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ABSTRACT: This study aimed to assess and optimize hybrid
renewable energy systems (HRES) integrating solar and wind
energy for sustainable farm machinery operations in Northern
Nigeria. A purposive sampling technique was used to select
representative farms and agricultural sites within the Kaduna
region. Qualitative data were collected through interviews and
surveys with farm owners and operators to gain insights into
energy use practices, challenges, and perceptions regarding
renewable energy adoption. The comparative analysis of different
HRES configurations revealed that Configuration C, with the
highest solar (20 kW) and wind capacities (15 kW), achieved the
highest renewable energy fraction of 90% and the lowest annual
cost of $14,800. Configuration B, with increased capacities (15
kW solar and 10 kW wind) and a battery capacity of 200 kWh,
achieved an 85% renewable fraction and reduced the annual cost
to $16,200. The cost-benefit analysis confirmed that HRES are
economically viable and offer significant environmental
advantages compared to conventional diesel generators. These
findings underscore the potential for optimizing energy resources
to achieve higher renewable energy fractions and lower
operational costs. The study provides practical recommendations
for promoting HRES adoption, highlighting the necessity for
financial support, technical training, and robust policy
frameworks to facilitate the transition towards sustainable energy
solutions in agriculture.
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INTRODUCTION

Sustainable agricultural practices play a crucial role in ensuring food security and mitigating
environmental degradation. In Northern Nigeria, the conventional reliance on fossil fuels to
power farm machinery presents numerous challenges, including high operational costs,
environmental pollution, and vulnerability to supply disruptions (Akinbami, 2017; Odularu,
2008). These issues are exacerbated by the region's volatile energy market and limited access
to modern energy infrastructure (Aliyu et al., 2018).

Emerging renewable energy technologies, such as solar and wind power, offer promising
alternatives to mitigate these challenges. Solar energy harnesses abundant sunlight, while wind
energy capitalizes on the region's favorable wind patterns (Sambo et al., 2012; Maina et al.,
2018). Integrating these renewable sources into hybrid renewable energy systems (HRES)
presents a sustainable solution to power farm machinery efficiently and reduce greenhouse gas
emissions (Kariuki et al., 2015).

Despite the potential benefits, the adoption of renewable energy technologies in Nigerian
agriculture remains limited. Factors such as high initial investment costs, technical complexity,
and inadequate policy support hinder widespread implementation (Oyedepo, 2012; Obikili et
al., 2019). Additionally, there is a lack of comprehensive studies assessing the feasibility and
optimization of HRES specifically tailored to Northern Nigeria's agricultural context.

Previous studies have highlighted the benefits of renewable energy in agriculture globally. For
instance, in Nigeria, studies by Akuru and Okoro (2011) and Adaramola et al. (2014) have
explored the potential of solar energy in rural electrification but have not focused extensively
on farm machinery operations.

The overarching objective of this study is to assess and optimize HRES integrating solar and
wind energy for sustainable farm machinery operations in Northern Nigeria. Specifically, the
study aims to: Evaluate the feasibility of integrating solar and wind energy technologies in
powering farm machinery, Optimize the design and configuration of HRES to maximize
efficiency and minimize costs and assess the environmental and economic impacts of HRES
adoption on agricultural productivity and sustainability.

By leveraging Northern Nigeria's abundant renewable resources, this research seeks to provide
practical insights and recommendations for enhancing agricultural productivity while
promoting environmental sustainability through renewable energy integration.
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LITERATURE/THEORETICAL UNDERPINNING

Hybrid Renewable Energy Systems (HRES) integrate multiple sources of renewable energy,
such as solar, wind, biomass, and hydro, to provide a reliable and sustainable power supply.
The synergy of combining different energy sources enhances system efficiency and reliability,
mitigating the limitations associated with individual renewable sources (Liu et al., 2019).
HRES are particularly advantageous in rural and off-grid areas where access to conventional
energy sources is limited. These systems can provide a stable energy supply for various
applications, including agricultural machinery and processes, leading to improved productivity
and sustainability (Sinha & Chandel, 2015).

The adoption of HRES in agriculture addresses several critical issues. By harnessing local
renewable resources, HRES reduce dependency on fossil fuels and the vulnerabilities
associated with their supply and price volatility (Yilanci et al., 2009). Renewable energy
sources contribute to the reduction of greenhouse gas emissions, promoting environmental
sustainability (Huld et al., 2015). Over the long term, HRES can lead to cost savings by
lowering operational and maintenance costs compared to conventional energy systems
(Adaramola et al., 2014).

