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The developing world continues to face substantial obstacles to achieving
affordable and dependable electricity access. This issue is especially pertinent
for Nigeria, where diesel generators are widely relied upon in urban and
rural regions because of an underdeveloped and unreliable national grid. The
lack of grid reliability is worsened in Northeastern Nigeria, an area plagued
by conflict, extreme poverty, and grid infrastructure deterioration. This study
investigates the feasibility of implementing community-scale microgrids in rural
areas without grid connection access. It focuses on assessing the technical,
economic, and environmental aspects of utilizing these microgrids to deliver
inexpensive and dependable electricity to underserved populations to increase
energy access. A case study was conducted in Kabuiri, a village with an
estimated population of 2,300 residents and an estimated load demand of
610 kWh per day. A hybrid microgrid system was designed and optimized
to meet the community’s load demand using HOMER software, sized to
produce 610 kWh/day of electricity with a renewable penetration of 99%. The
optimal solar PV/battery/generator system had a levelized cost of electricity
(LCOE) of $ 0.093 per kWh, a net present cost (NPC) of $266,709, and an
annual operating cost of $9,110. The system contributed 1,624 kg CO, eq/year
of global warming potential and 56.81kg Oz eq/year of smog formation
during operation. Sensitivity analysis showed that the system could effectively
react to or adapt to substantial increases in diesel prices, requiring only
marginal increases in photovoltaic capacity and reduced generator usage to
maintain the most cost-efficient operation. Additionally, the system model
can be adapted based on the population of the remote community without
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substantially impacting the LCOE, however, the NPC increases with increase in
population size. This research will aid in increasing energy access in remote
locations by providing insights to stakeholders and energy access project

developers.

hybrid micro-grid systems design, life cycle cost, levelized cost of electricity, net present
value, financial mechanism, energy access, remote locations, environmental assessment

1 Introduction

Located in Sub-Saharan Africa, Nigeria possesses a population
of more than 200 million people and remains one of the largest
economies on the continent (International Trade Administration,
2023). The country experiences significant disparities in access to
electricity between the southern coastal regions and the drier inland
regions of the north. A greater divide is seen, however, between
urban and rural areas, which often lack the size and proximity to
be priority targets for new connections to the challenged national
electrical grid. Currently, national electricity access rates in Nigeria
sit at 86% and 34% for urban and rural regions respectively (USAID,
2023). With Nigeria’s urbanization rate estimated at approximately
50% in 2015, an estimated 67 million Nigerians—more than one-
quarter of the population—live in rural areas without access to
electricity (Bloch et al., 2015). As accessible and affordable electricity
remains a fundamental requirement for human and economic
development (UNSDG, 2024), developing cost-effective means of
electrifying distant rural settlements fulfills a critical need that is not
likely to be addressed otherwise.

In regions where electricity access is limited or restricted, the
conventional means of generating electricity for critical services is
to rely on diesel or gasoline generator setups. While generators
offer a simplified system for on-demand power generation when
compared to alternative means of local power generation, their
levelized cost per kWh often significantly exceeds the cost of
electricity from a central grid (Babatunde etal, 2020). In the
past 10 years, a significant increase has been seen in the usage
of photovoltaic (PV) cells combined with battery energy storage
systems to supply electricity for remote applications. Systems based
on this PV-battery architecture possess several key advantages over
generator-based system architectures: primarily, reduced operation
and maintenance expenses as a proportion of overall lifecycle costs,
greater autonomy from fuel price fluctuations for the user, and
significant potential savings in the cost of energy delivered to
the end user (Kosmadakis and Elmasides, 2021). An additional
benefit of PV systems is a significant reduction in direct greenhouse
gas (GHG) and other air emissions. Generator-based systems have
the primary advantages of greater instantaneous capacity and
independence from weather variability. Between these two system
types, a hybrid system architecture is positioned to take advantage
of the respective strengths of PV and generator-based architecture
to best suit the required demand.

Numerous studies have investigated the potential for PV-based
systems to generate electricity for semi-autonomous microgrids
with utility connections. However, these studies commonly develop
systems that fundamentally rely on sourcing generation or selling
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excess generation back to the utility. A 2014 report investigating
the economic viability of an 80 kW grid-connected PV system in
Nigeria yielded a competitive levelized cost of energy (LCOE) for
the system of $0.103 per kWh (Akinsipe et al,, 2021). However,
for remote applications, such a utility-grid connection cannot be
reliably assumed to be possible, and overall costs can be expected
to increase significantly as a result. Similar studies of microgrid
systems relying solely on PV-based generation must contend with
a fundamental balance between the overall cost of a system and the
sizing of PV panels and battery storage to meet demand. Variations
in load profiles and generation fluctuation could impact the ability
of solar generation to meet demand, posing significant limitations to
PV-based systems.

One 2018 study of an off-grid PV system for a commercial
operation in northwest Nigeria examined the required microgrid
infrastructure for two candidate loads based on the expected
appliances on-site. For the study, Category 1 was composed
of essential devices and hardware with an average electricity
consumption of 36.34 kWh/day, while Category 2 expanded
Category 1 to include an air-conditioning system, requiring an
average electricity requirement of 198.1 kWh/day. The results of
the study found that Category 1-based systems were only slightly
more cost-efficient than Category 2 per kWh, with final LCOE
values of $0.53 per kWh versus $0.54 per kWh, respectively.
Category 1 bore a significantly reduced system cost of $92,450,
while Category 2 possessed a system cost of $505,920 (Oladeji et al.,
2018). It is important to note that the LCOE determined for both
systems, based solely on PV generation, is significantly higher than
rates typical of a grid connection of around $0.15 per kWh (225
Naira per kWh) (BLS, 2024).

The inclusion of a generator into a PV-based microgrid offers
significant potential not only to stabilize electricity supply in times of
low PV generation but also to significantly supplement costs needed
for increased energy storage capacity for off-grid applications. A
2014 paper examining a generator-PV system for providing energy
to a community in Northeast Nigeria found an optimized hybrid
generation system delivering an average of 485 kWh/day to users
would require an installation cost of $958,800 and deliver energy
at an LCOE of $0.566 per kWh (Tijani et al., 2014a). The LCOE
presented is significantly higher than both conventional grid rates.
However, it is essential to note that this microgrid architecture
does not rely on a grid connection and that adding a generator
component increases system reliability beyond the low-cost PV-only
architecture in periods of low solar generation. Given that the cost
of PV panel capacity has decreased by over 50% between 2017 and
2020 alone, future PV-only and hybrid microgrids may experience
substantial cost reductions. Hybrid microgrids may become an
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increasingly appealing alternative for energy systems striving to
optimize resilience and operational reliability (Birol, 2024).

