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Rural communities in Bangladesh face persistent energy access challenges due
to geographic isolation and inadequate infrastructure. This study investigates
the design and optimization of off-grid hybrid renewable energy systems for
five distinct rural locations, utilizing solar photovoltaic (PV), wind turbines (WT),
and four types of battery energy storage systems (BESS): ZnBr Flow, Li-Ion
NMC, Lead-Acid, and LiFePO4. Using HOMER Pro (version 3.14.2), simulations
were performed based on real hourly load profiles and resource data (solar
irradiance, wind speed, and temperature) fromNASA. Each system configuration
was assessed for economic feasibility, renewable energy penetration, and
environmental impact. Results show that the PV-WT-ZnBr Flow battery
configuration outperformed others at all sites, achieving the lowest Net Present
Cost (NPC) of $171,720, Cost of Energy (COE) of $0.0688/kWh, and 100%
Renewable Fraction (RF) with zero carbon emissions. ZnBr Flow batteries
demonstrated high efficiency, long lifespan (30 years), and low maintenance
requirements. Sensitivity analysis revealed the influence of resource variability,
load profiles, and component costs. This study confirms that ZnBr-based hybrid
microgrids offer a viable, cost-effective, and scalable solution for sustainable
rural electrification in Bangladesh and other remote or underdeveloped regions
worldwide.

KEYWORDS

hybrid renewable energy system (HRES), battery energy storage system (BESS), techno-
economic optimization, off-grid electrification, ZnBr flow battery

1 Introduction

Bangladesh has in fact been experiencing constant economic growth, which has
resulted in rising electricity demand (Sieed et al., 2020). The local sector currently
dominates consumption, but since saturation levels of access are reached, the industry
and services sectors will also be a big contributor to electricity consumption levels
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FIGURE 1
Bangladesh’s installed power generation capacity by energy
source (2025).

for the subsequent decades (Debnath and Mourshed, 2022). Up
to 2023, Bangladesh’s national electrification level is significantly
over 96%, although it hides vast disparities between urban and
rural spheres (Haq et al., 2024). The majority of rural and off-
grid locations, particularly the hill tracts, coastal belts, riverine
islands (chars), and forest-edged villages, remain without stable or
inaccessible grid electricity due to geographical inaccessibility as
well as under-developed infrastructure (Zomers, 2014; Kumar et al.,
2021). Renewable energy systems have become an economic
solution to mitigate electricity shortages, particularly in isolated
rural areas (Yu and Geoffron, 2020). Nevertheless, most aid-
financed photovoltaic (PV) systems in off-grid areas are plagued
by neglect because of insufficient funding for maintenance
(Pandyaswargo et al., 2022; Adenle, 2020). Bangladesh is at a critical
point of crisis in the matter of its energy resources due to the
rapid urbanization of the country and growing energy demands
(Bagdadee et al., 2025). Furthermore, the dense population and
low-lying delta nature of the country make it challenging to meet
its needs in an environmentally friendly manner that is compatible
with the problem of global warming (Islam et al., 2021). The rapid
expansion of the renewable energy sources is crucial in order to
achieve the net-zero carbon goals, with the role of renewables being
anticipated at 60% of the electricity generated by 2030 and 90%
by 2050 (Akash et al., 2024; Bouckaert et al., 2021). The Figure 1
is for Bangladesh’s energy composition in 2025 with an installed
capacity of 31,261 MW. Gas remains the dominant component at
39.62%, then coal (22.96%) and HFO (18.83%). The significant fact
is that renewable energy contributes only 1,562.84 MW, only 5% of
the installed capacity (Electricity Generation Mix, 2025). This low
percentage is a sign of Bangladesh’s infancy in harnessing sustainable
energy. While its tremendous prospect in solar and wind power, the
country is still reliant on fossil fuels. However, the contribution of
renewable energy to the national grid reflects greater investment and
policy focus (Avwioroko, 2023; Deng and Guo, 2017). Progress in
this area must be enhanced in the pursuit of energy security, climate
resilience, and carbon emissions mitigation. Strategic growth of
renewableswould significantly transformBangladesh’s energy future
(Joarder et al., 2024; Hussain et al., 2024).

Bangladesh has experienced a steady increase in electricity
demand over the last decade, with electricity generation more than
doubling and access to electricity rising from 47% in 2009 to 94% in

2019, primarily driven by the household sector (Sieed et al., 2020;
Taheruzzaman and Janik, 2016; Hasan and Mohammad, 2019).
Around 16% of the global population lacks access to electricity,
significantly impacting productivity and sustainable development
(Mohn, 2020). In Bangladesh, where 64.96% live in rural areas,many
experience substandard electricity quality, hindering economic
growth and exacerbating climate vulnerability (Fyza and Sarkar,
2020). Fossil fuel reservoirs are depleting daily, and the world
will run out of fossil fuels in the coming years, highlighting the
urgency of addressing the fossil fuel crisis alongside rising costs
and scarcity (Hosseini, 2022; Wood, 2020). In a bid to provide
security in terms of energy, nations are moving primarily onto
RE energy sources to meet their power demands (Zafar et al.,
2018). As of December 2021, global RE generation capacity was
3146 GW, according to REN21 (Abdullah-Al-Mahbub and Islam,
2023). The Figure 2 indicates Bangladesh’s capacity for renewable
in 2025 to be 1,562.76 MW. Solar energy leads the way with
1,268.77 MW, of which 377.15 MW is off-grid and 891.62 MW is
on-grid, reflecting extensive use across the nation. Wind power
adds 62.9 MW, while hydropower adds 230 MW, all being on-
grid. Biogas and biomass electricity are minimal at 0.69 MW
and 0.4 MW, respectively (RE Generation Mix, 2025). Dominance
of solar highlights its strategic importance, whereas restricted
progress of other sources suggests untapped possibility (Abdullah-
Al-Mahbub et al., 2022). Diversification of clean technologies is
essential to design a more diversified, sustainable, and resilient
energy future of Bangladesh (Safi et al., 2023).

Approximately 76% of the population in Bangladesh resides in
rural areas, where access to electricity has significantly improved
under the Rural Electrification Program—expanding from just
250 villages in 1971 to 39,684 villages—contributing to improved
living standards and reduced poverty rates (BARKAT, 2005). Power
outages, particularly those lasting longer than 8 h, are increasing,
most notably during the hot summer months of June, July, and
August, showing the vulnerability of the electrical system to climate-
change-fueled weather events (Pahwa, 2016; Singh, 2024). As it
increases in numbers and increasing energy needs, the conventional
energy system that relies heavily on non-renewable resources is
increasingly found wanting (Piyal et al., 2023; Ali et al., 2024). The
availability of RES like solar and wind relies mainly on seasonal
fluctuations in solar irradiance and wind speeds. One solution to the
problem is to import HRES, which are developed to blend multiple
sources of energy to minimize the effect of these fluctuations
(Jaiswal et al., 2022; Ali et al., 2025a). Integrating RE sources
with accessible battery capacity is vital to address the problem of
stochastic power generation and over-reliance on the national grid.
Solar andwind are abundant in quantity and cause no environmental
cost (Ayua and Emetere, 2024; Baidya et al., 2025). A hybrid RES-
based power system is the optimal option for rural electrification
where extension of the utility grid is not possible (Krishan and
Suhag, 2019).