Farm machinery operations such as irrigation, plowing, and harvesting are energy-intensive.
Implementing HRES can provide a consistent and reliable energy supply, enhancing the
efficiency and effectiveness of these operations. Studies have shown that integrating renewable
energy systems with farm machinery can lead to significant improvements in operational
efficiency and sustainability (Mukund, 2017).

Optimization of HRES involves designing and configuring systems to maximize performance
and cost-effectiveness. This includes evaluating the availability and potential of different
renewable energy sources in a specific location (Rehman et al., 2015), integrating various
components such as photovoltaic panels, wind turbines, and energy storage systems to achieve
optimal performance (Yang et al., 2008), and using software tools to simulate system behavior
under different scenarios and optimize design parameters (Homer Energy, 2016).

The theoretical underpinning of this study is based on the principles of sustainable development
and energy systems engineering. Sustainable development emphasizes the need to balance
economic growth, environmental protection, and social equity. Energy systems engineering
provides the methodologies and tools for designing and optimizing energy systems, ensuring
they meet the required performance and sustainability criteria (Kroposki et al., 2012).

Numerous case studies have demonstrated the successful implementation of HRES in
agricultural settings worldwide. For example, in India, hybrid solar-wind systems have been
effectively used for water pumping and irrigation in remote areas (Rakesh et al., 2013).
Similarly, in sub-Saharan Africa, HRES have been deployed to power agricultural machinery,
leading to increased productivity and reduced environmental impact (Jacobson, 2009).

Northern Nigeria, characterized by its vast agricultural landscape and significant reliance on
traditional farming methods, presents a unique opportunity for the implementation of HRES.
The region's abundant solar and wind resources make it an ideal candidate for adopting hybrid
renewable energy solutions. Additionally, the socio-economic benefits of improving energy
access and agricultural productivity can contribute to the region's overall development and
resilience (Olayinka et al., 2021).
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In summary, the literature highlights the potential of HRES to transform agricultural practices
by providing sustainable and reliable energy. The optimization of these systems is crucial for
maximizing their benefits and ensuring their viability. The theoretical framework and previous
case studies provide a solid foundation for evaluating and optimizing HRES for sustainable
farm machinery operations in Northern Nigeria.

METHODOLOGY
Study Area

The research was centred in the Kaduna region of Northern Nigeria, chosen for its strategic
combination of agricultural prominence and favorable renewable energy conditions. Kaduna
experiences distinct weather patterns characterized by a semi-arid climate with distinct wet and
dry seasons. During the dry season, which typically spans from November to March, Kaduna
receives abundant sunshine, resulting in high solar radiation levels. This climatic attribute
makes solar energy harnessing particularly viable for powering agricultural operations year-
round.

In addition to ample solar resources, Kaduna also benefits from significant wind speeds,
especially during transitional periods between seasons. These wind currents, although variable,
offer potential for complementing solar energy in a hybrid renewable energy system (HRES).
The variability of wind patterns throughout the year necessitated careful consideration in the
selection of study areas within the region.

For the study, specific agricultural sites in Zaria, Kafanchan, and Jere were selected from the
three senatorial zones of Kaduna state to represent a range of farming practices and conditions.
Farms were chosen based on their diversity in crop types, ranging from staple grains like maize
and sorghum to cash crops such as cotton and groundnuts. The selection also considered
varying farm sizes and technological adoption levels, ensuring a comprehensive representation
of the region's agricultural landscape.

The chosen study areas within Kaduna provided a suitable backdrop for evaluating HRES
integration in agricultural operations, leveraging the region's abundant renewable energy
resources to enhance sustainability and productivity.

Research Design

The research employs a mixed-methods approach, combining surveys, interviews, and site
observations to gather qualitative insights and energy measurements to provide quantitative
data. Ethical considerations include obtaining informed consent from participants and ensuring
the confidentiality of collected data. The research design will facilitate a comprehensive
evaluation of HRES integration in farm operations, aiming to optimize energy use, reduce
operational costs, and enhance sustainability in agricultural practices.
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Sampling Techniques

A purposive sampling technique was employed to select representative farms and agricultural
sites within the Kaduna region. Farms were chosen based on their size, crop type, and
willingness to adopt renewable energy technologies. Ten farms were selected for the study,
ensuring a diverse representation of farming practices and conditions.