A 2023 study examined the feasibility of PV-only architectures
for providing power to supermarkets in the southern city of Port
Harcourt, Nigeria. [jeoma etal. found that a PV-based system
architecture with a peak power of 232 kW, a 100 A/560 V charge
controller, and a 60 V/75 kW inverter was sufficient to meet the
electricity needs of a supermarket with a daily consumption profile
of 561 kWh. This system architecture would possess an overall
lifecycle cost of $266,936 with an LCOE of $0.14/kWh (Ijeoma et al.,
2024a). Importantly, the average solar irradiance for Port Harcourt
(4.21 kWh/m?/day) is low relative to that experienced in many parts
of Nigeria (NASA, 2023).

Northeastern Nigeria, a region beset by conflict and severe
poverty, struggles with significant barriers to providing reliable
electricity access. The existing electricity infrastructure is often
inadequate, with intermittent outages, making it challenging
for residents to meet basic needs. The recent removal of fuel
of fuel subsidy by the Nigeria has exacerbated this issue as the
price of fuel has increase by more than 100% (Nigeria, 2024;
Aljazeera, 2024). Solar PV offers a sustainable and renewable
solution, but the high initial costs of solar installations are
prohibitive for these communities. This energy deficit hampers
education, healthcare, and economic activities, perpetuating
the cycle of poverty. To overcome this hurdle, innovative
financing mechanisms and humanitarian aid are crucial
(Akpan et al., 2013; Momoh et al., 2018).

With a relative lack of examination of the viability of hybrid
microgrid architectures to improve energy access for remote
locations in Northeast Nigeria, this study aims to conduct a
techno-economic and environmental analysis of community-scale
microgrid projects in a primary candidate remote village of Kabuiri
in Northeast Nigeria and the applicability of the model for other
remote villages in the region considering the recent removal of
fuel subsidy by the Nigerian government. This analysis investigates
system design, variable component sizing, and environmental and
financial impacts of various system architectures. The system’s
environmental impact is also analyzed based on different impact
categories, such as global warming potential, acidification potential,
ozone layer depletion, etc., to understand the respective implications
on human and ecosystem health.

2 Methods

This section details the sourcing and methodology used in
the system modeling and analysis. In designing a PV-based
microgrid, optimizing the size of its components is crucial for
maximizing the use of available solar energy and storage systems.
This approach ensures the microgrid operates efficiently and cost-
effectively (Mathew et al., 2022).

The the step-by-step
methodology used to conduct the analysis, providing a clear visual

schematic in Figure 1 outlines
representation of the process. Understanding these technical details
is crucial for replicating and interpreting the results accurately.
The technical details of the required parameters in each stage are

explained below.
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2.1 Load demand

This study examines the viability of a community-scale
microgrid for providing electricity to a community in Northeast
Nigeria. In this effort, constructing an accurate and effective
representation of community-scale electrical load is critical. Ajayi
etal. conducted a 2016 study involving the creation of a demand
profile for a rural community in northern Nigeria. For 200
households, Ajayi etal. estimated an average daily consumption
of 358 kWh per day (Ajayietal, 2016). This demand model
accumulates power drawn from various common appliances
over expected use times and corresponds with expected power
consumption for rural families in developing countries, about
1 kWh per day per person (Meier et al., 2024). For this analysis, the
load demand curve used will be proportionally scaled directly from
this 2016 baseline of 200 households.

For more tangible results to be produced from this analysis,
we selected a primary candidate village from Northeast Nigeria
was selected. The village of Kabuiri was adopted as this model
community for rural electrification. The village of Kabuiri, located
at latitude and longitude 11.57 N, 13.53 E, represents a small and
remote settlement in Northeast Nigeria with a significant lack of
available electricity. The village has remained largely isolated from
the electrical infrastructure present in towns with closer proximity to
urban areas. Because of this lack of proximity to major urban centers,
Kabuiri is not expected to receive a connection to the national grid in
the near future. To further assess the viability of the load profile being
applied to other communities in the same region, three additional
communities besides Kabuiri were identified and examined. These
three communities are Karagawaru (11.91 N, 12.55E), Abodari
(11.00 N, 12.83 E), and Garuhiza (10.63 N, 12.55 E) respectively.

Due to a lack of available census data for the village of Kabuiri
and others in the region, a rough population estimate was performed
as a part of this study. This estimate involved the identification of
households through available satellite imagery sourced from a 2023
Google Maps image combined with available census data on the
average number of residents per household in the region. Census
data indicated an average of 6.87 residents per household in 2018 in
Yobe State (The World Bank Working for a World Free of Poverty,
2018), a neighboring state in Northeastern Nigeria with a
demography similar to that of Borno State. Based on the census data
from Yobe State, we estimated the population of each household in
the examined villages in Borne State. Figure 2 shows the resulting
household identification for each village. This process yielded an
approximate population estimate of 2,316 residents in Kabuiri,
447 residents in Karagawaru, 646 residents in Abodari, and 2,597
residents in Garuhiza. For additional information regarding the
population estimation process, see Supplementary Material 2.

The system was modeled using Kabuiri as the primary case study.
The 337 households in Kabuiri yield an estimated 602 kWh per
day power demand for the village. Table 1 shows the breakdown
of daily power demand from various appliances drawn from
Ajayi et al,, scaled directly to produce the estimated load demand
for Kabuiri (Akpan et al., 2013). We conducted a sensitivity analysis
to assess the system’s viability and applicability to the other identified
communities in the region.

The daily load profile for the modeled community energy usage
of Kabuiri is broken down over an average day in Figure 3. The
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FIGURE 1

Description of the methodology and procedures for the HOMER analysis.

demand profile shows a baseline overnight load of approximately
12 kW before rising to a stable level of 27 kW between 5:00 and 8:00
a.m. Daytime energy consumption remains at this relatively stable
level until 4:00 p.m. when energy consumption peaks at 45 kW at
6:00 p.m. before gradually dropping off to the overnight baseline.

The daily load profile for the modeled community energy usage
of Kabuiri is broken down over an average day in Figure 3. The
demand profile shows a baseline overnight load of approximately
12 kW before rising to a stable level of 27 kW between 5:00 and
8:00 a.m. Daytime energy consumption remains at this relatively.