The integration of various battery technologies to hybrid
renewable energy systems has become the high-profile area globally
aimed at optimization of access to energy at the regional scale. A
number of studies have made use of the HOMER Pro program in
order to estimate the techno-economic feasibility of various battery
configurations to match geography, climate, and load conditions.
Kumar et al. (2024) investigated the viability of an HRES for rural

Frontiers in Energy Research 02 frontiersin.org

https://doi.org/10.3389/fenrg.2025.1654615
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Ali et al. 10.3389/fenrg.2025.1654615

FIGURE 2
Technology-wise distribution of renewable energy capacity in Bangladesh, 2025.

electrification in India’s Billerahalli village. A hybrid system was
created combining solar PV, wind, hydrogen storage, electrolyzers,
and batteries. The most cost-saving combination was identified
and presented in the study as wind turbines, hydrogen storage,
and electrolyzers with a lowest NPC of $5.21 million and LCOE
of $0.25/kWh. This configuration provided a 99.8% proportion of
renewable energy, reduced carbon emissions, and was extremely
cost-effective and thus the best answer for rural electrification that
is sustainable. Solanki et al. (2024) compared lithium-ion and lead-
acid batteries in HOMER Pro for hybrid off-grid systems. Lithium-
ion showed better performance with reduced net present cost
($191,000), cost of energy ($0.415/kWh), and increased renewable
fraction (∼81%). The study shows the effectiveness and greater
lifespan of lithium-ion, which is economically and environmentally
sound. However, it only considered two types of batteries and did
not perform sensitivity analysis on load fluctuation and fuel prices,
thus limiting its broader application. Ciez and Whitacre (2016)
analysis techno-economically analyzed hybrid PV/diesel/battery
systems with three batteries. It was concluded that the low-cost
and high-energy lithium-ion batteries were able to compete with
the non-renewable options. The lead-acid batteries are preferable at
lower discount rates, and lithium ion batteries are capable of lower
power costs at higher discount rates. Shezan et al. (2016) assessed the
performance of an off-grid wind-diesel-battery-PV hybrid power
system, based on HOMER software, for a remote area. The results
showed that, compared to conventional power systems, NPC and
CO2 emissions of the optimized system can be reduced by about
29.65% and 16 tons, respectively. Dhundhara et al. (2018) examined
the technical and economic viability of different configurations of
wind/PV/diesel/biodiesel power systems with two types of batteries.
The results showed that the lithium-ion battery was more feasible,
both technically and economically, than lead-acid battery, which
was expected to play a prominent role in various applications
of future power systems. Paudel et al. (2011) optimized PV/wind
hybrid systems with lead-acid batteries for telecommunication
services in Nepal’s remote locations. GFM-800 battery design
achieved higher reliability (99.99%) and low total system cost.
The paper offers realistic design and operating data for off-grid
power solutions in remote sites. However, the research focused
on lead-acid technology and a particular location, thus preventing

applicability to other battery technologies and sites. Shezan et al.
(2021) optimized a hybrid microgrid for Penang Island resort
using renewable energy and battery storage. The system had an
NPC of $21.66 million and a renewable penetration of 27.8%.
Although the battery type was not detailed, results were reported
to demonstrate improved energy efficiency and utilization of excess
energy to loads. The lack of battery details makes impossible
the identification of storage performance, critical to replication to
other microgrids.

Akram and Abdul-Kader (2024) evaluated second-life lithium-
ion batteries (SLBs) for energy storage in renewable systems. SLBs
offered a cost-effective and sustainable solution by repurposing
spent EV batteries, facilitating increased integration of renewable
energy. HOMER Pro simulations show attractive economic benefits,
yet uncertainty over battery degradation and regulation constraints
limit the deployment. The study underscores the significance of
standardized testing and regulatory frameworks to make SLBs more
commercially viable and reliable. Sarker et al. (2024) studied second-
life lithium-ion batteries in residential PV systems. HOMER Pro
simulations revealed that SLBs effectively store excess solar power,
save money, and achieve maximum renewable fraction. However,
performance inconsistencies relying on diversified battery aging
and non-standardized certification procedures were observed. The
study suggests SLBs as a clean, viable option for residential PV
energy storage but calls for quality control improvement for large-
scale adoption. Kebede et al. (2021) modeled seven lithium-ion
chemistries against flooded lead-acid batteries in HOMER Pro.
LiFePO4 batteries had 10%–25% less cost of energy than lead-
acid due to improved cycle life and energy density. The analysis
confirms the technical and financial advantage of lithium-ion for
off-grid systems. Limitations include a homogeneous temperature
assumption and omission of end-of-life recycling expenditures,
which affect real-world sustainability analysis. AbdElrazek et al.
(2025) optimized a solar-wind hybrid power plant with battery
storage for a Saudi Arabian EV charging station. EV demand was
adequately addressed by HOMER Pro optimization through cost-
renewable balance. The unspecified battery type reduces the overall
transparency of storage performance and cost-effectiveness, and
assumptions being geography-specific can limit broader application.
However, the study demonstrates the feasibility of hybrid renewables
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to complement EV infrastructure. Kwon et al. (2024) combined
battery and hydrogen energy storage in a hybrid configuration
using deep reinforcement learning for optimal control. Analysis
with HOMER Pro revealed a 13.2% increase in the fraction of
renewables, a decrease in CO2 emissions by 78.69%, and cost
savings of 23.5%. The hybrid system applies batteries to short-
term and hydrogen for seasonal storage. The advanced control
scheme and high resource needs may, however, hinder real-world
implementation in developing nations. Arsad et al. (2022) compared
hydrogen storage and battery technology in solar-wind hybrid
systems.Hydrogenwas preferable for long- to seasonal-term storage,
while batteries were better suited for short-term utilization. Despite
cost benefits in bulk storage for hydrogen, high initial investment
and infrastructural challenges are still playing the role of a limiting
factor. The study presents good guidance to select energy storage
technology based on storage time but encounters economic and
technical hurdles to hydrogen technology.

Although a number of studies have examined hybrid renewable
energy systems in Bangladesh, most of them have taken into
account single locations, generalized assumptions, or a single type
or a few battery storage technologies. These studies often fail to
account for extensive geographic, socio-economic, and load demand
diversity prevailing in the rural locations of the country. In addition,
comparative analyses of different kinds of batteries (i.e., Lead-Acid,
Lithium-Ion, and Nickel-based batteries) in different rural settings
using simulation tools likeHOMERProhave been few.Without such
a comparison, it is not evident which battery configuration offers the
best techno-economic and environmental performance in region-
specific contexts. The lack of in-depth assessments undermines the
ability of policymakers and practitioners to make location-specific
and informed decisions for rural electrification. This study bridges
this gap by optimizing and comparing different battery storage
options in some rural areas of Bangladesh with HOMER Pro, with
the expectation of finding the cheapest and most sustainable hybrid
system configurations.

1.1 Objectives of the study

The major objective of this research is to evaluate and optimize
the performance of different battery storage technologies in hybrid
off-grid renewable energy systems in different rural locations of
Bangladesh according to HOMER Pro simulation software. The
study focuses on techno-economic performance analysis of different
battery types, viz., Lead-Acid, Lithium-Ion, and others, under
different regional conditions like load demand and variability of
renewable energy sources. It also aims to identify the most cost-
effective and efficient battery configuration for every region by
assessing key performance measures such as NPC, COE, and RF. In
addition, the study examines the feasibility of one battery solution
fitting multiple rural sites. Through these objectives, the study seeks
to provide evidence-based policy suggestions to guide informed
sustainable rural electrification policies and investments that are
responsive to the unique energy needs and constraints of different
regions in Bangladesh. To bridge the gap of rural Bangladesh
battery technology studies, this study has tried to optimize and
contrast different battery storage alternatives using HOMER Pro.
With a focus on cost, performance, and integration with renewables

across regions, this study will identify regionally appropriate battery
setups for regionally compliant sustainable rural electrification
solutions.