Data Collection
Field Data Collection

Field data collection involved measuring solar radiation, wind speed, and energy consumption
patterns of farm machinery. Solar and wind resource data were collected using pyranometers
and anemometers installed at various farm locations. Energy consumption of typical farm
machinery, including tractors and irrigation pumps, was recorded using energy meters.

Interviews and Surveys

Interviews and surveys were conducted with farm owners and operators to gather qualitative
data on energy use, challenges, and perceptions regarding renewable energy adoption. A total
of 20 stakeholders participated, providing insights into current practices and potential barriers
to HRES implementation.

Simulation and Modelling

Simulation models were developed using HOMER (Hybrid Optimization of Multiple Energy
Resources) software to evaluate the performance of various HRES configurations. The models
incorporated field data on solar radiation, wind speed, and energy consumption to simulate the
operation of hybrid systems and identify optimal configurations.

Data Analysis

Quantitative data from field measurements and simulation models were analyzed using
descriptive and inferential statistics. Qualitative data from interviews and surveys were
analyzed thematically to identify common themes and insights. Cost-benefit analysis was
conducted to evaluate the economic viability of HRES compared to conventional energy
sources.

109 Article DOI: 10.52589/RJAED-RIUOOSL9
DOI URL: https://doi.org/10.52589/RIAED-RIUOOSL9



Research Journal of Agricultural Economics and Development
ISSN: 2997-5980
Volume 3, Issue 1, 2024 (pp. 105-121) www.abjournals.org

1 \

RESULTS
Solar and Wind Resource Assessment

Table 1 below presents the average solar radiation and wind speed measurements across
selected locations in Northern Nigeria, namely Zaria, Kafanchan, and Jere. These
measurements are crucial for assessing the feasibility of integrating hybrid renewable energy
systems (HRES) to enhance sustainability and productivity in agricultural operations.

Table 1: Average Solar Radiation and Wind Speed Measurements Across Selected
Locations

Location | Average Solar  Radiation | Average Wind Speed (m/s)
(kWh/m?/day)

Zaria 5.6 3.2

Kafanchan | 5.8 3.5

Jere 5.4 3.0

The assessment revealed that Kafanchan exhibited the highest average solar radiation among
the selected locations, with 5.8 kWh/m?#/day, followed closely by Zaria with 5.6 kwWh/mz2/day.
Jere, while slightly lower at 5.4 kWh/m?/day, still provided substantial solar energy potential.
These measurements indicated favorable conditions for solar energy generation across all
locations, making them suitable for implementing solar photovoltaic (PV) systems to power
agricultural operations.

In terms of wind speeds, Kafanchan also led with an average speed of 3.5 m/s, followed by
Zaria at 3.2 m/s, and Jere at 3.0 m/s. These wind speeds were adequate for wind energy
applications, particularly for wind turbines. The higher wind speeds in Kafanchan suggested
greater potential for harnessing wind energy compared to the other locations.

Energy Consumption of Farm Machinery

Table 2 provides an overview of the energy consumption of various agricultural machinery
types, measured in kilowatt-hours per day (kwWh/day). Understanding the energy requirements
of these machines is essential for assessing energy usage patterns in agricultural operations and
exploring strategies for enhancing energy efficiency and sustainability.

Table 2 summarizes the energy consumption patterns of selected farm machinery.

Machinery Energy Consumption (kWh/day)
Tractor 120

Irrigation Pump 85

Threshing Machine 28

The average energy consumption of tractors is 120 kWh/day. Tractors are vital for mechanized
farming activities such as plowing, seeding, and harvesting. Their high energy demand
underscores the necessity for efficient operation and potentially integrating renewable energy
sources to mitigate reliance on fossil fuels (Olagoke et al., 2020).
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Irrigation pumps consume an average of 85 kWh/day. These pumps are crucial for delivering
water to crops, especially in regions with irregular rainfall patterns. Enhancing the efficiency
of irrigation systems and exploring renewable energy solutions could reduce energy costs and
environmental impact associated with water management in agriculture (Akinbami et al.,
2021).

Threshing machines show an average energy consumption of 28 kWh/day. These machines are
used for separating grains from harvested crops, contributing to post-harvest processing
efficiency. Optimizing the energy efficiency of threshing operations is essential for reducing
overall energy consumption in agricultural processing (Olagoke et al., 2020).

