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voltaic-biomass hybrid system
with optimized storage: a case
study—Grand Bassa, Liberia

Jackson G. White?, Ravi Samikannu?3**, Moses Tunde Oladiran?,
Abid Yahya?, Patricia Makepe?, Gladys Gamariel?,

Nyagong Santino David Ladu®, Bokang Agripa Tlhabologo?,
Maruliya Begam Kadarmydeen®, Kanimozhi Gunasekaran® and
Lilian Amuhaya?

The Pan African University of Water and Energy Sciences (PAUWES), Tlemcen, Algeria, ?Botswana
International University of Science and Technology, Palapye, Botswana, *Department of Electronics and
Communication Engineering, Saveetha School of Engineering, Saveetha Institute of Medical and
Technical Sciences, Saveetha University, Chennai, Tamil Nadu, India, “Rumbek University of Science and
Technology, Rumbek, South Sudan, *Periyar Maniammai Institute of Science & Technology, Thanjavur,
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Introduction: Liberia has a significant obstacle in terms of restricted power
accessibility, as only 26.7% of its populace have access to electrical energy. To
tackle this issue, there is a collaborative effort between the government and
private sector to undertake energy projects aimed at enhancing the power supply
of the grid. The purpose of this study is to evaluate the techno-economic
feasibility and analyze the performance of a standalone biomass/solar
photovoltaic (PV) hybrid energy system for a rural Liberian community that
mostly relies on traditional biomass.

Methods: HOMER pro program was used to configure the system, model the
community’s load over a year, and generate the resource data of the location.

Results and Discussion: Four different configurations were obtained and
analyzed both technically and economically to determine the most feasible
configuration. This study has shown that a hybrid configuration incorporating
Biomass Gasifier, Solar PV, and Battery storage is more feasible with annual
output power of 77104 kWh/yr, LCOE (S/kwh) of 0.29 and NPC ($) of 0.3979
million. If implemented with external funding, it will enhance the education,
economic and socio-economic status of rural settlements. The results will serve
as a valuable resource for informing choices on the implementation of the hybrid
energy solution and guaranteeing its sustained efficacy within the community.
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1 Introduction

As of 2020, Liberia had a population of approximately
5.058 million people, with only 26.7% having access to electricity.
The remaining 73.3% of the population relies on unclean and crude
sources for electricity production, such as charcoal or firewood for
cooking and space heating. The transport sector in Liberia is entirely
dependent on fossil fuels, including gasoline, diesel, and kerosene. In
2019, Liberia produced 0.4 TWh of electricity, with 99% coming
from oil and the remaining 1% from solar energy sources (Our
World in Data, 2021).

Studies have shown that the energy sector accounts for 67.5% of
Liberia’s Green House Gas (GHG) emissions, followed by the
agricultural sector at 31.9%, and other sectors comprising 0.6%
(IRENA, 2020). This significant contribution of the energy sector to
GHG emissions is because oil and traditional biomass account for
approximately 99% of electricity production and 100% of primary
energy consumption in the country (IRENA, 2020). If current trends
in unsustainable energy and electricity consumption continue,
emissions levels could exceed the Paris Agreement target (below
2°C) as the total population of Liberia is projected to reach
approximately 10.3 million by 2058 (Jackson, 2021).

Climate change has already had adverse impacts on the
environment, including droughts, increased concentration of
GHGs, floods, inconsistent weather patterns, poor harvests due to
extreme climatic conditions, and rising sea levels (WMO, 2021). In
Liberia, environmental threats include disruption of the agricultural
sector, degradation of living standards and income, and destruction
of homes (UNDP, 2018). For instance, Liberia is at risk of losing the
John F. Kennedy (JFK) Memorial Hospital and the Redemption
Hospital due to sea encroachment (UNDP, 2018).

Unlike most previous studies on this topic, which concentrated
mainly on the techno-economic feasibility assessment or the
performance analysis of renewable energy hybrid energy systems,
our study combines both the performance analysis and the techno-
economic feasibility assessment of entirely renewable energy hybrid
energy systems for a typical rural Liberian area, referred to in this
study as “Own Your Own Community.” As a result, this research
will also offer insightful information, supporting data, and technical
resources that can serve as a benchmark for the sustainable
implementation of the mini grids in Liberia’s rural areas as well
as those of other communities with comparable energy resources,
and geographic conditions.

The study will also analyze the hybrid system’s affordability and
viability at various cost points, in addition to evaluating the possible
socioeconomic and environmental effects of the system.

Through the development of a sustainable energy system, the
study tackles the reduction of carbon emissions and cost-
saving measures.

2 Literature review

In addition to the environmental impacts of unsustainable

energy, economic activities are also greatly impacted by
affordable access to energy rates and consumption. Countries
with high modern energy access rates experience faster economic

growth compared to countries with low energy consumption rates
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(Yeager et al., 2012). Studies project that the number of Liberians
living on a little over one dollar per day could reach 52% in 2021, up
from 44% in 2016 (ESI AFRICA, 2021). This situation may be due to
low energy access, exacerbated by the COVID-19 pandemic.
Electricity access stood at 21.5% in 2017, with a 5.2% increment
in 2019, according to World Bank data (Ministry of Lands and
Mines and Energy MLME, 2009; UNFCCC, 2015; Pachauri and
Shonali, 2017a; Adams et al., 2018; RREA, 2018; WEP Liberia
Country Programme, 2018; The Borgen Project, 2019a; World
Bank, 2019a; World Bank, 2019b; IRENA, 2020a; World Bank,
2020a; Trading Economics, 2020; Energypedia, 2021, 2018;
Maliro et al., 2022; Sankoh et al., 2022).