1.2 Contributions of the study

This paper makes the following key contributions:

• It presents a comparative techno-economic analysis of four
battery technologies across five geographically diverse rural
locations in Bangladesh using HOMER Pro.

• It incorporates real hourly load and meteorological data
to ensure accurate simulation, enhancing the realism and
replicability of the results.

• It identifies ZnBr Flow batteries as a regionally robust and
scalable solution for off-grid electrification.

• It provides actionable insights for energy planners and
policymakers by linking technical results with rural energy
access and sustainability goals.

1.3 Organization of the paper

Section 2 outlines the methodology, including simulation
tools, resource assessment, and modeling assumptions. Section 3
presents the simulation results and a detailed techno-
economic and environmental performance comparison. Section 4
provides the conclusion, highlighting key findings and future
research directions.

2 Methods and materials

To study the operational behavior of the renewable energy
scenarios holistically, a systematic analytical framework was
employed in this research. It consisted of the selection of study
area, load profile study, renewable resource data collection,
microgrid design, techno-economic modeling and optimization,
and environmental impact analysis, culminating in the overall
research conclusion.

2.1 HOMER Pro software

HOMER Pro is hybrid renewable energy system simulation
and optimization software, version 3.14.2 to be precise. Drawing
on a user base established through decades of working with
distributed power systems, it is among the most popular pieces of
software available on the market for the optimization, design, and
analysis of microgrids and renewable energy systems worldwide
(Mahmud et al., 2022). The National Renewable Energy Laboratory
developed a simulation package in the form of HOMER to
assist the respective stakeholders in selecting the most appropriate
energy mix for renewable microgrids (HOMER, 2024). HOMER
models, analyzes technical feasibility, and optimizes architectures
of complex hybrid power systems. HOMER models, analyzes
technical feasibility, and designs complex hybrid power systems.
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FIGURE 3
Architecture of HOMER Pro software.

It predicts life-cycle cost, performance, and distributed generation
for remote sites, which makes microgrid design problems simpler
(Homer Energy, 2024). HOMER Pro simulates a wide range of
renewable andnon-renewable energy systems and features advanced
applications like battery backup and hydrogen systems (Douiri,
2019). Its calculation module optimizes the system configuration
based on technical and economic criteria like NPC and COE.
HOMER Pro is a sophisticated simulation tool with consideration
like resource availability, load demand, and operational constraints;
It simulates system configurations to determine the most economic
and optimal solution for the hybrid renewable energy system
(Hossain et al., 2019). Figure 3 shows HOMER Pro architecture
which allows the customer to select the optimal hybrid renewable
energy system considering budget and technological benefits
(Sultana et al., 2021; Razmjoo et al., 2019). The system simulates
through the input parameters: load, resources, components, and
optimization criteria. HOMER Pro is a comprehensive financial and
environmental analysis tool that calculates payback periods, capital
expenditures, and operating expenses, providing information on a
project’s financial viability and evaluating carbon emissions.

The work flow in HOMER Pro is shown in Figure 4 design data
set and system configuration input, first performance testing with
base-line simulation (Ali et al., 2024). System performance with
variations sensitivity analysis, identification of critical variables, least
cost, maximum reliability, and minimum emissions optimization,
along with feasibility.

HOMER Pro minimizes battery storage too, trading
energy reliability for expense, and models life-cycle expenses
and environmental effects in a manner that microgrids are
economical, sustainable, and future-proof for energy requirements
(Alyahya et al., 2025; Zou et al., 2024; Imanloozadeh et al., 2024).

Figure 5 presents a schematic of a hybrid renewable energy
system (HRES) tailored for an isolated village, integrating PV
panels, WT, and various BESS such as Lead-Acid, LiFePO4, Li-
Ion NMC, and ZnBr flow batteries. This configuration ensures
a reliable electricity supply to critical loads like schools and
households. Combining multiple renewable sources with diverse
storage technologies enhances system efficiency, stability, and
sustainability in off-grid settings (Ali et al., 2025b; Ahmed et al.,
2023). Such hybrid systems have been shown to be effective in
meeting the energy demands of remote areas in Bangladesh.

2.2 Selection of study area

This study investigates five geographically and socio-
economically distinct rural locations of Bangladesh: Charghat,
Rajshahi (24°22.5′N, 88°36.0′E); Saturia, Manikganj (23°50.5′N,
90°0.3′E); Fakirhat, Khulna (22°45.3′N, 89°31.4′E); Thanchi,
Bandarban (22°10.8′N, 92°13.7′E); and Companiganj, Sylhet
(24°49.1′N, 91°54.9′E). These locations have been selected with
the perspective of variability of geography, climate, and access
to energy so that a comparative assessment of battery storage

Frontiers in Energy Research 05 frontiersin.org

https://doi.org/10.3389/fenrg.2025.1654615
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Ali et al. 10.3389/fenrg.2025.1654615

FIGURE 4
Methodology flowchart of the proposed work.
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FIGURE 5
Configuration of a solar-wind-battery based microgrid for off-grid
rural electrification.

FIGURE 6
Global and regional map indicating the five selected rural study areas
in Bangladesh.

technologies for hybrid off-grid systems can be undertaken. All
of these regions are plagued by unstable or poor grid connectivity,
which takes a toll on agriculture, domestic business, educational
institutions, and medical services. Despite numerous renewable
energy prospects in these locations (solar and hydro to biomass)
the optimum energy solutions have not been put into practice yet.
The aim of this study is to examine and recommend sustainable
battery-based hybrid systems with HOMER Pro tailored to each
location’s specific energy needs and resources. Figure 6 shows the
global location of Bangladesh and indicates the selected five rural
study sites, graphically indicating their spatial positions and the need
for localized, authentic energy infrastructure to facilitate sustainable
rural development.

2.3 Load profile analysis

Figure 7 presents the average load profiles of a rural Bangladeshi
village and its school, derived from actual consumption data
utilized for microgrid simulation in HOMER Pro. The village
contains roughly 2,500 residents living within 850 houses. This
demographic and energy consumption profile was adopted as a
representative rural load profile and applied uniformly across all
five study locations for consistency in comparative analysis. While

local variations in population exist, this standardization allows
for controlled optimization focused on the impact of renewable
resource availability and battery technology differences. Refined
household energy use includes 1,200 units of 60-W ceiling fans,
2,200 units of 15-W LED lamps, and 50 units of 100-W TVs. This
equates to an average per day energy consumption of 502.00 kWh
and a peak load of 107.79 kW. Subfigure (a) shows the hour-by-
hour fluctuation of village load, with the evening peak. Subfigure (b)
shows monthly variations, where persistent evening peaks are seen
all year round. The five-day-a-week primary school from 9:00 a.m.
to 5:00 p.m. utilizes 16 ceiling fans at 60 W each and 35 LED bulbs at
15 W each, operating on average at 8.35 kWh/day with peak load of
1.21 kW. Subfigure (c) and subfigure (d) show the daily andmonthly
load of the school respectively, with the school hours marked as
peak usage time.This specific load pattern was required tomaximize
hybrid microgrid system design tailored to local demand structures.

