Ren Frac Total Fuel
Dispatch NPC ($) COE ($)
Mmi (kW) ($/yr) %) (%) (tonslyr)
3762 482.4893 CcC 1971224  0.046677 10456.68 1313619 100 26.1671
3762 440.4461 CcC 3150710 0.074646 11700.77 2414866 100 0
3766 513 CcC 3531215 0.083616 44258.47 747865 100 282.012
114 CcC 1.28E+07 0.304078 163626.4 2551400 100 491.3307
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

COE, cost of energy; NPC, net present cost
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FIGURE 6: PV power output of the ABB-M1 battery type

PV, photovoltaic
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FIGURE 7: Greenhouse Gases (GHG) emissions in kg/h of the HRES

HRES, hybrid renewable energy sources

Economic Metrics Base Case ($)
Net present cost (NPC) 16.8 M

Initial capital 70,000
Operation and maintenance cost (O & M) 265,720/yr
Cost of energy (COE) 0.3973/kWh

Internal rate of return (IRR)
Return on investment (ROI)

Simple payback

Lowest Cost System ($)
5.89 M

1.44 M

70,730/yr

0.1395/kWh

13.5%

9.6%

6.22 yr

TABLE 3: Economic metrics of the best optimized system as compared to bio generator alone
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Economic Metrics

Net present cost (NPC)

Initial capital

Operation and maintenance cost (O & M)
Cost of energy (COE)

IRR

ROI

Simple payback

Base Case ($)
16.8 M

70,000
265,721/yr

0.3973/kWh

Lowest Cost System ($)
1.97 M

1.31M

10,457 /yr

0.0467/kWh

20%

16%

5.0yr

TABLE 4: Economic metrics of the best optimized system as bio to diesel generator alone
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electrical production of the ABB-M1 battery type

2026 Ndah et al. Cureus J Eng 3 : es44388-024-00001-y. DOI https://doi.org/10.7759/s44388-024-00001-y

15 of 21


https://assets.cureusjournals.com/artifacts/upload/figure/file/1526/lightbox_f6ee516086b911ef9331c31b1618419f-Figure-8.png

Cureus Journal of Engineering

700 kW

[\
E

560 kW

o

420 kW

(357

280 kW

Hour of day

. 140 kW

T v 0kW
365

T

90 180 270
Day of year

700 kW

560 kW

8

y

420 kW

“280 kW

Hour of da
(3]

140 kW

0 kW

0 " T
90 180 270 365

Day of year

FIGURE 9: (a) ABB-M1 battery type's annual generic power output and
(b) PV power output

PV, photovoltaic

$1,100,000 4
$1.200.000 -
$1,000.000 -
$800.000 -
$600.000 -
$400,000 -
$200.000 -
§0 —— ——— —

(§200,000) T
ABB PS- CanadionSolar

BatME2 MaxPower
CS6U-340M

CAT-1000kVA-
50Hz-PP

CAT BDP250

FIGURE 10: Net present cost by component of the ABB-M1 battery type

Discussion
Hourly electricity composition trends for Adadu

The hourly power usage trend for Adadu for a one-month period, as recorded by an Owl ADL400 three-
phase DIN rail energy meter, is depicted in Figure 4. Scaled values of 24,000, 2634, and 38 were employed
for the average load (kWh/d), peak load (kW), and load factor (kW), respectively, to accommodate for a
spike in periods of increasing load consumption. All three findings utilized this load data.

Investigation of the optimal system

An HRES, including batteries, a biomass generator, a converter, and a PV module, was modeled using PV
and biomass resources in the Adadu region. The optimal HRES was identified by optimizing a number of
factors, including converter ratings, battery, PV, and biomass generator. For every type of battery, the
simulation produced a large number of workable alternatives. Using HOMER simulation, five ideal system
combinations were found, with cost-effectiveness being prioritized based on minimized COE and NPC. Of
these choices, Configuration-1 turned out to be the most economical. The selected combinations for the
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ABB-M1 and ABB-P3 battery types are shown in Tables / and 2. CS6U-340M (892.75 kW)/CAT-1000 (800
kW)/ABB-M1 (1584 kW)/CAT250 (379.42 kW) with cycle charging is the optimal dispatch method for ABB-
M1. CS6U-340M (733.23 kW)/CAT-1000 (800 kW)/ABB-P3 (3762 kW)/CAT250 (482.49 kW) with cycle
charging is the best approach for ABB-P3.