Access to energy and uninterrupted electricity supply is crucial
for socio-political stability. Citizens in countries with high energy
and electricity access rates tend to enjoy their rights to quality
education, healthcare, comfortable homes, security, clean water,
food security, and peaceful existence (Adams et al, 2018).
However, these privileges are limited in Liberia. Living conditions
are below acceptable levels compared to most other parts of the
world. Liberia is one of the world’s Least Developed Nations (LDN),
with about 64% of the population living below the poverty line and
about 1.3 million living in extreme poverty (RREA, 2018; Fortune
Business Insights, 2020-2027; Nyagong Santino et al., 2022; MCC,
2018; Mohantya et al., 2018; Gildas Fosso et.al.,2023; Clint Ameri
et.al.,2023; Mahdavi et al., 2023; Mulenga et al., 2023). Additionally,
3.7 million Liberians lack access to clean water; 80% are food-
insecure; the child labor rate is 21%, compounded by many slum
communities (Milbrant Anelia, 2009; Ministry of Lands and Mines
and Energy MLME, 2009; Pachauri and Shonali, 2017b; Nations
Encyclopedia, 2021; Samikannu et al., 2022; Ahmed et al., 2023;
Mishra et al., 2023).

Despite these challenges, the government of Liberia (GoL), in
collaboration with international partners, has made efforts to
alleviate energy poverty and build the economy. In 2009, GoL
crafted the National Energy Policy (NEP), a roadmap for economic
and social development by delivering modern, dependable,
affordable, and environmentally sustainable energy services
(Kumar et al., 2023). Before 2009, Liberia ratified the United
Nations Framework Convention on Climate Change (UNFCCC)
and the Kyoto Protocol in 2002. GoL developed its National
Adaptation Programme of Action which followed its Initial
National ~Communication to the UNFCCC in 2012
(Leduchowicz et al., 2023; Agarwal et al, 2023; Renewables
Liberia). , Liberia became a signatory to the Paris Climate
Agreement, resulting in the development of the Intended
Nationally Determined Contributions (INDC), finalized in 2015
(WEFP Liberia Country Programme, 2018; UNFCCC, 2015; World
Bank, 2019b; Hydropower Projects; SE4ALL. per cent of access to
modern electricity in Liberia, 2013; Solar Panel Comparison Table,
2021; The Borgen Project, 2019b; USAID, 2016; Vourvoulias, 2021;
Weather Spark, 2021; World Bank, 2020b). The increase in the
population in Liberia and the importance of using the renewable
energy resources for the replacement of fossil fuels like coal, oil and
gas encourage the government to use the distributed energy system
to feed the communities, urban area, and isolated population so
that it can reduce the dependency on the electricity grid. The
combination of the different renewable energy systems in the off-
grid places can be considered to feed the different loads not
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supplied by the grid. The proposed system helps us to find the best
model that can be used for the hybrid system for the off-grid
systems. Different varieties of hybrid energy system models are
analyzed in the paper. These achievements form the basis for
developing a robust energy action plan, providing universal
electricity access, creating climate adaptation and mitigation
strategies, and creating sources of finance for sustainable
development.

It is pertinent to review a few projects that are similar to the
current study. An approach using HOMER software was utilized to
size and optimize a hybrid solar PV, biogas generator, and battery
system for the goal of rural electrification in a community in
Mauritania (Our World in Data, 2021). The study’s findings
demonstrated that the suggested solar-biogas hybrid system
could handle the village’s load requirements (Our World in
Data, 2021). The performance analysis of a standalone PV/WT/
Biomass/Bat system in Alrashda Village, Egypt, was performed
using four optimization algorithms: the Heap-based optimizer,
Franklin’s and Coulomb’s algorithm, the Sooty Tern
Optimization Algorithm, and the Grey Wolf Optimizer (IRENA,
2020). The outcomes reveal that the Heap-based optimizer achieved
the most optimal results (IRENA, 2020). Utilizing renewable energy
sources in the mix of electricity generation through hybrid systems
significantly reduces carbon emissions, and in particular, a
combination of photovoltaic/wind/hydroelectric hybrid systems is
the most efficient combination in combating climate change
(WMO, 2021). A case study of the Jamataka village, Botswana
electrification project under SolaNetwork has shown that PV/wind/
battery hybrid combination is a viable option in terms of Net
Present Cost and emissions (Samikannu et al., 2022). An analysis
of the feasibility and financial implications of implementing a
hybrid energy system combining photovoltaic and biomass in
rural areas of Bangladesh indicates that this kind of system is
cheaper and more sustainable than conventional kerosene-based
systems (Our World in Data, 2021). Heap-based optimizer,
Sooty Tern
Optimization Algorithm, and GreyWolf Optimizer were used in

Franklin’s and Coulomb’s algorithm, the
a performance analysis of a stand-alone PV/WT/Biomass/Battery
system in Alrashda Village, Egypt, to find an optimally lower-cost
system. The results indicate that, in comparison to the other
algorithms, the Heap-based optimization is the most effective
algorithm for minimizing costs (IRENA, 2020). A techno-
economic evaluations of an island-independent hybrid energy
system for Monpura Island, Bangladesh, was carried out using
the HOWER Pro software. The findings demonstrated that the
PV/biogas/wind  hybrid system is cost-effective,
environmentally friendly, and has a smaller battery capacity than

more

the prevailing PV/diesel mini-grid (Jackson, 2021).

5 Problem statement and case
study location

Liberia, a country located on the west coast of Africa, spans an
area of approximately 38,000 square miles and has an abundance of
renewable energy resources, including biomass, solar, and large,
high-speed rivers. However, Liberia relies heavily on petroleum
products for energy and electricity production and consumption.
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Total primary energy demand is satisfied by the consumption of
traditional, unsustainable biomass. Only 26.7% of the population
has access to electricity, with about 95% located in Monrovia and the
remaining 5% in rural areas. The absence of electricity and clean
cooking technology in Southeastern Liberia contributes to poor
education systems and healthcare, a stagnant economy, and
respiratory and optical-related illnesses resulting from the
burning of charcoal and firewood.