2.4 Data collection of renewable resources

To carry out the HOMER simulation, it is necessary to obtain
information on renewable energy resources such as solar radiation,
the clearness index, temperature, and wind speed at specific
location (Jakhrani et al., 2012). The NASA/Power database to obtain
solar irradiation data for the selected locations in Bangladesh,
comparing it with ground-based measurements over a 34-year
period from 1984 to 2017 for validation purposes (Jed et al.,
2022; Zhang et al., 2008). Table 1 illustrates the key meteorological
parameters—mean solar irradiation, clearness index, wind speed,
and temperature—used for simulating the renewable energy systems
of five rural areas of Bangladesh. Charghat, Rajshahi has the
highest solar irradiation (4.88 kWh/m2/day) and clearness index
(0.547), i.e., high solar resource potential. Facirhat, Khulna has
the highest mean wind speed (4.47 m/s), having potential for
wind energy generation. Thanchi, Bandarban and Companiganj,
Sylhet have comparatively lower wind speeds, i.e., higher solar
resource dependence. These environmental factors affect hybrid
system optimization with HOMER Pro and are the reasons for
region-specific energy system planning.

2.4.1 Solar irradiance and clearness index
Solar irradiance is a major indicator for energy generation in PV

systems, as higher solar radiation enhances potential output (Taha
and Babiker, 2019). The clearness index, indicating atmospheric
transparency, influences the sunlight reaching panels, thereby
affecting their efficiency and overall performance (Louis and
Tertsea, 2023). The Figure 8 illustrates monthly variation in daily
solar radiation and clearness index for five rural sites. Maximum
solar radiation is found in April at Charghat (6.33 kWh/m2/day),
followed by Saturia (5.90) and minimum at Fakirhat in September
(3.83). Clearness index is maximum in January at Thanchi (0.648)
and maximum at Charghat in December (0.652). During the
monsoon period (June–August), both radiation and clearness
index are reduced to a great extent, with minimum clearness
index being 0.353 found at Fakirhat in July. However, radiation
levels are not significantly different at Thanchi and Companiganj
during this period. These zonal and seasonal variations show the
impact of cloud cover and atmospheric transparency on solar
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FIGURE 7
Hourly and monthly load variation profiles: (a) hourly residential load, (b) monthly residential load, (c) hourly educational load, and (d) monthly
educational load in the study area.

TABLE 1 Meteorological data inputs for HOMER Pro simulation in five rural regions of Bangladesh.

City name Average solar
irradiation

(kWh/m2/day)

Average clearness
index

Average wind speed
(m/s)

Average
temperature (°C)

Charghat, Rajshahi 4.88 0.547 4.33 26.33

Saturia, Manikganj 4.68 0.522 4.40 26.26

Fakirhat, Khulna 4.56 0.505 4.47 26.10

Thanchi, Bandarban 4.72 0.521 3.25 25.07

Companiganj, Sylhet 4.58 0.520 3.34 24.94

power potential. Charghat and Thanchi offer relatively uniform
solar performance throughout the year, whereas Fakirhat varies,
indicating a need for hybrid configurations. This evaluation
is added to system design from local resource profiles in
efficient energy planning in HOMER Pro.

2.4.2 Wind speed
Wind speed directly affects the output of WT; higher wind

speeds lead to increased electricity generation, while lower speeds
result in reduced output (El-Ahmar et al., 2017; Qi et al.,
2024). The Figure 9 shows the average monthly wind speed in five
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FIGURE 8
Monthly trends of daily solar irradiation and clearness index for selected off-grid locations in Bangladesh.

FIGURE 9
Monthly variation of average wind speed in five rural regions of Bangladesh.

Bangladesh rural areas. Wind speed is highest between May and
July with Fakirhat, Khulna registering the highest of 5.91 m/s in July,
followed by Saturia, Manikganj (5.86 m/s) and Charghat, Rajshahi
(5.45 m/s).This increasedwind speed during summer andmonsoon
months indicates that there are good prospects for power production
by utilizing wind power. In contrast, theminimum speed is recorded
from February to October with Thanchi, Bandarban always yielding
theminimum values, for instance, 2.52 m/s in October and 2.53 m/s
in November. Companiganj, Sylhet also witnesses low wind speed
during these months (e.g., 2.83 m/s in December and January).
Seasonal differences are crucial for optimal hybrid system design in
HOMER Pro where wind resources complement solar conditions.

2.4.3 Temperature
The Figure 10 indicates the average monthly fluctuation in

five rural districts of Bangladesh. May is the warmest month with
Charghat being the highest at 32.52 °C, Saturia second (31.27 °C),
and Fakirhat third (30.66 °C), while Thanchi and Companiganj
are slightly cooler at 28.46 °C and 28.77 °C respectively. January
is the lowest month with Charghat on 17.66 °C and Companiganj

lower at 17.4 °C. A steep increase in temperature from February
to April is observed, with Charghat increasing from 21.78 °C to
31.72 °C, and Fakirhat from 23.02 °C to 30.79 °C. In monsoon
months (June–August), the temperature becomes uniform between
27 °C and 30 °C, Thanchi being always the coolest. Overall,
the graph depicts significant seasonality, with increased inshore
temperatures and relatively intermediate conditions offshore
in the hilly and northeast areas, validating the assessment of
temperature-sensitive renewable energy system performance. As
temperatures increase, the efficiency of solar panels decreases
due to heightened electrical resistance, resulting in lower output
voltage and power production (Klugmann-Radziemska, 2023;
Eze et al., 2024).

2.5 System modeling

This section lays out the methodology used by HOMER in
simulating the key components of an isolated renewable energy
system. These are the PV array, WT system, and different types of
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FIGURE 10
Monthly variation of average temperature across selected rural regions in Bangladesh.

BESS in multiple regions. HOMER simulates system performance
using component-specific technical and economic inputs. The
PV and WT models take into account local solar radiation and
wind speed, respectively, and the BESS model tracks state of
charge, charge/discharge efficiency, and lifecycle. Each component’s
behavior is simulated for varying load and resource conditions to
optimize the system design. The subsequent subsections provide
detailed mathematical models and operational assumptions of each
component for accurate performance and cost analysis of the hybrid
renewable energy system.

2.5.1 Solar PV model
PV cells work by transforming sun energy into electrical power

using semiconductor devices, with silicon-based material being
utilized as the primary material in the cells (Redouane et al., 2025).
The actual PV power output can be formulated in terms of rated
capacity, derating factors, solar radiation, and temperature effects,
as formulated in Equation 1 (Kumar et al., 2025; Qasim et al., 2025).
In addition, the cell temperature in Equation 1 can be calculated
based on ambient conditions, as in Equation 2 (Barakat et al.,
2022; Eteiba et al., 2018). Cell temperature significantly affects
efficiency; higher temperatures generally reduce power output
(Nguyen et al., 2024; Hossein Jahangir et al., 2022).