This general shape is common among most power grids, with the
afternoon spike in energy consumption being caused by increased
demand for interior lighting and appliance usage in the early
afternoon (Meier et al., 2024).

2.2 Solar radiation

The solar irradiance and temperature data for Kabuiri was
collected from the National Aeronautics and Space Administration
(NASA) Prediction of Worldwide Energy Resources (POWER)
database. This database contains meteorological data from July
1983 to June 2005 (NASA, 2023). The average daily horizontal
solar irradiation in Kabuiri was recorded by the database at
5.90 kWh/m?/day. This means, on average, that a given square
meter of PV panel will receive about 5.90 kWh of energy per day
of global horizontal solar irradiance. Figure 4 shows the average
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daily horizontal solar radiation for each month over the average
sample year from the POWER Database. The monthly average
clearness index is also shown in Figure 4 from the same POWER
Database, indicating how clear the sky is, on average, for each month
due to cloud amount, water vapor content, aerosol concentration,
and wind speed (Tanu etal., 2021). Average daily horizontal solar
radiation and clearness together allow for an estimation of the
overall amount of solar energy available in Kabuiri.

2.3 Solar module

Solar photovoltaic (PV) systems convert solar radiation
into electrical energy using solar modules. These modules,
consisting of interconnected solar cells on a base plate, are
wired together to form a solar PV system with other balance-of-
system components like inverters, charge controllers, and optional
battery storage (Ajao et al., 2011).

The solar module examined in this research comprises various
modeled strings of PV cells. PV cells represent the smallest
individual component of any PV-based module and produce a
set voltage (approximately 0.5 V) when exposed to intense visible
light, with the electric current produced by a single PV cell
corresponding directly with its surface area. To make use of PV
cells in a practical manner, they are commonly arranged in series
or parallel wiring configurations to increase the delivered voltage
and current, respectively, to meet the required specifications. PV

frontiersin.org
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FIGURE 2
A breakdown of the population estimates for all examined communities. The estimated number of households in Kabuiri is 337. Based on the 6.87

average number of persons per household in Yobe State; Kabuiri was estimated to have 2,316 residents. Similarly, Karagawaru was estimated to have 65
households and 447 residents; Abodari was estimated to have 94 households and 646 residents, and Garuhiza was estimated to have 378 households
and 2,597 residents.
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TABLE 1 The scaled power demand and electricity consumption for the 337 households in Kabuiri, proportionately scaled based on
Ajayi et al. (Akpan et al., 2013).

Appliance | AC/DC  Power per Appliances Load for DET\AVE] DETINY Days of Annual

appliance per home | community (VLEW)] electricity use per electricity
(W) (W) consumptio week consumptio
(kWh) (kWh)

Television AC 90 1 30,330 6 182 7 66,423

Bulb AC 18 6 36,396 7 255 7 92,992

Fan AC 24 3 24,264 8 194 7 70,851

Water Pump AC - Community 33,700 3 101 3 15,815

(45 hp)

Radio DC 6 1 2,022 5 10 7 3,690

Clinic AC - Community 3,370 5 17 5 4,393

equipment

(lighting,

refrigeration,

ultrasound)

School AC - Community 4,044 5 20 5 5,272

electronics

(lighting, fans,

projector)

TOTAL 602 259,435
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FIGURE 3
An hourly breakdown of the demand curve of Kabuiri.

modules represent combined blocks of PV cells installed as a part of ~ daily energy demand and derating factors such as wiring losses,
a larger contiguous surface to aid in the installation, protection, and ~ dust, and other environmental influences. This approach provides
use of PV cells. For larger projects, PV modules themselves are wired ~ a safety margin between the limits of the PV modules and the
together in series or parallel to satisfy output voltage and current  stresses they experience (Williams and Beng, 2021; Ijeoma et al.,
constraints. This DC output power is then fed through a charge  2023a). The capacity of the PV module can be determined using
controller or similar control system to an inverter, battery storage, =~ Equation 1:
or other load (Duffie et al., 2024).

The capacity of the PV array is calculated based on the PV Capacity =
average solar radiation at the design location, considering the S aSulh]

E i1y [(kWh] W
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where Egy, is the daily energy demand, f; is the derating
factor assumed, and S, (also known as peak sunshine hour)
is the number of hours the sun must shine at its peak
(1000 W/m?) to deliver the same amount of energy received
throughout the day (Ijeoma et al., 2023a).

The performance characteristics of commercially available
PV modules are typically assessed at Standard Test Conditions
(STC). STC is defined as 25°C and the illumination of 1,000 W
per square meter with a distribution reflective of real-world
1.5 It
for post-installation performance to often fall 10-15 percent

conditions-termed Air Mass is common, however,
below the listed STC performance, largely due to factors such
as shading, dirt buildup, and temperature-dependent factors
(Duffie etal., 2024). The HOMER simulation uses a dynamic
derating factor to adjust the instantaneous output of a PV
module, accounting for module temperature and current panel
conditions. The power output is determined from the module’s
performance characteristics at standard test conditions, following
IEC 60904-3, which considers direct, diffuse, and albedo irradiance
components (Monokroussos et al., 2020).

The power output of a PV module is evaluated using Equation 2.

Pout:vafpv<Gi)[l+Ocp(Tc_TcSTC)] (2)
TSTC

Where P,, is the rated power of the PV module at STC,
Jpy is the derating factor of the PV module (%), Gy is the
radiation incident on the PV module (W/m?), Gy is radiation
incident at STC of 1000 W/m2, ap is the temperature coefficient
of power in percentages per degree Celsius, T, is the PV operating
cell temperature (°C), and T, gy is the PV cell temperature at
STC (25°C) (Jjeoma et al., 2023a).

ReSun Solar Energy [RS7I-425M] PV panel was selected as the
basis for PV energy generation within the system architecture. This
monocrystalline panel has a listed capacity of 425 W at 34 V, with a
rated efficiency of 19.24%, with dimensions 0f 2,115 mm x 1052 mm
x 30 mm (Victronenergy, 2024). This panel model was selected
for use due to its availability in the international market and the
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low cost of $0.16 per watt of rated capacity. Further manufacturer
information regarding the technical parameters of the PV panel
is shown in Supplementary Material P1.

2.4 Battery module

A battery stores excess energy from other power-producing
modules for later use, improving energy efficiency and lowering
grid reliance. Batteries play a vital role in storing renewable energy,
ensuring a steady power supply even during minimal solar or
wind activity periods. They also play an essential role in balancing
supply and demand on the grid, resulting in a more reliable and
sustainable energy system (Joseph and Shahidehpour, 2006; Ndukwe
and Igbal, 2019).