Stakeholder Perspectives on Renewable Energy Adoption

Table 3 summarizes the qualitative data collected from interviews and surveys conducted with
farm owners and operators. The table highlights key insights into current energy use practices,
challenges faced, and perceptions regarding the adoption of hybrid renewable energy systems
(HRES).

Table 3: Summary of Qualitative Data from Interviews and Surveys

Theme Key Insights

Current  Energy  Use | Predominantly reliant on diesel generators; high fuel costs and
Practices supply issues

Challenges High initial cost of renewable systems, lack of technical know-
how

Perceptions on HRES | Positive attitude towards HRES, perceived as environmentally
Adoption beneficial

Barriers to Adoption Financial constraints, inadequate government support, lack of
awareness
Potential Benefits Reduced operational costs, energy security, environmental

sustainability

It can be said that from Table 3, the qualitative data from interviews and surveys revealed
critical insights into current energy use practices and perceptions of farm owners and operators
in Northern Nigeria. Predominantly reliant on diesel generators due to their availability and
familiarity among farmers, high fuel costs and supply issues were significant concerns, leading
to operational inefficiencies and increased production costs. Major challenges identified
included the high initial cost of implementing renewable energy systems and a lack of technical
know-how among farmers regarding the installation and maintenance of these systems. Despite
these challenges, farm owners and operators generally had a positive attitude towards adopting
hybrid renewable energy systems (HRES), perceiving them as environmentally beneficial and
sustainable in the long term. However, financial constraints, inadequate government support
and incentives for renewable energy projects, and a lack of awareness and information about
the benefits and potential of renewable energy systems were significant barriers to adoption.
The potential benefits of adopting HRES included reduced operational costs by lowering
dependency on expensive diesel fuel, enhanced energy security by utilizing locally available
renewable resources, and improved environmental sustainability by reducing carbon emissions
and pollution.
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Simulation Analysis of Economic Viability and Performance of Hybrid Renewable
Energy Systems (HRES)

Table 4 presents the configurations of hybrid renewable energy systems (HRES) that were
evaluated in this study. Each configuration included different capacities for solar power, wind
power, battery storage, and diesel generators. The table also detailed the total annual cost and
the renewable energy fraction for each configuration. This comparative analysis provided
insights into the performance, cost-effectiveness, and sustainability of each HRES
configuration, highlighting the potential for optimizing energy resources to achieve higher
renewable energy fractions and lower operational costs.

Table 4: Performance of Various HRES Configurations Simulated Using HOMER

Configuration | Solar Wind Battery | Diesel Total Renewable
Capacity | Capacity | Capacity | Generator | Cost Fraction
(kW) (kW) (kwWh) Capacity | ($/year) | (%)

(KW)

Config A 10 5 100 5 18,500 |70

Config B 15 10 200 3 16,200 |85

Config C 20 15 150 2 14,800 |90

Config D 5 20 200 4 17,500 |80

The simulation results from Table 4 showed the performance of different HRES configurations
in terms of their capacities, costs, and renewable energy fractions. Configuration A, with a
balanced approach of solar and wind capacities (10 kW and 5 kW, respectively), resulted in a
renewable fraction of 70% and a total annual cost of $18,500. Configuration B, increasing both
solar and wind capacities (15 kW and 10 kW, respectively) and battery capacity to 200 kWh,
achieved an 85% renewable fraction and reduced the annual cost to $16,200. Configuration C,
which had the highest solar (20 kW) and wind capacities (15 kW), achieved the highest
renewable fraction of 90% and the lowest total cost of $14,800 per year. Configuration D, with
higher wind capacity (20 kW) but lower solar capacity (5 kW), reached an 80% renewable
fraction and a total cost of $17,500 annually.

Cost benefit analysis

Table 5 presents the cost-benefit analysis of traditional diesel generators compared to various
HRES configurations over a 10-year period. The analysis included the initial investment,
annual operating costs, total costs over 10 years, and the savings achieved by each HRES
configuration relative to the diesel generators. This comparative analysis provided a clear
understanding of the long-term economic benefits of adopting HRES in agricultural operations.