PPVoutput = P
PV
rated × F

PV
D ×(

GT

GT,STC
)× [1+ ηP(Tc −Tc,STC)] (1)

Tc =
Ta + (Tc,NOCT −Ta,NOCT)(

GT
GT,NOCT
)[1−

ηmp,STC(1−αp×Tc,STC)

τa
]

1+ (Tc,NOCT −Ta,NOCT)(
GT

GT,NOCT
)(

αpηmp,STC

τa
)

(2)

where, PPVoutput is Actual output power of the PV array (W), PPVrated
is Rated (nominal) power of the PV array under STC (W), FPVD
is Derating factor accounting for losses (e.g., dust, wiring), GT is
Solar irradiance on the PV surface (W/m2), GT,STC is Standard
Test Condition irradiance (usually 1,000 W/m2), ηP is Temperature
coefficient of power (%/°C),Tc is Cell temperature (°C),Tc,STC is Cell
temperature under STC (usually 25 °C), Ta is Ambient temperature
(°C), Tc,NOCT is Cell temperature at NOCT (°C), typically around
45 °C, Ta,NOCT is Ambient temperature at NOCT (usually

20 °C), GT,NOCT is Solar irradiance at NOCT (usually 800 W/m2),
ηmp,STC is PVmodule efficiency at STC, αp is Temperature coefficient
of power loss (1/°C) and τa is Transmittance-absorptance product
(dimensionless).

2.5.2 WT model
HOMER employs a robust platform for modeling wind power

production by integrating environmental, physical, and technical
factors in order to achieve accurate power output prediction.
The procedure begins with the inputting of wind resource data,
typically time series at hourly or sub-hourly resolution. A significant
initial step is scaling reference wind speed data to the WT hub
height, for which two advanced methods are offered by HOMER:
the power law method, widely used for general applications
and expressed in Equation 3 (Barakat et al., 2024; Güven and
Mahmoud Samy, 2022), and the logarithmic law method, preferred
for complex terrains where higher precision is required and planned
in Equation 4 (Serat et al., 2024). Actual conditions usually vary
because of air density variations, whichHOMER adjusts for through
a density adjustment calculation, described in Equations 5, 6 (El-
Maaroufi et al., 2024; Bilal et al., 2025). Besides, HOMER simulates
system losses by a multiplicative sequence of efficiency factors, as
described in Equation 7.

UW
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ZW
hub

ZW
anem
)

α

(3)

UW
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ln( Z
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)
) (4)

PWoutput = P
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ρ
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2.5.3 BESS model
HOMER simulates the BESS by utilizing the Kinetic Battery

Model (KiBaM) which models the battery system as two separate
energy tanks: available energy tank and bound energy tank.
The two-tank system is a better representation of the complex
electrochemical reactions occurring in the battery while in use.
Based on this concept, the energy stored in the battery bank is
the integral of available and bound energy devised in Equation 8.
Therefore, the power level that can be discharged by the battery
is constrained by Equation 9 (Ali et al., 2025b). Similarly, the
power level that can be discharged by the battery is constrained
by Equation 10. After calculating the actual charge or discharge
power, HOMER computes the resulting available and bound energy
at the end of the time step by the subsequent Equations 11, 12,
respectively (Homer Energy, 2025).

EBT = E
B
1 +E

B
2 (8)

PB.Dismax ,kinetic =
−kcEBmax + kEB1e

−k∆t +EBTkc(1− e
−k∆t)

1− e−k∆t + c(k∆t− 1+ e−k∆t)
(9)

PB.Chmax ,kinetic =
kEB1e
−k∆t +EBTkc(1− e

−k∆t)

1− e−k∆t + c(k∆t− 1+ e−k∆t)
(10)

EB1,end = E
B
1e
−k∆t +(

EBTkc− e
−k∆t

k
)+(

Pc(k∆t− 1+ e−k∆t)
k

) (11)

EB2,end = E
B
2e
−k∆t +EBT(1− c)(1− e

−k∆t) +(
P(1− c)(k∆t− 1+ e−k∆t)

k
) (12)

Three various limits are computed by HOMER in order to get
the maximum charging power of a storage bank, with the minimum
value being the ultimate limit after applying charging efficiency,
as in Equation 13. The first limit is based on the kinetic battery
model, which calculates maximum absorbable power based on
available energy, as in Equation 10. The second limit is based on
the maximum charge rate, as scheduled in Equation 14. The third
limit considers the maximum charging current, as in Equation 15.
In contrast, HOMER considers discharging losses after energy exits
the two-tank system. Therefore, the maximum discharge power of
the storage bank is determined using Equation 16 (ALAhmad et al.,
2025). For reliable operation of the BESS, its SOC should always
be maintained above a specified minimum value, as given by
Equation 17 (Fatih Guven et al., 2024). Additionally, the initial
energy capacity of the BESS can be determined using Equation 18
(Ba-swaimi et al., 2024a; Ba-swaimi et al., 2024b; Abed et al., 2025).

PB.Chmax ,storage =MIN(PB.Chmax ,kinetic,P
B.Ch
max ,rate,P

B.Ch
max ,current)/ηCh (13)

PB.Chmax ,rate = (1− e
−αc∆t)(EBmax −E

B
T)/∆t (14)

PB.Chmax ,current = I
B.Ch
max ×NB ×VB

nom/1000 (15)

PB.Dismax ,storage = P
B.Dis
max ,kinetic × ηDis (16)

SOCB
min ×E

B
max ≥ E

B
t (17)

EB(t=1) = SOC
B
ini ×E

B
max (18)

2.5.4 Converter model
The installation of the power conversion equipment inHOMER’s

model framework becomes extremely important while planning
IHRES systems with both AC and DC components (Mokhtara et al.,
2021). This conversion stage provides the capability for AC-DC or
DC-AC transformation of electricity to ensure optimized power flow
regulation for IHRES. Because there is bound to be some loss of
energy, the power input and output to the converter are connected
through its rate of conversion efficiency, less than 100%, as illustrated
in Equation 19 (Güve et al., 2022; Ba-swaimi et al., 2025).

PConout = P
Con
in × ηCon (19)

2.6 Economic modelling

Economic modelling in HOMER plays a crucial role in the
evaluation of the financial viability and cost-effectiveness of
different configurations of energy generation systems. With the
assessment of the cost and benefit effects of different system
configurations, economic modelling assists stakeholders in
making informed investment choices on clean and sustainable
energy options (Ezekwem et al., 2024).

The HOMER Pro simulations were conducted using a project
lifetime of 25 years, a nominal discount rate of 15%, and an
annual inflation rate of 9%. These values reflect regional economic
conditions and investment expectations in rural energy projects in
Bangladesh. Using Equation 22, HOMER internally converts these
inputs into a real discount rate for cost optimization. All financial
outputs such as NPC, COE, and IRR are expressed in real USD. This
clarification ensures transparency and enables replication by future
researchers using similar assumptions.

2.6.1 NPC
NPC is a financial tool to measure the cost-effectiveness of a

project or investment in its lifespan. It accounts for the present
value of money by discounting future cash flows to their present
amount. NPC is the total cost of a project, such as initial investment,
operational costs, and any future revenue or savings, in present value
terms.The total NPC can be determined by applying the Formula 20
given below (Aziz et al., 2020):

NPC =
Cann,total

CRF(i,Rproj)
(20)

where ,Cann,total is the total cost per annum and CRF is the capital
recovery factor, i is the rate of interest in%, Rproj is life of the project
in years. Capital recovery factor is a multiplier by which present
value of an annuity (a series of equal annual cash flows) can be
determined. The value of CRF is determined with the aid of the
following Formula 21 (Acakpovi et al., 2020)

CRF(i,N) =
i(1+ i)N

(1+ i)N − 1
(21)

where N is the number of years and i is calculated
employing (Twaha et al., 2012):

i =
io − f
1+ f

(22)
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where, io is the nominal interest rate and f is the annual inflation
rate. In this study, we used io = 15% (nominal interest rate)
and f = 9% (inflation rate), resulting in a real discount rate of
approximately 5.5%.