The battery storage capacity can be determined using
Equation 3:

Egaity[kW] x T, x DA x DM

3
Viaur X DOD X B, i )

Battery Capacity =

where Egy;, (kWh) is daily electricity demand, B is the battery
efficiency, Vi, is the battery nominal voltage, DOD is the depth
of discharge, number of days of autonomy (DA), and DM is the
design margin (Mathew et al., 2022).

The Sunlight 2 V 26 RES OPzS 4,730, a vented, 2V, 3,000 A h,
lead-acid battery was selected for use with a listed nominal capacity
0f4.923 kWh (Monokroussos et al., 2020; Victronenergy, 2024). The
lead-acid battery is the predominant means of energy storage for
most small-scale energy storage applications due to the cost and
lifespan advantages it offers over other solutions. For microgrid
architectures relying on PV generation, battery storage fills a
fundamental role in guaranteeing a continuous power supply, either
during periods of low irradiance or at night. However, battery
storage installation and maintenance can make up a sizable portion
of overall project costs and must be balanced accordingly.

The HOMER simulation environment models the battery
capacity and lifespan of lead acid batteries dynamically based

frontiersin.org
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on environmental and operational conditions. Included in this is
dynamic modeling of battery life for lead acid batteries based
on their cycling, state of charge, and age. Further manufacturer
information regarding the technical parameters of the battery
system is shown in Supplementary Material P2.

2.5 Inverter module

For electric microgrids, the inverter converts electricity between
direct current (DC) and alternating current (AC) inside the system’s
architecture. While most electrical devices rely on AC power
supplies, PV panels and battery storage systems fundamentally
operate on DC. This necessitates a bidirectional inverter to ensure
that AC power from a generator or external source can be
used to charge the battery system, as well as allow the PV and
battery modules to supply AC power for distribution (Okoye and
Oranekwu-Okoye, 2018). This conversion process has an inherent
inefficiency, accounted for in the HOMER simulation process.

The process of sizing an inverter comprises establishing the
proper power capacity for the application or load it will handle. The
inverter is sized based on the following equation:

Inverter Power > Total Load Power (4)

To get the best possible performance, it is essential that the power
rating of the inverter be equal to or greater than the total power
requirements of the devices that are connected to it. To achieve the
best performance, it is crucial that the power rating of the inverter
be equal to or greater than the total power requirements of the
connected devices. This condition guarantees that all devices receive
sufficient power.

A large generic inverter was used for this analysis as a
modeling aid to allow for dynamic component sizing inside the
HOMER model. For the final implementation of any system
architecture presented here, an inverter corresponding to the specific
battery and demand characteristics would need to be selected.
To account for capacity-tied pricing for the different inverters
commercially available, the cost of an inverter was modeled at
$260 per kW of rated capacity. This rate is extrapolated from
the specifications of the Victron SmartSolar MPPT RS 450/100-
2024).
regarding the technical parameters of the inverter system

Tr (Victronenergy, Further manufacturer information

is shown in Supplementary Material P3.

2.6 Generator and MGS modules

For electric microgrids, generators often serve a secondary
role unless an alternative means of meeting electrical demand is
not available. The capacity of generators to rapidly match power
demand makes them a commonly used source of backup power. For
the purposes of this study, a Modular Gasification System (MGS)
was modeled as a potential generator substitute. This MGS system
would produce power from local biomass procured at an assumed
$10 per ton.
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HOMER utilizes the following equation to compute the average
total efficiency of a generator system:

3.6xP
gen (5)

Pget tor = m

where P, is the generator’ electrical production in kWh, m,q is
total fuel consumption in kg/yr., and LVHg,, is the lower heating
value of the fuel (M]J/yr.). We should note that the 3.6 factor is
because 1 kWh = 3.6 MJ (Homer energy, 2023a).

An available DG6500SE 5kW commercial generator was
selected for this study, with additional generation capacity
being modeled in 5 kW increments according to the simulation
analysis. Overall generator capacity is sized by HOMER to
the smallest capacity to sufficiently meet electrical demand.
The manufacturers’

specifications of the microgen can

be found in Supplementary Material P4.

2.7 Economic indicators

The key economic parameters of this study comprise investment
cost, net present cost (NPC), levelized cost of electricity (LCOE),
simple payback time (SPBT), and internal rate of return (IRR).
With financial conditions within Nigeria being relatively volatile,
this study assumes a standard discount rate of 8% and an inflation
rate of 2% (Jjeoma et al., 2024a). The impact of the discount rate
fluctuations is assessed in the sensitivity analysis.

2.7.1 Net present cost (NPC)

Net present cost represents a critical measure of the overall
value of a project. Calculated as the summation of all time-value
costs of the project, it ranges to include equipment, installation,
operation and maintenance, fuel, and potential emission penalty
costs, as well as an estimation of asset resale value at the final
stage of the project lifespan (Tijani et al., 2014a). Within HOMER,
NPC is determined through the summation of all discounted
cashflows over the lifespan of a project. All system architectures
that meet demand requirements within the HOMER software are
ranked by their respective NPC-from which other cost metrics
are derived (Homer energy, 2023c¢).

2.7.2 Levelized cost of electricity (LCOE)

The LCOE of a project is a representation of the overall cost of
a project in per unit terms of the energy delivered to the end user.
Like the calculation of NPC, the LCOE of a project is determined
procedurally within HOMER as a ranking metric between system
architectures.

LCOE is calculated in HOMER Pro using Equation 6.

cann_tot - ChoilerHserved

LCOE = (6)

Eserved
where C,,, is the total annualized cost of the system in USD/yr.,
H,pveq IS the total thermal load served in kWh/yr., Cy ;.. is the boiler

marginal cost in USD/kWh, and the E. .4 is the total electrical
load served in kWh/yr. It's important to note that in wind and

PV systems that do not serve thermal load, H,,,,.; is set to zero

erves
(Homer energy, 2023b). See Supplementary Material P5 for more

information regarding C,,, ,, and Capital Recovery Rate.

frontiersin.org


https://doi.org/10.3389/fenrg.2024.1454281
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Lewis et al.

10.3389/fenrg.2024.1454281

AC DC
Diesel Electric PV
Genset Load Module
Battery
MGS Inverter Storage
Module

FIGURE 5

The architecture design framework used. MGS stands for Modular Gasification System.

2.7.3 Simple payback time (SPBT)
The payback period is the length of time required to repay the
cost of an investment. SPBT can be determined from Equation 7.