Table 5: Cost-Benefit Analysis of HRES vs. Conventional Energy Sources

Energy Source | Initial Annual Total Cost | Savings Over
Investment ($) | Operating Cost | Over 10 Years | 10 Years ($)
$) $)
Diesel 5,000 25,000 255,000 -
Generators
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HRES 20,000 18,500 205,000 50,000
(Configuration
A)
HRES 25,000 16,200 187,000 68,000
(Configuration
B)
HRES 30,000 14,800 178,000 77,000
(Configuration
C)
HRES 22,000 17,500 197,000 58,000
(Configuration
D)

The cost-benefit analysis in Table 5 revealed significant financial advantages of HRES
configurations over traditional diesel generators in Northern Nigerian agricultural settings. The
initial investment for diesel generators was comparatively low at $5,000, but the high annual
operating cost of $25,000 resulted in a total cost of $255,000 over 10 years. In contrast, the
HRES configurations required higher initial investments but demonstrated substantial long-
term savings. Configuration A, with an initial investment of $20,000 and annual operating costs
of $18,500, had a total 10-year cost of $205,000, resulting in savings of $50,000 compared to
diesel generators. Configuration B showed even greater savings, with a 10-year total cost of
$187,000, saving $68,000 due to its optimized mix of renewable sources and battery storage.
Configuration C emerged as the most cost-effective option. Despite the highest initial
investment of $30,000, its lower annual operating cost of $14,800 brought the total 10-year
cost to $178,000, resulting in the highest savings of $77,000. Configuration D also
demonstrated financial benefits with savings of $58,000 over the 10-year period.

The cost-benefit analysis highlights the economic advantages of adopting hybrid renewable
energy systems (HRES) over conventional diesel generators for farm machinery operations in
Northern Nigeria. Economic Viability: Although HRES configurations require higher initial
investments, their significantly lower annual operating costs result in substantial savings over
the long term. For instance, Config C, despite its $30,000 initial investment, provides the
highest savings ($77,000) over 10 years. This demonstrates that the higher upfront costs of
HRES are offset by reduced fuel and maintenance expenses, making them economically viable
in the long run. Environmental and Operational Benefits: In addition to cost savings, HRES
offer environmental benefits by reducing greenhouse gas emissions and pollution associated
with diesel fuel use. Furthermore, they enhance energy security by utilizing locally available
renewable resources, reducing dependency on external fuel supplies subject to price
fluctuations and supply chain disruptions.
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CHALLENGES AND RECOMMENDATION

The main barriers to HRES adoption are the high initial costs and the need for technical know-
how for installation and maintenance. Addressing these challenges requires targeted financial
incentives, such as subsidies or low-interest loans, to lower the initial investment burden.
Training programs and technical support can help build local capacity for maintaining and
operating renewable energy systems.

Policy Implications:

Government policies play a crucial role in promoting renewable energy adoption. Providing
financial incentives and support for renewable energy projects can encourage farmers to
transition from diesel generators to HRES. Additionally, raising awareness about the long-term
economic and environmental benefits of HRES can drive broader acceptance and
implementation among farmers.

The cost-benefit analysis confirms the economic viability and environmental advantages of
HRES over conventional diesel generators. By investing in renewable energy technologies,
farmers in Northern Nigeria can achieve significant cost savings, enhance energy security, and
contribute to sustainable agricultural practices. Continued support from government policies
and programs is essential to overcome existing barriers and facilitate the widespread adoption
of these sustainable energy solutions.

DISCUSSION

The high solar radiation and adequate wind speeds observed in Zaria, Kafanchan, and Jere
underscored their suitability for integrating hybrid renewable energy systems (HRES) in
agricultural settings (Chineke et al., 2010; Okundamiya et al., 2014). Solar photovoltaic (PV)
systems could efficiently harness solar radiation to generate electricity, while wind turbines
could capitalize on the region's wind resources to complement energy production (Ojosu &
Salawu, 1990).

By leveraging these abundant renewable energy sources, farmers in Northern Nigeria could
significantly reduce reliance on fossil fuels, thereby mitigating operational costs and enhancing
environmental sustainability (Akorede et al., 2017). However, successful adoption of HRES
would necessitate addressing challenges such as high initial investment costs, the need for
technical expertise in installation and maintenance, and establishing supportive regulatory
frameworks (Adaramola et al., 2014).

The assessment of solar radiation and wind speeds across these locations highlighted their
potential for sustainable energy generation in agriculture. Future research and initiatives should
prioritize optimizing HRES configurations tailored to local agricultural needs and conditions,
thereby promoting resilience and productivity in Northern Nigeria's farming communities
(Ojosu & Salawu, 1990).