Despite these challenges, Southeastern Liberia has substantial
biomass potential and receives enormous solar irradiation, making
it an attractive location for renewable energy development.
Coupling solar energy with a constant energy resource such as
biomass can provide affordable, modern, dependable, and
undisrupted power to the residents of Buchanan, Grand Bassa
County. This paper investigates the feasibility of developing a
hybrid renewable energy system (encompassing biodigester design
and solar collector setup) in the Own Your Own community on the
outskirts of Buchanan City to mitigate the deficiency in reliable
electrical power for domestic and commercial use in the rural
settlement. It is also to combat the sole dependency on non-
renewable energy sources that will deplete and also cause
The
community contains seventy-six households, a public school, a

pollution and contribute to the carbon footprint.
market building, a church, and a community clinic. The average
daily load for the estate is 165.44 kWh with a peak load of
1495 kW during the year. Figure 1 shows the case study
location as identified using the HOMER PRO Geolocation for
precise modelling of the system.

To determine the daily load, the researchers performed an
hourly load assessment and divided the load estimation into two
periods: the dry (sunny) season, from October to March, and the
rainy season, from April to September. These two seasons are the
determining factors in the daily activities of the residents. The
aggregate  daily consumption for the dry season s
234,420.59 kWh/day and for the

168,673.835 kWh/day.

rainy  season  is

3.1 Climatic conditions and solar
energy potential

The case study and its proposed system setup are located at 5°,
532 min north latitude, and 10°, 1.8 min west longitude. The
monthly solar irradiation for the case study, including the
biomass resources data, are shown in Figure 2 and Figure 3. The
peak temperature from February to May is 27.31°C.

The highest solar irradiation for the research site occurs in
March at 5.720 kWh/m?/day, with the annual average being a
moderate 4.84 kWh/m?/day. The annual average clearness index
is low, at approximately 44.5%. The moderate solar irradiation of the
case study, coupled with its low clearness index, implies a low solar
energy potential for the case study.

The annual average biomass resource for the case study is
136.17t/d, with the highest values reported in February,
and December at 225t/d, 223t/d, and 226t/d,
respectively, as shown in Figure 3. This information suggests that

November,

there is a significant potential for utilizing biomass as a renewable
energy source in the case study area.
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Case study location. Source: Homer pro geolocation.
7o M Radiation - 1
ol M Clearness [- 0.9
el -08
§ =9 - 0.7 %
z 4 06 £
g - 05 g
5 37 g
3 2 03 ©
= L
B 1 0.2
= -0
0 -0
§ @ & & & 9§ 35 & & F & ¢
FIGURE 2
Average monthly solar irradiation trend in the case study area. Source: NASA Data, HOMER Pro.
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Average monthly biomass yield in the case study area; HOMER Pro data.
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FIGURE 4
Methodology flow chart of the proposed hybrid system.

3.2 Methodology

This study is based on real life and simulation data. Data is
collected to generate a profile pool of households in the rural
settlements. This is used to generate electrical consumption
estimates and power demand calculation. Homer Pro software is
then used to simulate and model the system required to effectively
supply this demand. Different model configurations will be
simulated to figure out the more efficient, cost effective and less
contaminant to the environment. It is important that when dealing
with efficiency the study will take into consideration the Net Present

10.3389/fenrg.2024.1326558

Cost, Levelized Cost of Energy, and CO, Emission reduction.
Figure 4 presents the proposed system’s methodology flow chart.

4 Data collection survey and profiling

The findings highlight the prevailing socio-economic conditions
at the case study site, including the electricity consumption patterns
of households. For the first component of the survey, the
questionnaire focused on the social relationship trends in the area.

Figure 5 reveals that Household No. 13, as reported by
Respondent #13, has the highest number of residents, with
12 people, followed by Households No. 26 and No. 06, with
11 and 10 residents, respectively. In terms of energy needs, it can
be expected that these households will demand more electricity and
bear the significant costs associated with increased power
consumption. On the other hand, four households reported
having just one resident each; thirteen households reported
hosting two residents each, while another thirteen revealed
hosting three residents each. Similarly, households reporting such
low figures should have significantly lower incurred energy costs
compared to their counterparts with more residents.

To put this into perspective, the following assumptions
are made:

Equal non-human load for all households, One mobile phone
for every two residents, and One laptop computer for every
four residents.

Given that the base rated power for a mobile phone is 5W and
for a laptop is 60W, then the additional load for Household No.
13 becomes (1/2) * (12) * (5W) * (1 h) + (1/4) * (12) * (60W) * (1 h) =
390 Wh, and for Households No. 06 and No. 26, it becomes (1/2) *
(10) * (5W) * (L h) + (1/4) * (10) * (60W) * (1 h) = 325 Wh each.
Based on these assumptions, a household with one resident has an
additional null load. However, a household with two residents will
incur an additional load of 65 Wh, and a household with three
residents will incur an additional load of 97.5 Wh. Taking USD 0.03/

'No. of Household residence'

»
2
=
[}
3
a
o
=

30

40

Household Number

FIGURE 5

Per household distribution on residents in the case study area. Source: Researcher’s survey data.
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Wh as the average cost of electricity, we can see the cost difference
between these households.

Also captured under this category is the respondents’ gender
profile. The total number of respondents is sixty-two, with females
constituting approximately 53% of the total respondents. Table 1
summarizes the gender distribution in the case study area.