_ Initial Investment Cost

SPBT =
Present Cost of Benefit

7)

Shorter payback times indicate more attractive investments,

while more extended payback periods indicate less

desired assets (Olatomiwa et al., 2015).

2.74 Internal rate of return (IRR)

The internal rate of return (IRR) is the projects yearly rate
of growth from an investment. IRR is calculated such that the
net present value is set to zero (Ijeoma etal, 2023b). IRR was
calculated using Equation 8.

Z Year n total cash flow
0=

(1 + dicount rate)"

2.8 Environmental assessment parameters

For this research, pollution from the system architectures
stems solely from the combustion emissions during operation.
Internally, the HOMER software reports six pollutants carbon
dioxide (CO,), carbon monoxide (CO), particulate matter (PM),
sulfur dioxide (SO,), nitrogen oxides (NO,), and unburned
hydrocarbons (UHC) (Ijeoma et al., 2024b). These pollutants have
numerous adverse effects on the environment and ecosystems.
The environmental impact of these pollutants was evaluated using
the EPAs Tool for the Reduction and Assessment of Chemicals
and Other Environmental Impacts (TRACI) 2.1 life cycle impact
assessment model. TRACI considers resource depletion, human
health implications, and ecological quality across different impact
categories.

Frontiers in Energy Research

The following TRACI impact categories were considered in
this study: global warming potential (GWP), acidification potential
(AP), eutrophication potential (air and water), photochemical smog
potential (SP), and human health particulate (HHP) potential.
These impact indicators provide a key metric for evaluating system
end-point impacts on human health and the environment. This
comprehensive methodology enables organizations to understand
their environmental footprint better and make informed decisions
to mitigate negative impacts (ljeoma etal., 2024b). TRACI 2.1
characterization factors were applied to the direct emission
of different pollutants from the optimized architecture and
used to determine their potential midpoint impacts on the
environment. See Supplementary Material P6 for more information
on the descriptions of these pollutants, impact categories, and
TRACI 2.1 characterization factors.

2.9 HOMER pro software

The HOMER Pro software represents a software-based
deterministic approach to microgrid modeling and was used to
perform the system simulations used in this analysis (Mathew et al.,
2022). The HOMER software is provided with key input parameters:
model solar irradiance and temperature data (incorporated from
the NASA POWER database), the load demand curve, as well
as the available system modules of varying sizing for battery
storage, PV generation, diesel microgen, and additional system
components. These system parameters, along with various fuel
prices for the completion of a sensitivity analysis, were incorporated
into the simulation. The running simulation, once completed,
ranks winning system architectures by component sizing and
classification, life cycle cost of energy (LCOE), and Net Present
Cost (NPC). Various system architectures that successfully meet
load demand are ranked by NPC and LCOE within the HOMER
analysis. Through consideration of the various parameters of
winning architectures, the optimal system architecture can be
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TABLE 2 HOMER Simulation Results for the optimum system architecture by type. Optimal System Architecture is listed in bold. All architectures shown
make use of cycle charging dispatch, a combined inverter and a rectifier of the specified size and operate with the assumed baseline diesel price of
$1.00 per liter.

System PV MGS | Microgen Battery Reg. Net LCOE Capex Ren frac
architectu capacity capacity | capacity capacity | Converter present (S/kWh) () (VA

(kW) (kW) (kW) (kWh) rating cost ($)

(kW)

PV, 375 15 869 72 $266,709 $0.09 $148,943 99
Microgen,
Battery
PV, Battery 588 1,016 84 $294,916 $0.10 $187,252 100
PV, 266 95 5 689 65 $324,440 $0.11 $217,478 100
Microgen,
MGS,
Battery
PV, MGS, 273 95 693 73 $325,763 $0.11 $217,623 100
Battery
PV, MGS, 404 95 25 57 $727,055 $0.25 $212,757 79
Battery
Microgen, 95 965 68 $819,573 $0.28 $185,279 100
Battery
Microgen, 95 5 947 65 $822,307 $0.29 $186,844 100
MGS,
Battery
PV, 528 95 63 $1,061,257 $0.37 $217,433 100
Microgen
MGS, 535 75 64 $1,151,434 $0.40 $166,584 49
Battery
Microgen, 95 30 $1,337,945 $0.46 $129,866 65
MGS
PV, MGS 30 614 50 $1,352,121 $0.47 $73,577 0
MGS 95 $1,707,736 $0.59 $107,666 100
Microgen 75 $2,000,028 $0.69 $55,500 0

selected by the user regarding NPC, LCOE, predicted emissions, and
operating cost. The framework for the system design architecture
used is shown in Figure 5 below consisting of all design modules.

3 Results and discussion

This section details the simulation outputs and results of this
overall analysis in technical, economic, and environmental terms.
3.1 System technical results
HOMER

architectures for supplying community load were determined at the
baseline diesel price of $1.00 USD/L for all possible combinations of

Following the analysis, the optimal system

Frontiers in Energy Research

system components. Table 2 shows the result of the hybrid system
configurations based on the baseline diesel price.

The optimal system, shown in bold in Table 2, consists of solar
PV, battery, and microgen components. It possesses a rated PV
capacity of 375 kW, producing an average of 1,978 kWh per day
and 722,100 kWh per year for a capacity factor of 22.0%. This
is paired with 869 kWh of lead acid battery storage, yielding a
system with 20.5 h of autonomy for this architecture and a useable
generation capacity of 522 kW. The battery storage module processes
an estimated 111,500 kWh per year in throughput (energy out of
the battery), yielding an expected service life of 6.23 years while
providing approximately 45.2% of total instantaneous load over the
course of a model year. The baseline system architecture makes
use of 15 kW of microgen capacity operating in a cycle charging
configuration to satisfy electrical demand. This microgen is required
to operate at a mere 1.47% capacity factor (only operating for 187 h
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FIGURE 6

(A) Breakdown of the output profiles of the PV. (B) Output profile of the Microgen modules. (C) The state of charge for the lead acid battery storage

per year), producing a nominal microgen service life of 80.2 years.
The simulation of the system architecture indicates that an inverter
with a rating of 72.06 kW or greater is required to satisfactorily
meet system needs. This system produces an estimated 724,030 kWh
per year in combined electrical production, sufficiently meeting
the estimated community need of approximately 220,500 kWh per
year with less than 200 kWh of unmet electric load. For this
baseline system design, more than 99% of all electric generation
was produced from renewable energy, with the remaining 0.87%
provided by microgen.