2.6.2 LCOE
LCOE is found by dividing the total costs of the project (capital

expenditures, operating expenditures, and fuel expenditures) by
the total electricity generated during the project’s life. It is the
average cost per unit of electricity produced and can be employed to
equate various energy sources or technologies. It can be employed
to identify the cost competitiveness and economic viability of
alternative generation of energy. The formula of LCOE is presented
in Equation 23 (Ezekwem et al., 2023):

LCOE =
Cann,total

Eprim,AC +Eprim,DC +Egrid,sale
(23)

where, Cann,total is the annual total cost, Eprim,AC is the AC primary
load supplied, Eprim,DC is the DC primary load supplied and Egrid,sale
is the total grid sales.

2.6.3 IRR
The Internal Rate of Return (IRR): Another significant

parameter to employ in assessing the financial viability of a system
is the IRR. The IRR is the expected return on investment as a
percentage. To calculate the IRR, the NPC will need to be reduced
to zero at a given discount rate. The IRR can be calculated using
Equation 24 (Jawad et al., 2023).

IRR =
N

∑
i=0

NCi

(1+ IRR)
(24)

The parameters being considered are in line with the
values contained in the NPC formula. The higher the
IRR, the higher is the return after subtracting the costs of
production (Ashraful Islam et al., 2024).

2.6.4 RF
RF is a measurement of the proportion of energy generated

from renewable sources over the total energy generated
within the system. It is dimensionless and calculated by
Equation 25 (Nallolla et al., 2022):

RF = 1−
Enr +Hnr

Es +Hs
(25)

where, Enr is the non-renewable generation of electricity (kWh/yr),
Hnr is the non-renewable generation of heat (kWh/yr), Es is the total
served electrical load (kWh/yr) and Hs is the total served thermal
load (kWh/yr).

2.7 Techno-economic specifications

The techno-economic variables give the rated capacities,
capital and replacement costs, and annual O&M costs of the
major system components, including the PV system, WT,
and power converter which is shown in Table 2. Generic
10 kW horizontal-axis wind turbines (HAWTs) was used in the
microgrids that offer an inexpensive, scalable, and low-maintenance
solution that is more powerful and efficient than vertical-axis

TABLE 2 Techno-Economical summary of the components.

Parameter PV WT Converter

Rated Capacity 0.31 kW 10 kW 1 kW

Capital Cost ($) 410/kW 3,000/unit 290/kW

Replacement Cost
($)

410/kW 3,000/unit 290/kW

O&M Cost ($/yr) 8/kW 50/unit 3/kW

References Ali et al. (2024) Wxnaiermic
(2025)

Ali et al. (2024)

turbines, but delivers reliable decentralized energy production
(Zahariea et al., 2018; Winslow, 2017). The variables are needed to
determine system performance, estimate life cycle cost, and conduct
financial analysis for ensuring the viability and sustainability of the
hybrid renewable energy system.

Table 3 presents an overview of the specifications of four battery
technologies being considered for energy storage use in the hybrid
renewable energy system. The EnerStore 50 Agile Flow battery
is a zinc-bromine flow battery with a nominal voltage of 100 V
and high energy capacity of 50 kWh. It boasts a long lifespan of
30 years and high charge/discharge currents, making it suitable for
large-scale storage. The Tesla Powerpack 2 is a lithium-ion NMC
battery with a nominal capacity of 13.2 kWh and voltage of 220 V.
It is a high-efficiency grid-scale storage battery with a lifespan of
10 years. The EnerSys PowerSafe SBS-100F is a lead-acid battery
with a lower capacity of 1.39 kWh but with high discharge current
and modest cost, which makes it more appropriate for backup
applications. Lastly, LiFePO4 HW-51V 100AH battery provides
5.12 kWh capacity with excellent thermal stability and a 10-year
lifespan, making it suitable for home and medium-scale application.

3 Result and discussion

This section gives techno-economic and environmental
outcomes achieved through simulations that were carried out
using HOMER Pro software. In this research, hybrid renewable
power systems have been studied for Bangladesh’s five upazila cities
based on residential and community load patterns. Four different
battery technologies were incorporated and compared to select
the optimal system configuration for each site. Key performance
indicators like COE, NPC, PV capacity, contribution of wind power,
battery storage, bi-directional converter capacity, produced excess
electricity, and RE levels of penetration were investigated. Analysis
reveals that optimal configurations vary immensely from site to site
because resource availability and loads change. It was selected with
systems based on their cost value and environmental compatibility
as a combination of trade-off among renewable penetration and
systemcosts. Among the battery types, the storage technology choice
impacted NPC and RE use significantly. In addition, the research
identifies the surplus energy potential and the function of grid
integration. Generally, the results validate location-based hybrid
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TABLE 3 Specification data of Batteries.

Parameter Specification

Battery name EnerStore 50 agile
flow

Tesla Powerpack 2 EnerSys PowerSafe
SBS-100F

LiFePO4 HW-51V
100AH

Battery Type ZnBr Flow Li-Ion NMC Lead-Acid LiFePO4

Nominal voltage (V) 100 220 12 51.2

Maximum capacity (Ah) 500 60 116 100

Nominal capacity (kWh) 50 13.2 1.39 5.12

Maximum charge current (A) 150 31.8 100 75

Maximum discharge current
(A)

300 31.8 459 75

Capital cost ($) 760 6,480 250 950

Replacement cost ($) 700 5,980 150 950

O&M cost ($/year) 0 0 2 1

Lifetime (years) 30 10 15 10

References Muna and Kuo (2022) Muna and Kuo (2022) Alibaba (2025) UCC (2025)

system configurations to enable sustainability and affordability in
decentralized power systems.

3.1 Optimized hybrid system assessment

The best design is the most cost-effective and sustainable hybrid
energy system for each upazila, as identified by HOMER Pro
simulations. Every system includes solar PV, wind turbines, a bi-
directional converter, and one of four battery technologies. The
designs were tailored to fit local demand profiles while minimizing
NPC and COE, maximizing RE penetration, and energy excess and
storage capacity under different geographic conditions.

The Figure 11 shows an evident trend for the performance of
hybrid renewable energy systems with varying battery technologies.
At all the sites, the hybrid of photovoltaic and wind turbine with
ZnBr battery (PV-WT-ZnBr) consistently yields the minimumNPC
and COE. For instance, in Fakirhat, this combination generates an
NPC of $178,691 and COE of $0.0716/kWh, approximately 90%
lower in NPC than the most expensive combination, WT-Li Ion
NMC. In Saturia, the PV-WT-ZnBr combination is $172,960.8 for
NPC and $0.0693/kWh for COE, a cost reduction of 91% over
the most expensive one. Thanchi provides a shorter cost spread,
but PV-WT-ZnBr is still different with an NPC of $212,645.5 and
COE of $0.0852/kWh, approximately 76% less than the PV-Li Ion
NMC system. In Charghat, the most efficient system remains PV-
WT-ZnBr with an NPC of $171,720.1 and COE of $0.0688/kWh-
about 91% less than WT-LiFePO4. PV-WT-ZnBr posts the least in
Companiganj with NPC of $218,276.4 and COE of $0.0874/kWh,
and thus the NPC reduces by 77% as compared to PV-Li Ion NMC.
All the above results verify that PV-WT-ZnBr is the economically

most attractive source of power generation in the decentralized
sector and therefore the optimum option for rural electrification at
all the five research locations.