Availability of renewable resources in Adadu

To avoid an unmet primary load in Adadu, Figure 5 shows the necessary electrical load for the hybrid
system. In Figure /b, the major load rises between 7:00 and 22:00. Seasonal and yearly load profiles were
derived from daily load profiles and are shown in Figure /a and c, respectively. With an average annual
solar radiation of 5.380 kWh/m?/day, Figure 2 shows the mean monthly solar radiation and clearance
index for Adadu. Every day from 7:00 to 18:00, solar insolation peaks in March and troughs in August, with
a high of 0.6212 to 0.6322 kW/m?2. The periods between 0:00 and 6:00 and 18:00 and 24:00 have the lowest
insolation, which ranges from 0.0000 to 0.0126 kW/m?. This trend is noticeable from 9:00 to 13:00. These
conclusions are corroborated by Figures 5 and 6, which demonstrate that PV power generation in Adadu is
sustainable. Due to cloud development following rainfall, August has the lowest solar insolation.

PV/Biomass Gen/ABB-P3 optimization configuration (CS6U-340M,
CAT-1000kVA-50Hz-PP, ABB PS-BatP3, and CAT250)

Limiting the NPC, capacity shortfall, COE, surplus production, unmet load, fuel consumption, and CO-
emissions and guaranteeing low capital and maintenance costs while optimizing the renewable energy
percentage were some of the criteria used to evaluate the systems. The focus was on NPC and COE.
Limitations such as the necessity for at least 40% renewable energy and a maximum permitted yearly
capacity shortfall of 10% were also considered. The system lifespan of 25 years and a nominal discount
rate of 6.5% were used to explain the economic constraints. Evaluations were carried out using a
multicriteria decision-making approach, taking into account several design configurations, to determine
which solutions would be best for the location. The most feasible system that consistently satisfies the
load and adequately complies with all design constraints and conditions is the CS6U-340 (892.7457 kW),
CAT1000 (800 kW), ABB-P3 (1584), and CAT250 (379.4177 kW) scenarios utilizing the HOMER cycle
charging controller setup, according to Table 4. The system emits around 24.3 kg/h of COo, as seen in
Figure 7. The minimal emissions of these system topologies (Table I) attest to their environmental
friendliness. The bio-generator was used as a backup to offset any inconsistencies in renewable resources,
such as photovoltaics, rather than as a priority in this study. This system can sufficiently supply the
demand without depending on non-renewable energy sources because its renewable energy contribution
is 100%. The performance of the other systems examined on this website is just as inspiring and
motivating.

ABB-P3 (1584)/CAT250 (379.4177 kW)/CS6U-340 (892.7457
kW)/CAT1000 (800 kW) using the ABB-P3 Battery Type HOMER Cycle
charging controller configuration

Based on various component simulations, the ideal system configuration-a CS6U-340/CAT1000/CAT250
arrangement with HOMER cycle charging-is shown in Table /. NPC and COE, two important cost
indicators, help choose the optimal design. Economic characteristics for the basic scenario and the least
expensive system are shown in Table 3. At $5.89 million, the CS6U-340/CAT1000/ABB-P3/CAT250 with
HOMER cycle charging has the lowest NPC, whereas the CAT1000 alone costs $16.8 million. This system
has lower operating, maintenance, and energy costs than the basic scenario, although the former has
greater initial capital expenditures. In comparison to the most costly option, the least expensive system
has a 9.6% return on investment (ROI) and a 6.22-year payback period.

PV/Biomass Gen/ABB-M1 optimization configuration (CS6U-340M,
CAT-1000kVA-50Hz-PP, ABB PS-BatME2, and CAT250)

As previously mentioned, Table 2 displays the outcomes of the simulation utilizing ABB-M1 battery
technology. With NPC, COE, CO, emissions, and renewable energy fractions of $1.97 million, $0.047, 4.72
kg/h, and 100%, respectively, Table 2 shows that 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 feasible of the five categorized systems. The system design for
the ABB-M1 simulation has minimal emissions, which validates their environmental friendliness, much
like in the ABB-P3 battery type simulation. The system can effectively fulfil the demand without using any
non-renewable energy sources, as seen by its 100% renewable energy contribution.

ABB-M1 (3762), CS6U 340 (733.234 kW), CAT1000 (800 kW), and
CAT250 (482.4893 kW) using the ABB-M1 Battery Type HOMER cycle
charging controller configuration
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Table 4, which features the CS6U-340/CAT1000/ABB-M1/CAT250 system employing HOMER cycle
charging, summarizes the ideal system configuration. The infeasible alternatives were eliminated after
thousands of workable solutions for the various component combinations were simulated. Table 2 shows
the presentation of five optimization outcomes based on several criteria. The most crucial cost factors
that are used to compare them and help the customer choose the optimal system design are NPC and COE.
Table 4 provides specifics on the economic aspects of the basic scenario and the least expensive system.
CS6U-340 (733.234 kW), CAT1000 (800 kW), ABB-M1 (3762 kW), and CAT250 (482.489 kW) utilizing the
HOMER cycle charging controller setup have the lowest NPC of $1.97 million, while the CAT1000 (800 kW)
has the highest NPC of $16.8 million. When comparing the base case (biogen-only system) to the CS6U-
340 (733.234 W), CAT1000 (800 kW), ABB-M1 (3762), and CAT250 (482.489 kW) systems, Table 4 shows
that while the base case has a lower initial capital expenditure, its operational and maintenance costs and
energy costs are higher. When used with a cycle charging dispatch approach, the least expensive system
also offers a simple payback period of 5.0 years and a ROI of 16%.