The findings of our study align with a similar hybrid energy
system analysis conducted by Ijeoma etal. (Jjeoma et al., 2024b),
where their solar-battery-generator system produced 386,574 kWh
per year of electricity and 173,195 kWh per year of excess energy, for
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which the excess energy was assumed to be sold to the grid. A hybrid
study was also conducted by Odou et al. (Odou et al., 2020a) in the
Benin Republic for rural electrification; their system yielded about
7.7% excess energy. The difference in energy production and excess
energy in this study can be attributed to the higher PV reliance and
lesser load demand. It is possible that excess energy generated in this
system architecture may be effectively utilized to supply additional
deferrable loads within the community once installed.

Figures 6A,B show the output of the PV and Microgen systems
respectively, and the state of charge of the battery module in
Figure 6C over the course of a model year based on the hourly
simulation. On average, the PV system produces 1,978 kWh of
generation capacity per day, however, this generation is variable and
noticeably intermittent. This variability and intermittency can lead
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TABLE 3 Annual financial parameters of the optimal system architecture
and the conventional Microgen-only alternative.

Parameters Optimal system Units
architecture

Net Present Cost (NPC) 266,709 $

Initial Cost 148,943 $

Operation and Maintenance 9,110 $

(O&M) Cost

Levelized Cost of Electricity 0.0927 $/kWh

(LCOE)

Internal Rate of Return (IRR) 142.7 %

Simple Pay-Back Period (SPBP) 0.80 years

to instances where the overall energy storage present is insufficient to
meet foreseeable future demand. At this point, the 15 kW Microgen
is brought online to aid in supplying demand and/or recharging
the lead acid batteries to ensure that sufficient electrical supply
remains available. For the selected location of this study, local wet
seasons typically correspond to significantly less sunny periods in
the mid-to-late summer and place additional strain on this system.
Visible in Figure 6B is a period around Day 210 where a spell
of consecutively darker days produces a significant drop in PV
generation. During this period, the system relies on the 15kW
Microgen to aid in power generation—acting as a backstop to help
the system meet demand.

The system operation behavior is analogous to the [jeoma et al.,
2024 solar PV/battery/generator system, wherein their system also
showed a period of consecutive dark days around day 90. The
difference in variability is attributed to the different regions of
the country with slightly different weather conditions and solar
irradiance that both projects inhabit. Of note is the difference
in average daily horizontal solar irradiation, where the recorded
average daily horizontal solar irradiation is 4.21 kWh/m2/day in
Port Harcourt per the NASA POWER database. The same database
records 5.90 kWh/m?/day for the selected portion of Northeast
Nigeria, which shows that variability in solar PV performance
is expected.

To ensure consistent electricity is available, the optimal system
makes effective use of the Microgen to supply consistent power
during periods of low PV production. This results in little overall
use of the generator, however, as is visible in Figure 6B. Over the
year, the Microgen operates with a mean output of 10.3 kW for
187 h, requiring only 48 starts. For these 187 h of operation, the
unit consumes 620 L (approximately 164 gallons) of diesel fuel.
Considering the relatively high operating cost of the Microgen
unit, this unit is operating efficiently within the larger system by
making use of more costly means of electrical production only when
necessary to avoid capacity shortfall. The community may consider
removing the Microgen to replace it with a PV-battery-only system
with additional unmet load due to the Microgen’s low-capacity
usage, which could reduce the overall net present cost (NPC) by
7.1% to $247,500. The total capacity shortfall would be increased
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from 220 kWh to 2,150 kWh per year, but this would still represent
a modest percentage of the total power consumed, resulting in an
overall system LCOE of less than $0.09 per kWh. The increase in
capacity shortfall would be manageable for the system if adequately
planned to fall when the load demand is not critical.

this
outperformed others, such as Modu etal.'s (Moduetal, 2018),

Regarding generator usage, study  significantly
which used a generator system for 4,299 h annually and consumed
26,662 L of diesel fuel. Similarly, in Ijeoma etal. (ljeomaetal,
2024b), the Microgen was operational for 180 h with 28 starts and
consumed 4,177 L of diesel. This difference is largely attributed to
the current system’s prioritization of PV capacity to take advantage
of local solar resources, resulting in fewer starts and less overall
fuel consumption. Therefore, this system was able to achieve greater
efficiency and reduce emissions.

Figure 6C displays the state of charge for the lead acid battery
system, showing the remaining portion of the energy stored within
the battery bank on a per-hour basis over the model year. On
most days, the battery bank reaches a state of near-full charge
before discharging from 4 p.m. onwards, only being depleted to the
40% minimum charge state three times in the model year. These
regular charge patterns demonstrate the full use and effectiveness
of the battery bank, effectively harnessing PV generation during
productive hours to meet electrical demand throughout a given
day. As mentioned earlier, this 869 kWh lead acid battery system
provides only 20.5 h of autonomy, forcing the system to rely little on
energy storage for shortfalls in PV generation between prolonged
sunny and cloudy periods. Due to limited capacity to store excess
PV generation, 465,270 kWh of the total 724,020 kWh generated by
the system remains unused and is written off as excess generation.
While this quantity, representing 64.3% of all electricity generated
by the optimized system architecture, is not prescribed value within
this system, it remains available for instantaneous private and/or
community uses during the sunny midday hours. Therefore, it may
represent a valuable opportunity for more infrequent or deferrable
loads within the community. This excess energy can also be sold to
potential future grid connections to generate income that could be
used to cover system operational costs should the opportunity arise.

3.2 System economic results

The economic results of the optimal system architecture
are shown in Table 3 below. The PV, battery, and Microgen system
possessed an initial cost of $148,943 and NPC of $266,709. The
optimal system has an estimated $9,110 in running costs each year
while providing electricity to users at an LCOE of $0.0927 per
kWh. This provides an Internal Rate of Return (IRR) of 142.7%
and a simple payback period of 0.8 years under the assumed 2%
annual inflation rate and an 8% discount rate. A sensitivity analysis
was conducted to assess the impact of the discount rate on the
system NPC.

The findings of this study compare favorably to similar studies
examining the feasibility of microgrids throughout West Africa
and Nigeria specifically. Table 4 shows the economic comparison
of the system results with related literature in West Africa. Of
interest are the findings of Tijani et al., 2014, wherein an optimized
PV/Battery/Generator system was designed with the aid of the
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TABLE 4 A comparison of system results with related literature in West Africa.