The average age of the population is 34 years, indicating
potential for industrial and economic growth.

4.1 Economic status

The key components of the analysis include the employment
rate, total earnings for the case, and the distribution of liquid capital
among residents. Table 2 shows the employment status as revealed
by the respondents.

The 66% unemployment rate in the case study is alarming, as
people without jobs are vulnerable to poor living standards and
insecurity. This high level of unemployment can also impair most
residents’ ability to purchase electricity. Nevertheless, the average
monthly earning for the employed portion of the population is LRD
55,857.14 (approximately USD 328.57). When spread across the
entire population, this value drops to a mere LRD 900.92 (USD
5.30). Given that the average monthly cost of electricity is LRD
5,100.00 (USD 30.00), it becomes clear how challenging it must be
for residents to access electricity. Nonetheless, increasing job
opportunities for a young population could boost the region’s
economy, improve living conditions, and enable residents to
afford their energy needs. Generally, the rural areas have less
population density and maximum the households suffer with low
electrification rates. The rural household’s income depends on
different activities like doing the farming, sales of agricultural
products, plumping, contract jobs, government support etc., In
line with the study’s survey estimates of daily household
consumption by families, low-income households live on $2 or
less per day, medium-income households on $2-$4 per day, and
high-income households on $4 or more per day which is shown
in Table 3.

4.2 Electricity profile

The electricity profile includes the electricity access rate, average
cost of electricity, and share of electricity by source (CDG for
community diesel generator, CLL for Chinese led light, KL for
kerosene lantern, PDG for personal diesel generator, and SP for
solar panel). Table 4 shows levels of electricity access as observed
during the survey and revealed by respondents.

With only half of the population having access to electricity, the
other half endures unbearable darkness and lives below standard
conditions. However, introducing alternative modern energy
sources could significantly reduce energy costs and eventually
alleviate energy poverty in the region. A look at the share of
electricity access from various sources reveals the following
information reported in Table 5.

Most residents rely on CDG for electricity, with only 13% getting
power from SP systems. Those without access to electricity primarily
depend on CLL for lighting at night, with only 6% relying on
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TABLE 1 Male to Female distribution in the case study area. Source:
Researcher’s survey data.

Number Percent of respondent (%)
Females 33 53
Males 29 47

TABLE 2 Employment status in the case study area. Source: Researcher's
survey data.

Percent of the
population (%)

Respondents

No. of employed 21 34
No. of 41 66
unemployed

TABLE 3 Household income status in the case study area. Source:
Researcher’s survey data.

Estimates of income
expenditures by
households per day

Number of
households

Type of

households

74.19%
(46 Households)

Lower Income $2 or less

Households

19.35%
(12 Households)

Medium Income Between $2- $4

Households

6.45%
(4 Households)

Higher Income Above $4

Households

TABLE 4 Electricity access rate in the case study area. Source: Researcher’s
survey data.

Number of Percent
respondents (%)
Respondents with electricity 31 50
access
Respondents without 31 50
electricity access

TABLE 5 Electricity and lighting sources.

Electricity access Other means of lighting

Source Percent of Source Percent of
respondents respondents

Community 71% Candles 6%

Diesel

Generator (CDG)

Personal Diesel 16%
Generator (PDG)

Chinese Led = 71%
Lights (CLL)

Solar 13% Kerosene 23%
Photovoltaics Lanterns
(SP) (KL)

candles—a potentially dangerous source of light. Lastly, service
centers such as schools, churches, and community clinics all lack
access to electricity. As a result, these facilities provide limited
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FIGURE 6

(A) Schematic diagrams of the proposed systems: No. 1 displays a
diesel generator system. (B) Schematic diagrams of the proposed
systems: No. 2 shows a system that combines a diesel generator, solar
PV, and storage system. (C) Schematic diagrams of the proposed
systems: No. 3 shows a system with a diesel generator, biomass
gasifier, solar PV, and storage. (D) Schematic diagrams of the proposed
systems: No. 4 includes a biomass gasifier, solar PV, and storage
system. Source: HOMER Pro.

Cc

D

services to residents, leading to slow personal growth, a stagnant
economy, suppression of innovation, and increased poverty.

5 Sizing of components, and the
HOMER simulations

Four simulations with varying combinations of components and
resources were performed to determine the suitable power system

Frontiers in Energy Research
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TABLE 6 Diesel Generator technical characteristics. Source: HOMER Pro.

Quantity Value Units
Electrical production 60,788 kWh/yr
Mean Electrical Output 6.94 kw
Minimum Electrical Output 4.25 kw
Maximum Electrical Output 15.0 kW

for the case study. The four configurations and their respective
components are as follows:

1. Configuration No. 01: Diesel generator (Base case)

2. Configuration No. 02: Diesel generator, Solar PV, and Storage.

3. Configuration No. 03: Diesel generator, Biomass Gasifier, Solar
PV, and Storage.

4. Configuration No. 04: Biomass Gasifier, Solar PV, and Storage.

These simulations aimed to compare the net present costs,
levelized costs, and technical performance of each system within
the geographical and climatic context of the Own Your Own
Housing Estate.

In each configuration, the penetration of solar PV and biomass
determines the sizing of the resources. For instance, in the base case
configuration, only a diesel generator is used, so its generation
capacity is solely the generator. However, in configuration
number two, solar PV is included in the mix, so some of the
load demand is covered by the direct energy from the sun and
the stored solar energy. Also, in configuration number 3 and
configuration number 4, the different mix of the energy sources
creates different technical and economic results as they both
contributes to the energy share. All these variables contribute to
the components being sized differently in each configuration in an
effort to design an optimum system.