The Table 4 provides a relative comparison of five sites
in Bangladesh (Charghat, Saturia, Fakirhat, Thanchi, and
Companiganj) based on the NPC and COE of the most appropriate
hybrid energy system, PV-WT-ZnBr. Charghat ranks the best
with the lowest NPC and COE, followed closely by Saturia and
Fakirhat. Thanchi and Companiganj rank lower due to higher costs,
which are likely dictated by geographical and logistical factors.
Despite regional disparity, PV-WT-ZnBr is the most cost-effective
system throughout. This table highlights regional variations in
system performance and enables targeted energy planning for rural
electrification in Bangladesh.

3.2 Optimized system architecture

TheTable 5 presents an overview of the optimized system design
by region for the most cost-effective hybrid configuration: PV-WT-
ZnBr. Some of the key system components like the size of PV,
WT capacity, ZnBr battery size, and ratings of the converters are
provided. Economic metrics such as NPC, COE, operating cost per
year, and the initial capital requirement are also provided. Among all
locations, Charghat (Rajshahi) has the lowest NPC ($171,720.1) and
COE ($0.0688/kWh), followed by Saturia and Fakirhat.Thanchi and
Companiganj are relatively costly, mainly due to larger component
sizes and remote site conditions. This design shows how resource
availability, load demand, and site constraints influence optimized
hybrid energy solutions for different rural locations.
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FIGURE 11
Comparison of Net Present Cost and Cost of Energy for various battery-supported hybrid systems in: (a) Fakirhat, Khulna; (b) Saturia, Manikganj; (c)
Thanchi, Bandarban; (d) Charghat, Rajshahi; and (e) Companiganj, Sylhet.

It is important to note that all five optimized PV–WT–ZnBr
hybrid systems achieved a Renewable Fraction (RF) of 100%,
indicating complete reliance on renewable energy sources and no
dependency on fossil fuels or the grid.

The Figure 12 shows the cost breakdown of the optimized
PV-WT-ZnBr hybrid systems in five rural sites of Bangladesh.
A stacked bar representing the combined NPC for each site
represents the individual cost contribution of PV, WT, converter,
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TABLE 4 Comparative performance of PV-WT-ZnBr systems across five rural locations.

Region Rank (NPC and COE) Optimal system (NPC/COE) Reason for ranking

Charghat, Rajshahi 1st $171,720.1 $0.0688 Lowest overall NPC and COE; shows the highest
economic benefit (91.3% lower NPC).

Saturia, Manikganj 2nd $172,960.8 $0.0693 Very close to Charghat; highly cost-effective and
energy efficient.

Fakirhat, Khulna 3rd $178,691 $0.0716 Slightly higher NPC and COE; still offers strong cost
advantage (90% lower NPC).

Thanchi, Bandarban 4th $212,645.5 $0.0852 Higher cost due to remote hilly location; smaller cost
gap among alternatives.

Companiganj, Sylhet 5th $218,276.4 $0.0874 Highest among optimal systems; geographic and load
factors may influence cost.

TABLE 5 Component specifications and financial metrics of PV-WT-ZnBr systems.

Region PV (kW) WT (kW) ZNBR
flow
(string
size)

Converter
(kW)

NPC ($) COE
($/kWh)

Operating
cost ($/yr)

Initial
capital ($)

Charghat,
Rajshahi

141.5 8 38 88.12 171720.1 0.0688 2,658.026 136081.5

Saturia,
Manikganj

155.3 8 30 87.86 172960.8 0.0693 2,783.392 135641.3

Fakirhat,
Khulna

154.1 10 28 86.84 178691 0.0716 2,932.924 139366.6

Thanchi,
Bandarban

198.8 8 52 90.99 212645.5 0.0852 3,114.952 170880.4

Companiganj,
Sylhet

227.2 6 52 89.05 218276.4 0.0874 3,155.927 175962

and ZnBr flow battery components. Charghat, Rajshahi has the
lowest total NPC of $171,720.14, where PV ($73,206.98), converter
($38,308.03), WT ($32,866.44), and ZnBr battery ($27,338.69) costs
are minimum. Saturia, Manikganj has an NPC of $172,960.83,
where PV cost is slightly higher ($80,317.72) but battery cost is
minimum ($21,583.18). Fakirhat, Khulna has a total of $178,691.01,
where ZnBr battery cost is minimum ($20,144.30) but WT cost
is maximum ($41,083.05). Thanchi, Bandarban and Companiganj,
Sylhet are exposed to the highest NPCs of $212,645.46 and
$218,276.39, respectively, due to increased PV ($102,814.67 and
$117,502.91) and battery costs ($37,410.84 per unit). The study
highlights differences in regional component pricing despite using
the same hybrid configuration.

The Figure 13 represents comparative annualized cost
elements—Capital, Replacement, O&M, Salvage, and Total
Cost—across five different locations in Bangladesh: Charghat
(Rajshahi), Saturia (Manikganj), Fakirhat (Khulna), Thanchi
(Bandarban), and Companiganj (Sylhet). The annualized total cost
is lowest in Charghat ($12,807.36) and highest in Companiganj
($16,279.65), primarily attributable to higher capital and O&M cost

in the latter. The highest proportion of total costs in all the sites is
capital expenses, for which Companiganj reports the largest amount
at $13,123.72. Operating and maintenance expenses also rise
successively from Charghat to Companiganj, which may indicate
greater degrees of operation or logistical challenges. Negative salvage
values in every one of the sites indicate loss through depreciation,
for which the largest depreciation value of −$667.40 is reported
in Fakirhat. The bar graph effectively brings out such variations,
especially in capital and O&M items. These results highlight the
significant position of infrastructural and geographical factors in
the determination of the economic feasibility of renewable energy
installation.

The Figure 14 shows comparative power generation and surplus
electricity of PV-WT-ZnBr hybrid systems for five locations in
Bangladesh. Parameters used are percentage contribution of PV
generation, WT generation, and surplus electricity generated.
Companiganj, Sylhet possesses the highest PV generation with
92.6%, which is a highly solar-dependent system, followed closely
by Thanchi and Saturia. On the other hand, Khulna’s Fakirhat
has the maximum WT generation of 36.1%, suggesting favorable
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FIGURE 12
Comparative analysis of NPC components in PV-WT-ZnBr Configurations.

FIGURE 13
Annualized cost breakdown of PV-WT-ZnBr hybrid systems across
selected bangladeshi locations.

wind conditions in the region. Surplus electricity, as a measure of
unused or surplus energy, is maximum in Companiganj (31.3%) and
Fakirhat (30.7%), possibly due to lesser demand relative to system
capacity or restricted storage utilization. Thanchi has the minimum
combined PV and WT contribution, suggesting a more balanced
or restricted energy generation pattern. The 3D bar chart best
displays such variations, pointing to regional dependence on solar
or wind resources. Such outcomes dictate optimal hybrid system
configurations specific to local renewable resource availability.