Literature System AC Generation | NPC (S) NPC/AC Overnight LCOE Discount
capacity capacity capacity capital ($/kWh) rate (%)
(kW) (kWh/day) (S/kW) cost (S/kW)

Tijani et al. (2014) 150 485 1,043,150 6,954 6,390 0.566 17

Adaramola (2014) 260 2,167 530,090 2039 3,115 0.281 16

Olatomiwa et al. 10 24 81,545 8,155 3,243 0.246 11
(2018)

Odou et al. (2020) 110 680 586,350 5,330 3,022 0.207 10

Eze et al. (2022) 580 1,200 452,700 781 440 0.067 9

ljeoma et al. 75 561 266,940 3,559 2038 0.14 11.5
(2023)

Al-Rawashdeh 792 4,126 1,160,000 1,465 1768 0.042 1.8
(2023)

ljeoma et al. 208 561 232,533 1,118 711 0.106 8
(2024)

This Study 87 610 266,710 3,066 1712 0.093 8

TABLE 5 The annual pollutant production of the optimal system
architecture and conventional Microgen-only alternative.

HOMER analysis software. This system, which is of comparable
scale and was intended for rural application in Northern Nigeria,

Pollutant Value (kg) possessed an LCOE of $0.566 per kWh compared to the $0.093 per

kWh produced in this analysis. The stark difference in overall cost

€O, 1,624 between systems can largely be attributed to the difference in the

o 1010 price of PV modules, where the cost of PV capacity in their study was

at an astounding $7,200 per kW. In contrast, in this study, the same

UHC 0.0519 metric was evaluated at approximately $160 per kW (Tanu et al,

2021). While this does not necessarily indicate a more or less

NO, 1116 effective design given available resources, it does provide a clear

50, 0.4618 indication of the substantial impact that falling PV panel prices have
had on the affordability of decentralized electricity generation.

PM 0.0072 However, Eze etal,, 2022, and Al-Rawashdeh etal., 2023,

TABLE 6 The annual pollutant production characterized using TRACI 2.1
characterization factors for different impact categories across
conventional and optimized system architectures.

examined a grid-connected hybrid system in which excess
electricity is sold back to the grid at market rates, significantly
reducing overall LCOE costs to $0.054 per kWh and $0.042
respectively (Odou et al., 2020a), (Al-Rawashdeh et al., 2023). More
recent studies by IJjeoma etal., 2024 presented a comparatively
marginal improvement. They designed a microgrid architecture for
supermarkets in Port Harcourt in Southern Nigeria, achieving an

Impact categories Optimized system Units LCOE of $0.106 per kWh compared to this study’s $0.093 per kWh.
architecture Much of the difference in LCOE between systems can be attributed
Global Warming Air 1624 kg CO2eq to the increased effectiveness of PV systems in Northeast Nigeria as
compared to the coastal environment of Port Harcourt.
Acidification Air 1.243 kg SO2 eq As shown in Table 4, this study has a high NPC to AC
capacity ratio due to the use of solar PV energy for battery
Eutrophication Air 0.0495 kg NOx eq . . . Lo
charging instead of a generator, preventing significant demand
HH Particulate Air 03997 kg PM 2.5 eq spikes. Comparing this study with others, it shows a similar ratio
for kWh/day generated to a PV-only system designed by ljeoma
Smog Air 56.81 kg O3 eq etal. (Jjeoma et al., 2023b) in Port Harcourt, Nigeria. Also, for more
information on the different options for financing energy access
Eutrophication Water 0.3250 kg N eq i .
projects, see Supplementary Material P7.
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FIGURE 7
The economic parameters and annual generation of the winning Kabuiri system architecture normalized to the baseline system architecture at $1.00
per liter are shown in parts A and B, respectively.
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FIGURE 8
The relationship between the discount rate and Net Present Cost (NPC) of the baseline system architecture.
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a. LCOE Based on Community Population
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FIGURE 9
The evolving LCOE of idea system architectures and the relative changes in component costs are shown in parts A and B, respectively.

3.3 Environmental impact analyses result This study found that minimal use of a generator in a hybrid
energy system resulted in only 0.007 kg CO2 per kW for each

The environmental impact due to Microgen operation of  year of operation. This represents a stark decrease compared to

the optimal system architecture from the HOMER analysis  previous studies by Tijani etal. (Tijanietal., 2014b), Modu et al.

is shown in Table 5. The results indicate that CO, represents the  (Modu et al.,, 2018), and Jjeoma et al. (Ijeoma et al., 2024b), which

dominant pollutant produced by the system in overall quantity,  produced 0.081, 0.665, and 0.053 kg of CO2 per kWh respectively

followed by CO. The optimized system architecture hasamuchlower  for each year of operation. Further reductions in emissions from

CO2 emission due to the reduction in diesel usage as result of the  the current system contribute to climate change mitigation, air

solar PV system. quality improvement, biodiversity preservation, and human health
Table 6 displays the endpoint impact of these pollutants  in the region.

over various impact categories according to TRACI 2.1. The

global warming air impact indicates a quantified value of

the impact of the system on global warming. Similarly, the 3.4 Sensitivity analysis

air smog and particulate metrics provide quantified values

for the overall system impact in these impact categories, This section covers a sensitivity analysis performed on the effect

all expressed in terms of their respective predominant  of fuel price on the primary microgrid system for Kabuiri, as well

pollutants. as the effect of discount rate on economic factors. Additionally, a
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sensitivity analysis was performed assessing the required changes
in the same microgrid system for serving communities across
a range of possible sizes. Along this range of community sizes
lies the three additional communities: Karagawaru, Abodari,
and Garuhiza.

3.4.1 Kabuiri fuel price microgrid sensitivity
analysis

After the removal of the general fuel subsidy by the Nigerian
government in 2023 (KPMG, 2024), (Nigeria, 2024), the price
of a liter of diesel increased by more than 200% from $0.25
per liter to $0.8 per liter, and this price continues to increase
(Aljazeera, 2024), (Sun Connect News, 2024). To assess the
impact of diesel price on the optimum system architecture, a
sensitivity analysis was performed along 10 cent increments
of the diesel price ranging from $0.4 per liter to $2.5 per
liter. An analysis of the economic and design parameters of
various optimized systems over this range of possible diesel
prices yields insights into trends in system design and broader
economic viability.