5.1 Solar PV details and cost

The chosen solar PV panel for the case study is a generic flat
plate PV with a rated power of 24.2 kW. The solar panel has a
lifetime of 25 years and does not include a tracking system with the
derating factor of 80%. The efficiency of the system is 15% and the
ground reflectance is 20%. This solar PV system costs 2500 USD,
and the Operation and Maintenance (O&M) cost is 0.4% of
the capital.

We computed the energy generated by the photovoltaic system
by employing (Our World in Data, 2021).

G
Ppvoutpur = Pnpy X ( G

) [+ K1+ Kn(To-To))] ()
ref

Where Ppyout pus is the PV power output, Pypy is the rated PV power
at reference conditions, G is solar radiation measured in the units of
Watts per square meter (W/m?), G,. s is the solar radiation at
reference conditions, Ky is the temperature coefficient of the
maximum power for mono and poly-crystalline Silicon, T is the
cell temperature and T’ is the Temperature at reference conditions
(Tyef = 25°C).
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Costs summary for the Configuration No. 01: Diesel Generator. Source: HOMER Pro.

TABLE 7 Proposal 1 components technical characteristics Source:
HOMER Pro.

Component Production (kWh/yr) Percent
Generic flat plate PV 7,723 12.4
Diesel Generator 54,331 87.6
Total 62,053 100
Diesel Generator production summary
Quantity Value Units
Electrical Production 54,331 kWh/yr
Mean Electrical Output 7.17 kw
Minimum Electrical Output 4.25 kw
Maximum Electrical Output 15.1 kW
Solar PV production summary
Quantity Value Units
Minimum Electrical Output 0 kW
Maximum Electrical Output 3.00 kw
PV Penetration 12.8 %
Hours of Operation 4,353 Hrs/yr
Levelized Cost 0.398 $/kWh
Storage production summary
Quantity Value Units
Average Energy Cost 0.298 $/kWh
Energy In 4,378 kWh/yr
Energy Out 3,502 kWh/yr
Storage Depletion 0.0183 kWh/yr
Losses 876 kWh/yr
Annual Throughput 3,916 kWh/yr

5.2 Batteries details and cost

Batteries are storage options that ensure a continuous power
supply during periods of outages, including during the absence of
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renewable resources such as solar energy. The chosen battery for the
case study is a generic 1 kWh Lead Acid battery (Kinetic battery
model). A single model costs 300 USD, with the O&M cost being
approximately 3.33% of the capital. The replacement cost is the same
as the model cost (USD 300), and the battery has a lifespan of 10 years.

The array of batteries is recharged by the excess energy
generated from renewable sources, and the battery provides the
power defined by the equation (IRENA, 2020).

)

PButtery = Icell X Vcell X Neell

Where 1.,y is the total number of battery cells and I..j; is the current
of each battery cell. The voltage of a battery cell, V., is determined
by the battery’s State of Charge (SoC), and is expressed as

Ve =V, + kl x SoC (3)

The battery cell voltage, V,, is 12 V at a zero state of charge, while
the battery’s capacity, or kj, is its capacity after 1 h of discharge.

5.3 Converter details and cost

The chosen converter for the system is an AC-DC converter with
a rated capacity of 18.3 kW. The capital cost is USD 300, with no
O&M cost. The converter has an efficiency of 95% and consists of an
inverter and rectifier, with a lifespan of 15 years.

Solar converters are an essential component of solar energy
systems to convert the direct current energy produced by solar
resources and the electricity stored in batteries into a steady and
reliable alternating current. The expression for the solar converter’s
efficiency is (Jackson, 2021).

Vacla cos @

_ P output
Vchdc

(4)

P input

where V. is the input voltage supplied by the DC sources to the
solar converter, while I is the direct current from the battery and
solar PV and I, is the alternating current.

5.4 Biomass gasifier details and cost

The chosen biomass gasifier for the case study is a BioGen
100 kW Fixed Capacity Genset with an initial capital cost of USD
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Proposal 1 costs summary. Source: HOMER Pro.

TABLE 8 Proposal 2 components’ technical characteristics. Source:
HOMER Pro.

Component Production Percent
(kWh/yr)

Solar PV 33,720 47.9

Diesel generator (combined with 36,615 52.1

gasifier)

Total 70,335 ‘ 100

40000.00. The replacement cost is also USD 40000.00, and the O&M
cost is USD 2.00 per operation hour. The lifetime of the BioGen set is
15,000.00 h, and its engine efficiency is 45%. The cost of the biofuel
is equivalent to the price per kg of biomass, which is USD 0.84 per
kg. Penalties for emitting GHGs into the atmosphere and
environment are as follows: for CO,, it is USD 30 per ton
according to international standards; for sulfur dioxide, it is USD
2.12; and for nitrogen dioxide, it is USD 15.10.

Thus, the overall efficiency of the biomass gasifier (#,;,,,45s) 18
expressed as (Our World in Data, 2021).

P, net
(Input biomass), .,

Mviomass = (5)
Where (Input biomass);yy, denotes input biomass lower heating
value (LHV) MJ/kg.

P, is the effective electrical power that the system can
generate. Thus

Pnet = (Poutput - Pinput) (6)

5.5 System configurations No. 01: diesel
generator (base case)

The first configuration (ie., Configuration No. 1) of the
operating system comprises only a diesel generator, as shown in

200,000
150,000
100,000
50,000 1
0 - System Converter
50,000  Generic flat plate PV
-100,000 T T T T ]
Generic 1kWh Lead Acid
@ & & ,{bé' 0\"@
& & &@ ¢ & W Autosize Genset
oQ NG &
&
FIGURE 9
Proposal 2 costs summary. Source: HOMER Pro.
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TABLE 9 Proposal 3 components technical characteristics. Source:
HOMER pro.