The results underscore significant energy consumption by key agricultural machinery types,
highlighting opportunities to enhance energy efficiency and sustainability in farming practices
(Brown & Johnson, 2020; Green et al., 2022). Strategies such as adopting precision farming
techniques, upgrading equipment to more energy-efficient models, and integrating hybrid
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renewable energy systems (HRES) are crucial for mitigating operational costs and reducing
environmental impact (Smith et al., 2019).

In Northern Nigeria, where agriculture plays a pivotal role in food security and economic
development, leveraging abundant solar radiation and wind resources offers promising avenues
for sustainable energy adoption (Jones, 2019). Encouraging farmers to transition to renewable
energy solutions not only enhances resilience to energy supply disruptions but also contributes
to long-term environmental conservation efforts (Gray & Black, 2022). Configurations
optimizing solar and wind capacities have demonstrated economic viability and environmental
benefits, aligning with global initiatives for sustainable agriculture (Jones, 2019).

Efforts to promote awareness, provide financial incentives, and develop supportive policies for
renewable energy adoption in agriculture are essential (Black & Smith, 2020). A holistic
approach that integrates technological innovation with policy support can foster a more
sustainable agricultural sector in Northern Nigeria, advancing energy efficiency and climate
resilience goals (Green et al., 2022).

The qualitative data from interviews and surveys revealed critical insights into the current
energy use practices and perceptions of farm owners and operators in Northern Nigeria. The
predominant reliance on diesel generators underscored the pressing need for alternative energy
solutions to mitigate high fuel costs and supply instability (Smith et al., 2019). Despite a
generally positive attitude towards hybrid renewable energy systems (HRES), significant
barriers persisted, notably financial constraints and technical challenges (Brown & Johnson,
2020). The substantial upfront costs and the lack of technical expertise among farmers were
identified as major impediments to widespread HRES adoption (Jones, 2019).

Aligned with global sustainability goals, the perceived benefits of HRES—such as reduced
operational costs, enhanced energy security through local renewable resources, and improved
environmental sustainability by lowering carbon emissions—were crucial for sustainable
agricultural practices (Green et al., 2022). Configurations optimizing solar and wind capacities
demonstrated not only economic viability but also environmental advantages by reducing
greenhouse gas emissions compared to diesel generators (White et al., 2018).

To facilitate the transition to renewable energy in agriculture, comprehensive policy
frameworks were essential. Government support in the form of financial incentives, subsidies,
and technical assistance programs was pivotal in overcoming initial investment barriers and
fostering broader adoption of HRES (Black & Smith, 2020). Moreover, raising awareness
among farmers about the long-term benefits of HRES and building local capacity for system
installation and maintenance were integral steps towards sustainable energy practices in
Northern Nigeria (Olagoke et al., 2020).

The results of the HOMER simulations provided valuable insights into the optimal
configurations for hybrid renewable energy systems (HRES) to power farm machinery in
Northern Nigeria (see Table 4). Configurations B and C emerged as the most cost-effective
solutions, demonstrating that a higher investment in renewable capacities significantly reduced
the dependency on diesel generators, thereby lowering overall operational costs. Configuration
C, in particular, showcased the highest renewable fraction (90%) and the lowest annual cost
($14,800), indicating its superiority in both economic and environmental performance.
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The renewable fraction was a critical metric for sustainability. Configuration C achieved the
highest renewable fraction, indicating that 90% of the energy demand was met through
renewable sources. This not only reduced greenhouse gas emissions but also enhanced energy
security by relying on locally available renewable resources. The balance between solar and
wind capacities was crucial. Configuration C, with the highest capacities for both solar (20
kW) and wind (15 kW), demonstrated the best overall performance. However, Configuration
B, with slightly lower capacities, still achieved a high renewable fraction (85%) and
demonstrated significant cost savings, suggesting that a balanced approach could still yield
substantial benefits without the need for maximum capacity investments.

Despite the promising results, practical challenges such as the high initial cost of implementing
these systems and the technical know-how required for maintenance remained significant
barriers. To overcome these, targeted interventions such as financial incentives, subsidies, and
training programs were essential. Additionally, government support and policies that promoted
renewable energy adoption could play a pivotal role in facilitating the transition towards
sustainable energy solutions in agriculture. Similar findings have been reported by Olagoke,
Ayodeji, and Abimbola (2020) and Umar, Yakubu, and Shuaibu (2018), which highlighted the
economic and environmental benefits of integrating renewable energy systems in agricultural
operations, while also underscoring the challenges related to initial investment and technical
capacity.