The results from the sensitivity analysis are shown in Table 7
and the normalized economic parameters of the preferred system
architecture in Figure 7. The sensitivity analysis results show that,
regardless of the price of diesel, the preferred system architecture
remained a PV/battery/generator system with relatively minor
increases in LCOE seen between systems alongside increases in
diesel price. Significant increases in the required system capital
expenditure were observed with increases in diesel price, while no
similar trend is noticeable with annual operation cost. In terms of
changes in system parameters across the range of sensitivity cases,
a relatively minor change was observed in the required generator
sizing and overall renewable penetration, largely because of the
comparatively minor role that the Microgen already played in total
energy production.

The diminishing role of Microgen energy production is observed
as the diesel price increases in Figure 7B. A similar trend was
also observed in Jjeoma etal. (Jjeoma etal., 2024b), whose study
showed that a PV/battery/generator system becomes more attractive
as the price of diesel increases. These results suggest that the
relative cost-effectiveness of PV/battery systems could be heavily
influenced by fluctuations in diesel prices, making them a more
viable alternative in certain economic conditions. Further research
is needed to explore how multiple external factors ranging from fuel
price uncertainty to component supply shortages may impact the
overall attractiveness of PV/battery systems compared to traditional
energy sources.

The sensitivity analysis highlights the importance of considering
long-term diesel price fluctuations over a project’s lifespan and how
a system can be adapted to changing economic conditions. The
optimal system architecture adapts to increasing diesel prices by
increasing installed PV capacity, holding the required generator
rating constant, and decreasing required battery storage capacity.
In theory, this would allow owners/operators to install additional
PV capacity in times of high fuel prices without overhauling the
broader microgrid system, allowing them to adapt to higher fuel
price environments effectively.
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3.4.2 Kabuiri discount rate microgrid sensitivity
analysis

To aid in evaluating the potential effects of Nigeria’s variable
discount rate, a sensitivity analysis was performed on the economic
parameters of the optimal system for Kabuiri over a wide range
of potential discount rates. Examining the potential effects of
volatile discount rates on the economic parameters of the system
may provide insight into the viability of projects in Nigeria’s
unique economy.

The impact of the discount rate on the NPC of the
optimal system is illustrated in Figure 8. This sensitivity analysis
demonstrates that changes in the discount rate may have significant
implications for the overall NPC of the system. The impact of volatile
discount rates on NPC is particularly pronounced between 1%
and 15%, with starkly diminishing changes seen as the discount
rate increases further. Furthermore, substantial increases in the
discount rate led to optimal architectures favoring reduced PV
capacity and increased generator usage—presumably due to the
increased cost of financing PV installation. At the time of writing,
the monetary rate held by the Nigerian Central Bank sits at 12.5%,
suggesting that further potential hikes in the monetary rate as
a proxy for discount rate has comparatively little potential to
drastically harm the NPC and component sizing of the optimal
system architecture (Monetary Credit, 2024). Further information
on the effect of the discount rate on baseline system LCOE and IRR
can be found in Supplementary Material P7.

3.4.3 Community size microgrid sensitivity
analysis

A broader sensitivity analysis was conducted to assess
the potential viability of similar microgrid systems for other
communities in the Northeast region of Nigeria. Considering the
population size of three different communities briefly discussed in
Section 2.1, the analysis was conducted using scaling of per capita
load demand across potential communities ranging from 10 to
1,500 households. It is important to note that there are communities
with fewer than 60 households in rural Nigeria. Still, the methods
used in this study are only sometimes suitable for electrifying
these communities. Instead, communities on these far ends of the
examined range would likely benefit from precisely sized models
but are still included in this data to help identify trends and areas
of high performance. Figure 9 below shows trends in LCOE and
component-specific costs across the range of this sensitivity analysis.

The sensitivity analysis results in Figure 9 highlight the potential
feasibility of microgrid systems for electrification to a wide range of
community sizes in remote locations. While noticeable fluctuation
in the LCOE was observed for smaller communities, the LCOE of
each optimum system architecture quickly settled to a baseline near
$0.093 per kWh as community size increased past approximately
450 residents. Complete data produced in this sensitivity analysis
can be found in Supplementary Material P8. At no point during this
analysis did a system utilizing an MGS module become competitive,
though the preferred microgrid architectures trended towards the
same PV/battery/Microgen configuration optimum for Kabuiri.
This analysis is not meant to thoroughly investigate and develop
optimum system architectures for all possible rural communities
but effectively provides a quick snapshot of the potential efficacy
of the hardware and configurations examined in this study
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across other communities of various sizes. For more information
and a breakdown of the results of this sensitivity analysis, see
Supplementary Material P8 and Supplementary Material 2.

4 Conclusion

This study aims to provide a solution to improving energy
access in Northern Nigeria by conducting a techno-economic
and environmental analysis of community-scale microgrid projects
in a primary candidate remote village of Kabuiri in Northeast
Nigeria and the applicability of the model for other remote
villages in the region. The hybrid microgrid system for the Kabuiri
community was designed to meet the community’s electrical load
demand while minimizing costs and environmental impacts. The
results show that the optimal system architecture for Kabuiri
was a PV/battery/generator-based system, providing an estimated
610 kWh of electricity daily with an LCOE of $0.0927 per kWh and
an NPV of $266,709. Under 2% annual inflation and an 8% discount
rate, the optimal system had an IRR of 142.7% and an SPBT of 0.8
years. The environmental impact assessment revealed that CO2 and
CO were the most significant pollutants produced by the system, and
they had a massive impact on global warming potential and smog
formation.

The sensitivity analysis demonstrated that the optimal system
for Kabuiri is highly resilient to fluctuations in diesel prices.
The sensitivity results also showed that increased diesel costs
significantly reduced overall generator usage and system-wide
emissions as the system opted for increased PV capacity. The
model indicated that costs and environmental impacts can be
mitigated by incorporating more PV capacity and reducing reliance
on the generator. This shift towards local renewable energy
generation benefits the environment and provides a sustainable,
reliable energy solution for remote communities in the region.
Furthermore, sensitivity analysis conducted on three other remote
communities (Karagawaru, Abodari, and Garuhiza) in the region
affirms the model viability for energy generation for similar
remote communities in Northern Nigeria. The sensitivity analysis
result suggests optimal hybrid architectures for rural communities
from 400-4,000 residents. However, rural communities with
populations outside the approximate 400-4,000 resident range
may benefit from more specially sized microgrid components.
More specialized microgrid design and research are needed
to produce definitively optimized system architectures for any
rural community.

The study demonstrates the potential of microgrids to
enhance energy access in remote areas, thereby reducing energy
inequality and enhancing the quality of life for underserved
communities. It also suggests that investing in renewable
energy infrastructure

can vyield long-term economic and

environmental benefits.
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