Component  Name Size Unit

Generator BioGen 100 kW Fixed Capacity 100 kw
Genset

PV Generic flat plate PV 242 kw

Storage Generic 1 kWh Lead Acid 81 Strings

System converter System converter 18.3 kw

TABLE 10 Proposal 3 system'’s energy production summary. Source:
HOMER Pro.

Component Percent

Production (kWh/yr)

Generic flat plate 34,529 44.8
BioGen 100 kW Capacity 42,575 55.2
Total ‘ 77,104 ‘ 100

TABLE 11 Proposal 3 system’s consumption summary. Source: HOMER Pro.

Component Consumption (kWh/yr) Percent
AC Primary Load 60,386 100
DC Primary Load 0 0
Deferable Load 0 0
Total 60,386 100

Figure 6A. The generator size is 17.0 kW. The system’s LCOE is USD
0.54 per kWh, the total Net Present Cost (NPC) is USD 420,148.20,
the Capital Expenditure (CAPEX) is USD 8500.00, and the
Operating Expenditure (OPEX) is USD 31843.00. The diesel
generator accounts for 100% of the annual electricity production
which stands at 60,788 kWh/yr.

The proposed system in configuration No. 2 comprises a
17.0kW diesel generator, a 23.7kW generic flat-plate PV, an
18.3kW system converter, and a Generic 1kWh Lead Acid
battery as a power storage option for instances of power outages
and absences of solar energy resources. The storage system has a
12V capacity, requiring thirty-nine strings of batteries to meet the
backup demand. The total Net Present Cost (NPC) is USD
335435.30, and the LCOE is USD 0.46 per kWh. The CAPEX
and OPEX are USD 75149 and USD 21681, respectively.
Configuration No. 2 is shown in Figure 6B.

Proposed configuration No. 3, shown in Figure 6C, consists of a
17.0 kW diesel generator, a 200-kW generic biomass gasifier, a
23.7 kW generic flat plate PV with a 13.2kW system converter,
and a battery with a rated capacity of 1 kWh. The battery has one
string in series and forty-one strings in parallel, with a voltage of
12 V. The system’s total NPC is USD 371274.20, and its LCOE is
USD 0.48 per kWh of electricity. The CAPEX and OPEX are USD
83967.00 and USD 45263.00, respectively.
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TABLE 12 Proposal 3 Components Technical Characteristics along with
system’s emissions details. Source: HOMER Pro.

Quantity Value Units
Fuel consumption 222 tons/yr
Specific fuel consumption 0.365 kg/kWh
Fuel energy input 23,741 kWh/yr
Hours of operation 1703 hrs/yr
Operational life 8.81 Yr
Capacity factor 4.86 %
Fixed generation cost 5.00 $/hr
Marginal cost 0.0302 $/kWh
Avg feedstock per day 0.0608 tons/day

Pollutant Quantity Unit

CO, 3.45 kg/yr
CcO 0.395 kg/yr
Unburned Hydrocarbons 0.0160 kg/yr
Particulate matter 0.00158 kg/yr
Sulfur dioxide 0 kg/yr
Nitrogen oxides 0.0316 kg/yr

Configuration No. 4, shown in Figure 6D, utilizes a rated
100 kW BioGen Fixed Capacity gasifier along with a 24-kW
capacity generic flat plate solar PV. The storage option is a
1 kWh generic lead acid battery containing eighty-one strings of
batteries, and the converter is an 183 kW system converter
consisting of an inverter and a rectifier. The system’s total NPC
is USD 397953.50, with a LCOE of USD 0.51 per kWh of electricity.
The CAPEX is USD 130411.00, while the OPEX is USD 20696.00.

6 Results validation and discussion

This section summarizes the results obtained for the different
configurations of components for the case study. The discussions
begin with the system’s electrical output for the various
configurations, followed by the outputs and share of electricity
production generated by each component. The total Net Present
Costs (NPCs) and Levelized Costs of Energy (LCOEs) are also
analyzed. This chapter highlights the cost contributions of each
component to the capital cost, O&M cost, replacement cost, and
salvage value. The economic viability of the different configurations
is evaluated, and the best technology option is determined
considering cost and other key sustainability variables.

6.1 Configuration No. 01: diesel generator

The system has been optimized for this configuration, with a
diesel generator size of 17.0 kW. The diesel generator accounts for
100% of the annual electricity production, which amounts to
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TABLE 13 Configuration 4 compared to Jamataka system.

Parameter

Configuration no. 4 Jamataka system

O/P Power (kWh/yr) 77,104 3,124
LCOE ($/kwh) ‘ 0.29 0.298
NPC ($) ‘ 0.3979M 0.339M

60,788 kWh/yr. The system’s total NPC is USD 420,148.20, with a
CAPEX of USD 8,500.00 and an OPEX of USD 31,843.00. As the
sole component, the diesel generator accounts for 100% of the
system’s NPC. The mean electrical output, as well as the
minimum and maximum outputs, are reported in Table 6.
Figure 7 shows a cost summary for Configuration No. 01: Diesel
Generator. As shown above, the resource (diesel fuel) accounts for
the largest portion of the NPC at approximately 69.75%, followed by
replacement costs at 14.68%.

6.2 Configuration no. 02: diesel generator,
solar PV, and storage (proposal 1)

The system employs a 17.0 kW diesel generator, a 7.30 kW solar
PV array, twenty-three (23) strings of 1 kWh battery storage, and a
9.67kW AC-DC converter system. The total annual electricity
production for this configuration is 62,053 kWh/yr, with the solar
PV system contributing just 12.4% of the annual -electricity
production and the diesel generator supplying the remainder.
The 1kWh lead-acid battery with a voltage of 12V receives
4,378 kWh of electricity annually from the PV system, but its
energy output is only 3,502 kWh/yr, resulting in a loss of
876 kWh/yr. The next four tables present summaries of the
electrical characteristics of the various components. Table 7
depicts the desired system production summary for the Diesel
Generator, Solar PV, and Storage. Figure 8 shows the system
costs, which include CAPEX, OPEX, replacement costs, salvage
value, and resource costs.