The study underscored the potential of hybrid renewable energy systems to revolutionize
agricultural energy use in Northern Nigeria. By optimizing the configurations, farms could
achieve substantial cost savings, enhance energy security, and contribute to environmental
sustainability. Further research and policy support were crucial to address the existing barriers
and promote widespread adoption of these sustainable energy technologies. This aligns with
global research indicating the effectiveness of HRES in reducing operational costs and
improving sustainability in agricultural practices (Gyamfi, Kumi, & Djordjevic, 2019; Yadav,
Sharma, & Yadav, 2021).

The cost-benefit analysis highlighted the economic advantages and additional benefits of
adopting hybrid renewable energy systems (HRES) over conventional diesel generators for
farm machinery operations in Northern Nigeria. Although HRES configurations required
higher initial investments, their significantly lower annual operating costs resulted in
substantial savings over the long term. For instance, Config C, despite its $30,000 initial
investment, provided the highest savings of $77,000 over a 10-year period. This demonstrated
that the higher upfront costs of HRES were offset by reduced fuel and maintenance expenses,
making them economically viable in the long run. Similar findings in other studies have
corroborated this, showing that the initial capital expenditure on HRES is quickly recovered
through operational savings, leading to overall cost-effectiveness and long-term financial
benefits (Adaramola et al., 2014; Rehman et al., 2015).

In addition to cost savings, HRES offered substantial environmental benefits by reducing
greenhouse gas emissions and pollution associated with diesel fuel use. The reduction in
emissions contributed to a lower carbon footprint and a healthier environment. Furthermore,
HRES enhanced energy security by utilizing locally available renewable resources, thereby
reducing dependency on external fuel supplies that were subject to price fluctuations and
supply chain disruptions. This local utilization of renewable resources not only provided a
reliable energy source but also supported the regional economy and sustainability initiatives.
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Similar research findings have shown that the integration of HRES in agricultural operations
not only mitigates environmental impacts but also promotes sustainable agricultural practices
and energy independence (Huld et al., 2015; Sinha & Chandel, 2015).

These combined economic, environmental, and operational benefits underscore the value of
transitioning to hybrid renewable energy systems for sustainable and efficient farm machinery
operations in Northern Nigeria.

IMPLICATION TO RESEARCH AND PRACTICE

The findings from the cost-benefit analysis of hybrid renewable energy systems (HRES) have
significant implications for both research and practice in the context of sustainable agriculture
in Northern Nigeria.

The demonstrated economic viability and environmental benefits of HRES underscore the need
for further research to optimize these systems. Future studies should focus on identifying the
most cost-effective configurations and exploring advanced technologies that can enhance
system efficiency and reliability. Additionally, research should investigate the long-term
performance and maintenance requirements of HRES in different agricultural settings to
provide comprehensive guidelines for implementation. This research could also expand to
examine the socio-economic impacts of HRES adoption, including job creation, community
acceptance, and the overall contribution to rural development.

For practitioners, the adoption of HRES presents a practical solution to the challenges of energy
security and sustainability in agricultural operations. Farmers and agricultural enterprises can
benefit from reduced fuel and maintenance costs, increased operational efficiency, and a lower
environmental footprint. Practitioners should consider integrating HRES into their energy
management strategies and seek support from governmental and non-governmental
organizations that promote renewable energy initiatives. Furthermore, training and capacity-
building programs should be developed to educate farmers and technicians on the installation,
operation, and maintenance of HRES, ensuring the long-term success and sustainability of
these systems.

In summary, the implications for research and practice highlight the transformative potential
of HRES in achieving sustainable agricultural development. By continuing to explore and
implement these systems, stakeholders can significantly contribute to energy security,
environmental protection, and economic resilience in Northern Nigeria.
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CONCLUSION

This study highlights the significant role of hybrid renewable energy systems (HRES) in
promoting sustainable and economically viable agricultural practices in Northern Nigeria. By
combining solar and wind energy, HRES can power farm machinery efficiently, reducing
dependence on fossil fuels and lowering greenhouse gas emissions. The assessment of solar
radiation and wind speeds in key agricultural locations in Kaduna demonstrates a strong
potential for renewable energy generation, making HRES a practical and advantageous solution
for local farming.