Comparison of the best systems of the two battery types

The cycle charging dispatch algorithm creates the most efficient hybrid system, as shown by the findings
in Tables 2 and 3. The ABB-M1 battery, in conjunction with CS6U-340M, CAT1000, and CAT250
components, provides favorable results with minimum NPC, COE, and CO, emissions, as well as a 100%
renewable percentage, according to Table 2 analysis.

Figures 8 and 9 show that 1,258,807 kWh of power are produced annually utilizing ABB-M1 battery
technology, primarily from PV (95%) and Biogen (5%). The system deploys 100% renewable energy with
just minor capacity shortages and unfulfilled needs, even if there is a 42% energy surplus. NPC and system
dependability are impacted by changes in battery size or generating capacity, with PV size having the most
impact on surplus energy.

Cost components for different configurations are shown in Figure /0. The ABB-M1 battery setup shows an
NPC of $1,971,224 and a COE of $0.04668/kWh, mostly due to PV and battery expenses. However, this COE
is higher than the utility-grid rate because of government subsidies. Emissions are influenced by biomass
utilization; Configuration-2 emits less since it uses less biogen.

Because PV contributes significantly to load needs, the ABB-M1 battery design performs better than the
ABB-P3 in terms of cost-effectiveness and emissions reduction. Among hybrid systems, its 733 kW PV
array size guarantees strong power generation with the lowest COE.

Furthermore, in spite of significant SOC fluctuation and annual losses, the ABB-M1 battery bank in the
suggested system performs better and has the maximum energy throughput. It outlasts other battery
types, maintaining a 10-year life expectancy.

With yearly average outputs for the rectifier and inverter guaranteeing seamless operation, the converter
system efficiently controls the transmission of electricity. When taking into account NPC, COE,
dependability, emissions reduction, and location, the ABB-M1 battery design turns out to be the most
sensible and ideal option for providing sustainable energy in isolated rural locations.

Conclusions

This study has demonstrated the technical and economic feasibility of integrating PV and biomass
resources into a HRES for sustainable off-grid power generation in the Adadu community, Nasarawa State,
Nigeria. By employing HOMER Pro to design, simulate, and optimize various system configurations, the
analysis identified solutions that can provide reliable, cost-effective, and environmentally friendly
electricity access to rural households. The results revealed that among the different configurations tested,
the PV/Biomass/ABB-M1 system exhibited superior performance, achieving the lowest NPC of $1.97
million, the lowest COE at $0.0467/kWh, and a 100% renewable fraction with minimal carbon dioxide
emissions (4.72 kg/h). This outcome highlights the significant potential of combining locally available
renewable resources with advanced storage technologies to meet rural energy demands sustainably.

The findings further emphasize that adopting hybrid energy solutions can substantially reduce reliance on
diesel generators, thereby lowering greenhouse gas emissions, operational costs, and fuel dependency
while ensuring long-term system reliability. Such systems not only contribute to climate change
mitigation but also foster socio-economic development by improving healthcare, education, small
businesses, and overall quality of life in rural areas. Additionally, the HOMER Pro optimization framework
proved effective in guiding decision-making, enabling the identification of the most viable configurations
that balance technical performance, environmental sustainability, and economic viability.

More broadly, this research contributes to the growing body of knowledge supporting decentralized
renewable energy systems as a pathway for achieving Nigeria’s electrification targets and the United
Nations SDGs, particularly Goal 7, which advocates for affordable, reliable, sustainable, and modern
energy for all. Importantly, the approach presented in this study is replicable and adaptable to other rural
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regions with similar socio-economic and environmental conditions, thereby serving as a blueprint for
scaling renewable energy adoption in underserved communities.

Future research should extend beyond the techno-economic analysis presented here to incorporate
detailed environmental life-cycle assessments, socio-political considerations, and policy frameworks that
can enhance system adoption and sustainability. Moreover, investigating the integration of additional
renewable sources such as wind and small hydropower, coupled with smart grid technologies, could
provide further resilience and flexibility to rural energy systems.

In conclusion, the optimized PV-biomass hybrid system with advanced storage offers a practical, clean,
and sustainable solution to rural energy poverty, ensuring energy security while contributing to a net-zero
energy future.
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