As shown, the resource for the diesel generator constitutes a
significant portion of the system costs, accounting for 55.8% of the
total cost and approximately 69.5% of the costs for operating the
diesel generator. Additionally, the solar PV accounts for a large
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Generic 1kWh Lead Acid

m BioGen 100kW Fixed Capacity
Genset

percentage of the CAPEX, with a value of USD 18,250.00, or
approximately 42.3% of the CAPEX. The diesel generator
dominates the OPEX and replacement costs, with values of USD
35,607.00 (66.8% of the OPEX) and USD 37,255.00 (71.40% of the
replacement costs), respectively. Following the value of the
replacement costs for the generator is the battery’s value of USD
11,114.00, which of the
replacement costs. Hence, the annual cost of the diesel generator

represents approximately 21.92%
is the primary contributor to the high system costs for this
configuration. However, a 50% government subsidy on the
generator resource cost could result in a 27.9% reduction in
annual system costs, saving approximately USD 92,224.57.

6.3 Configuration No. 03: diesel generator,
biomass gasifier, solar PV, and storage
(proposal 2)

This system comprises a 17.0 kW diesel generator, a 200-kW
generic biomass gasifier, a 23.7 kW generic flat plate PV array with a
13.2 kW system converter, and forty-one strings of a 1 kWh lead-
acid battery. The total annual electrical production for the system is
presented in Table 8.

The system costs include CAPEX, OPEX replacement costs,
salvage value, and resource costs. Figure 9 presents a cost summary
for the configuration that includes a Diesel Generator, Biomass
Gasifier, Solar PV, and Storage.

As in previous cases, the resource cost accounts for 68.6% of the
diesel generator costs, with a value of USD 180,448. The solar PV
contributes approximately 70.5% to the total capital costs, with a
value of USD 83,967.00. On the other hand, the diesel generator
dominates the system operating costs, with a value of USD
45,263.00, accounting for 81.5% of the total costs for this
the
significantly to the total annual system cost, representing
approximately 70.8% of the overall system costs of USD 371,274.00.

category. Once again, diesel generator contributes

6.4 Configuration No. 04: biomass gasifier,
solar PV, and storage (proposal 3)

This system configuration includes a biomass gasifier with a
fixed capacity of 100 kW for the biogas Genset, a set of solar PV

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1326558

White et al.

TABLE 14 Proposed system configuration arrangement results with the existing systems.

References

Location of the
research study

Configuration of
system arrangement

Type of the
power
generation
system

10.3389/fenrg.2024.1326558

Renewable
contribution (%)

Samikannu et al. Jamataka, Botswana Solar photo voltaic, wind, and Distributed Generation 100 0.339M 0.298
(2022) battery system
Singh et al. (2015) Bhopal Solar photo voltaic, biomass Distributed Generation 100 0.069M 0.20
gasifier, fuel cell and battery
system
Duman and Guler Cesme and Izmir Solar photo voltaic, wind, diesel = Distributed Generation 95 0.222M 0.41
(2018) generator and fuel cell system
Lozano et al. (2019) = Gilutongan Solar photo voltaic, diesel Distributed Generation 41 2.90M 0.35
generator and battery system
Bhakta and Andaman and Nicobar Solar photo voltaic and battery | Distributed Generation 100 0.009M 0.398
Mukherjee (2017) hybrid system
Alireza Haghighat Puerto Estrella, Unguia and Solar photo voltaic, diesel Distributed Generation 98 0.372M 0.44
et al. (2016) Jerico generator and battery system
Bagheria etal. (2018) = Vancouver Solar photo voltaic, wind and Distributed Generation 100 59.30M 0.37
biomass gasifier system
Liu et al. (2011) Queensland, Northern Solar photo voltaic, wind and Distributed Generation 100 0.336M 0.39
Territory, South Australia, biomass gasifier system
Tasmania, Victoria, Western
Australia and New South Wales
Kumar et al. (2022) | Jharkhand Solar photo voltaic, biomass Distributed Generation 94.40 0.922M 0.222
gasifier, diesel generator and
battery storage system
Proposed System Grand Bassa Solar photo voltaic, biomass Distributed Generation 100 0.398M 0.29
gasifier and battery storage
system

panels, a system converter, and a lead-acid storage option. The
technical characteristics of the components are presented
in Table 9.

The Biomass Gasifier and Solar PV together satisfy 100% of the
load requirement, with the Solar PV accounting for 44.8% of the
annual electrical production and the lead-acid battery supplying
backup power. The total electrical production is 77,104 kWh/yr,
with the AC primary load consuming 78.32% of this amount and an
excess of 5,597 kWh/yr of electricity to spare. The production
summary and consumption summary are reported in Table 10
and Table 11, respectively.

Further reports on the Biogas Genset reveal that it has a fuel
consumption of 22.2 tons/yr, which is a low fuel consumption rate of
0.365 kg/kWh. The statistics for the biogas genset show that it
operates for 1,703 h/yr, with a capacity factor of 4.86 and a
marginal cost of USD 0.0302/kWh. The CO, emissions are a
mere 3.45 kg/yr, down from a high of 17.7 kg/yr reported for the
base case, representing an 80.5% reduction in annual greenhouse gas
emissions. Table 12 details the technical characteristics and emission
values for this configuration.