In Figure 15, five locations in Bangladesh are represented-
Bangladesh’s west, southwest, south, and southeast regions, namely,
west Charghat (a), Saturia (b), Fakirhat (c), Thanchi (d) and
Companiganj (e) on 1 August-while the PV and WT outputs, ZnBr
battery charge/discharge and total electrical load served are on focus.
Within this context, each dataset plots the hours of fluctuation in
an interesting interference between renewable resources and local
storage systems. Figure a (Charghat, Rajshahi) has a moderate PV
peaking around noon (∼27 kW), with wind generation coming and
going throughout the day. ZnBr battery discharging occurs mainly
at early morning and evening hours, indicating peak load support
outside of solar generation hours. Load served tracks fairly well with
generation, helped by discharge from battery at key times. Figure

FIGURE 14
Surplus trends and location-based generation profiles in hybrid
PV-WT-ZnBr energy systems.

b (Saturia, Manikgonj) has higher variability in wind power and a
bit stronger PV generation than Charghat. ZnBr charging occurs
during midday while discharging peaks during early morning and
evening, which shows that energy shifting is efficient to support
high-demand periods. Energy management appears optimized with
very little unserved load. Figure c (Fakirhat, Khulna) has consistent
wind contributions and high PV generation (∼40 kW peak). Battery
activity (both charge and discharge) is frequent, suggesting a
dynamic storage strategy balancing intermittent renewables with
demand. Discharge events are longer and more sustained than in
previous cases. Figure d (Thanchi, Bandarban) shows the strongest
PV output (∼50 kW), likely due to favorable solar irradiance. Wind
input is minimal, and ZnBr discharge activity is quite balanced,
showing high reliance on PV and battery synergy to satisfy the
demand, especially with no considerable wind generation. Figure
e (Companiganj, Sylhet) has the highest ZnBr discharge values
(∼58 kW), even with minimal wind energy. PV generation shows
considerable peaks, and batteries are aggressively charged midday
and discharged in the evening.This prioritizes a storage approach for
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favorable solar but unfavorable wind conditions. In general, site-to-
site variability in resource availability demands site-specific energy
strategies. PV generation dominates in most areas, and battery
storage is crucial for load balancing where the wind output is less.

This sequence underlines the extent to which different resource
profiles (solar and wind) and storage dynamics impact each
system’s responsiveness to input variability and load dynamicswhich
is shown in Table 6. The more responsive areas (Companiganj
and Fakirhat) are subjected to greater variation in energy flow
and require intervention more frequently by battery systems.
Charghat and Thanchi, respectively, experience more consistent or
less reactive patterns that signal either decreased demand or more
regular energy provision.

3.3 Community-level implications of
optimized systems

The results of this study have several direct implications for rural
communities. Firstly, the optimized PV-WT-ZnBr configurations
offer a cost of energy as low as $0.0688/kWh, which is significantly
cheaper than diesel-based systems or informal local generators.
This can reduce household energy expenses by up to 50%,
especially in areas reliant on expensive and unreliable fuel-
based systems.

Secondly, these hybrid systems ensure 100% renewable
fraction and zero carbon emissions, improving energy security
by eliminating dependency on imported fuels and the vulnerable
national grid. With systems designed using real load profiles
and local resources, communities benefit from resilient,
decentralized electricity access capable of powering schools,
health centers, and small businesses even during grid outages or
climatic disruptions.

Lastly, the ZnBr battery’s long lifespan and low maintenance
improve system sustainability and reduce the financial burden
of frequent battery replacement. These outcomes support
sustainable rural development, education continuity, and better
healthcare delivery.

The prime aim of this paper is to design and compare hybrid off-
grid renewable energy systems for rural electrification in Bangladesh
by comparing the different battery energy storage technologies.
Comparing different system configurations with combinations of
solar PV, wind turbines, and four different battery types—ZnBr
Flow, Li-Ion NMC, Lead-Acid, and LiFePO4—using HOMER Pro
in five geographically remote locations, the study is conducted.
The novelty of this work is its comprehensive, location-specific
analysis based on real load profiles and local resource inputs,
which most previous studies lacked. Moreover, the paper compares
various commercially available battery technologies for the first time
under identical system conditions and concludes that the ZnBr
Flow battery is the most cost-effective and environmentally benign.
The work incorporates techno-economic modeling supplemented
with environmental and scalability considerations and presents a
practicable and flexible model for rural electrification. This multi-

FIGURE 15
Comparative analysis of hourly renewable energy generation, storage
utilization, and load served on 1 August across five locations in
Bangladesh (a) charghat, (b) saturia, (c) fakirhat, (d) thanchi, and (e)
companiganj.
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TABLE 6 Sensitivity Ranking of Energy Systems in Five Locations (Figures a–e).

Sensitivity level Location (Figure) Observed variations Reason for ranking

Very High Companiganj Figure (e) High PV peak (∼50 kW), minimal WT,
highest ZnBr discharge (∼58 kW)

Strong dependency on PV with poor
wind availability; battery shows

aggressive charge/discharge cycles to
balance evening loads—indicating high

responsiveness to variability.

High Fakirhat Figure (c) Consistent WT, moderate-to-high PV
(∼40 kW), frequent battery cycling

Dynamic interaction between PV, WT,
and ZnBr battery reflects an energy
system highly responsive to load
fluctuations and variable inputs.

Moderate Saturia Figure (b) Variable WT, moderate PV, distinct
midday battery charging

System maintains balanced
generation-load dynamics; moderate

sensitivity driven by variability in wind
and storage compensation patterns.

Low to Moderate Thanchi Figure (d) Highest PV (∼50 kW), negligible WT,
regular battery discharge

Energy profile dominated by stable PV
generation; battery use supports

evening loads but shows lower overall
system stress.

Low Charghat Figure (a) Moderate PV (∼27 kW), intermittent
WT, minimal battery activity

Least dynamic response with limited
battery operation and modest
renewable variability; indicates

relatively stable or low energy demand.

battery,multi-location approach provides a replicable framework for
policymakers and engineers tasked with eliminating energy poverty
in off-grid communities throughout the world.

The significant contributions of this paper are an exhaustive
comparative study of four battery energy storage technologies in
hybrid PV-WT systems in five rural localities of Bangladesh with
the help of HOMER Pro. It provides region-specific optimization
based on real load and resource information, which confirms the
superior techno-economic and environmental efficiency of ZnBr
Flow batteries. The paper provides a reproducible and scalable
method for designing affordable, 100% renewable off-grid systems.
With the inclusion of battery selection, systemdesign, and sensitivity
analysis, the paper has valuable lessons for rural electrification
planning in developing countries with similar geographical and
energy access limitations.

4 Conclusion

Data-driven simulation was utilized to assess the effects of
different battery storage technologies on the cost-effectiveness and
performance of hybrid renewable microgrids in rural Bangladesh.
By modeling five locations, it is found that installations mixing PV
and wind power with ZnBr Flow batteries consistently perform
better. Amongst the three battery-integrated configurations, PV-
WT-ZnBr recorded the lowest NPC of $171,720 and a COE of
$0.0688/kWh, along with operating cost of $2,658.03 and capital
cost of $136,082. It also achieved a 100% RF, or the full utilization of
renewable energy resources. ZnBr Flow batteries offered promising
advantages in the form of a 30-year lifespan, rapid charge/discharge
capability, and minimal maintenance requirements, which rendered

them extremely promising for stand-alone off-grid remote operation
applications. These observations emphasize the importance of
selecting battery technologies based on technical as well as
economic factors in decentralized energy planning. While the
outcomes provide a viable sustainable electrification model,
there is one major limitation in that system performance and
resource information were solely derived through simulation.
This introduces uncertainty for real-world outcomes under
varying environmental and use conditions. For greater practical
applicability, pilot microgrids are suggested to be implemented
in similar rural settings by future studies. These applications
would validate simulation results, provide insight into real-world
operational behavior, and enable the integration of socio-economic
determinants, ultimately making the model more scalable and
resilient.
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