The system costs include several components: CAPEX, OPEX
replacement costs, salvage value, and resource costs. The following
chart shows the contributions of each cost component to the overall
cost, as presented in Figure 10.

Frontiers in Energy Research

12

Configuration No. 04 contributes approximately 6.02% to the
overall system costs. Although solar radiation energy is free, there
are costs associated with biomass resources, such as land costs,
feedstock prices, and labor costs. Solar PV dominates the system
CAPEX, contributing 46.49% (USD 60,624.00), followed by the
BioGen 100 kW Fixed Capacity Genset with approximately
30.67% (USD 40,000.00). In the OPEX category, the BioGen
100 kW Fixed Capacity Genset accounts for 76.39% of the OPEX
(USD 44,031.00) of the total. For replacement costs, the lead-acid
battery dominates with a value of USD 149,736.00, representing
78.45% of the total. As expected, the BioGen 100 kW genset is the
only contributor to resource costs, with a value of USD 23,964.00.
Finally, despite contributing the highest amount in a single
category, the lead-acid battery tops the list as the highest
contributor to overall system costs, accounting for
approximately 45.63% of the annual total, followed by the
BioGen 100 kW Fixed Capacity Genset at 36.50%. This result
is expected because batteries have a short 2-year lifespan
compared to the solar PV’s 25-year lifespan and the BioGen
Genset’s 8.81-year lifespan, resulting in ever-compounding
replacement costs and maintenance fees.

In further comparison of the Configuration No. 4 to a similar
system which is purely renewable based, the Jamataka village

electrification project in Botswana (also a Sub-Saharan location)

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1326558

White et al.

is selected which uses the Solar/Wind/Battery configuration. In
comparing the two, the LCOE ($/kwh) of both is at 0.29 and
0.298 respectively as illustrated in Table 13. For both systems the
NPC ($) stands at 0.3979M for the Configuration No. 4 and
0.3398M for the Jamataka configuration. Since Configuration No.
4 produces 77,104 kWh/yr, whereas the Jamataka produces
3,124 kWh/yr. This supply
accounts for the significantly high NPC of proposal 3 as it is

difference in annual power
meant to supply a higher power demand.

Also in similarity, proposal 3 being Configuration No. 4 and the
Jamataka system both have proven significant role in ability to
electrify the rural settlements. Implementation of the proposed
system will give households access to sustainable and reliable
power to enhance their socio-economic activities including their
small-scale businesses such as welding, and hair salons, only to
mention a few. As such, the livelihood of the people is improved, and
their individual and community integrity is boosted. Readily
available electricity also improves the education sector as it gives
learners access to advanced technological enhanced learning
materials and also enables them to study for extended hours even
into the nighttime. More similarly to the project in comparison,
government, and external funders’ input in implementation of the
proposed system will significantly reduce the costs that remain with
customers who connect to the system as most expensive
implementation components will be taken care of via the funds.

Table 14 shows the comparison between proposed system
configuration arrangement results with the existing systems.
From the comparison, the proposed Configuration No4 was
chosen because it has the potential to be more cost-effective than
the alternatives at 0.29 $/kwh LCOE and NPC $0.3979M at output
power of 77,104 kWh/year. Furthermore, it is free of carbon
emissions, and enables provision of rural electrification and
empowerment of rural population.

7 Conclusion

This paper aims to design a sustainable hybrid energy system for the
off-grid community of Own Your Own Housing Estate. The estate
comprises seventy-six (76) households, a primary public school, a
church, a community clinic, and a marketplace. Four configurations
comprising various proposed systems were simulated to determine the
most suitable hybrid energy system for the case study. A techno-
economic analysis was performed, followed by a discussion of the
survey results for the case study, to compare each system and choose the
most suitable power system based on the residents” economic and social
characteristics. HOMER Pro Software was used to design and set
optimization parameters for the four (4) proposed configurations.
The system design considered each component’s techno-economic
characteristics, including load demands, climatic characteristics of
the case study site, and component costs. The load requirements
accounted for the seventy-six households within the case study
boundaries, as well as the primary school, church, community clinic,
and marketplace. The load assessment also covered both climatic
periods: the Dry Season and the Rainy Season. The average daily
load is 165.44 kWh, with a peak value of 14.95kW. Comparisons
among the seven configurations reveal that the configurations with the
lowest Levelized Cost of Electricity (LCOE) (a value showing how much

Frontiers in Energy Research

13

10.3389/fenrg.2024.1326558

a kWh of electricity costs) are Configuration No. 02 with USD 0.46/
kWh, Configuration No. 03 with USD 0.48/kWh, and Configuration
No. 04 with USD 0.29/kWh. However, Configuration No. 02 has an
associated emission value of CO, at 37,139 kg/yr, followed by
Configuration No. 03 with 36,538kg/yr of CO, emissions.
Compared to these two configurations, Configuration No. 04 yields
a 99.99% reduction in annual CO, emissions.

Therefore, considering the narrow price gap between
Configurations No. 02 and No. 04 and Configuration No.
04 alone, Configuration No. 04 - comprising a biomass gasifier
(100 kW fixed capacity biogas Genset), a set of solar PV panels
(24.2kW), a system converter (18 kW), and a lead-acid storage
option (81 strings)—is technically the best energy system option for
the case study with Sustainable Development Goal 7 (SDG7) in
mind. However, considering the residents” economic status and the
need for low-cost electricity, Configuration No. 02 (with the lowest
LCOE) is the best energy system option. Even still, with just a 5%
decrease in its NPC, Configuration No. 04 could become more
affordable than its competitors. Additionally, an increase in
employment rates among residents can improve their ability to
afford power from Configuration No. 04. The optimization
techniques and different combinations of renewable energy can

be used for the further development of the research.
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