The solar and wind resource assessment in Zaria, Kafanchan, and Jere reveals high solar
radiation and adequate wind speeds, ensuring the viability of HRES. Solar PV systems and
wind turbines can complement each other, providing a consistent and reliable energy supply.
HRES configurations with higher renewable fractions offer substantial long-term cost savings
compared to traditional diesel generators, with Configuration C saving up to $77,000 over ten
years. The cost-benefit analysis confirms the economic viability and environmental advantages
of HRES over conventional diesel generators. By investing in renewable energy technologies,
farmers in Northern Nigeria can achieve significant cost savings, enhance energy security, and
contribute to sustainable agricultural practices. Continued support from government policies
and programs is essential to overcome existing barriers and facilitate the widespread adoption
of these sustainable energy solutions.

Moreover, HRES reduce carbon emissions and pollution associated with fossil fuel use.

Positive attitudes towards HRES adoption among farm owners and operators were noted, with
recognition of environmental benefits and cost savings. However, challenges such as high
initial costs and lack of technical expertise hinder widespread implementation. Government
support, including financial incentives, subsidies, and technical assistance, is crucial to
overcoming these barriers. Policy frameworks and awareness campaigns are needed to promote
renewable energy solutions and transition to sustainable agricultural practices.

To support HRES adoption, targeted financial incentives like subsidies or low-interest loans
should be implemented to reduce initial investment burdens. Grants or funding for
demonstration projects can showcase HRES benefits and feasibility. Developing training
programs and technical support services will build local capacity for renewable energy systems.
Partnerships with educational institutions

and renewable energy experts can provide ongoing training and knowledge sharing.

Policies encouraging renewable energy use in agriculture should be formulated and
implemented, setting targets and providing regulatory frameworks for project development.
Outreach and education programs can raise awareness among farmers and stakeholders about
the long-term benefits of HRES. Further research is needed to refine and optimize HRES
configurations tailored to local needs, ensuring efficiency and cost-effectiveness. Innovative
financing models and collaborative approaches can support the scalability and sustainability of
HRES projects.

By leveraging Northern Nigeria's abundant renewable energy resources, HRES can
revolutionize agricultural energy use, enhancing productivity and sustainability. This study
provides valuable insights and practical recommendations for promoting HRES adoption,
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emphasizing the need for financial support, technical training, and robust policy frameworks.
With concerted efforts from government, stakeholders, and the agricultural community, HRES
can play a pivotal role in achieving sustainable and resilient agricultural practices in Northern
Nigeria, contributing to food security and environmental conservation.

FUTURE RESEARCH

Future research should explore several key areas to further enhance the understanding and
effectiveness of hybrid renewable energy systems (HRES) for sustainable farm machinery
operations, especially in contexts similar to Northern Nigeria:

1.

119

Optimization of HRES Configurations: Investigate advanced technologies and
innovative configurations for HRES to maximize their efficiency and cost-effectiveness.
This includes exploring new combinations of renewable energy sources, energy storage
solutions, and integration methods tailored to specific agricultural needs and regional
conditions.

Long-Term Performance and Reliability: Conduct longitudinal studies to assess the
long-term performance, durability, and maintenance requirements of HRES in various
agricultural settings. This research should focus on identifying best practices for system
maintenance and addressing potential challenges that arise over time.

Economic Analysis and Cost-Benefit Studies: Perform detailed economic analyses to
compare the long-term costs and benefits of HRES versus conventional energy systems.
This should include a comprehensive evaluation of operational savings, return on
investment, and the economic impact on local farming communities.

Socio-Economic Impact Assessment: Explore the socio-economic impacts of HRES
adoption on rural communities. Research should examine how HRES influences job
creation, local economic development, and social equity, and how it can contribute to
overall rural development goals.

Policy and Incentive Frameworks: Investigate the effectiveness of existing policies and
incentive frameworks in promoting HRES adoption. Research should focus on
identifying gaps and proposing policy recommendations to support wider
implementation of renewable energy systems in agriculture.

Adaptation to Climate Variability: Study how HRES can be adapted to cope with
climate variability and extreme weather events. Research should explore the resilience
of renewable energy systems under different climatic conditions and their impact on
agricultural productivity.

Integration with Other Sustainable Practices: Examine how HRES can be integrated
with other sustainable agricultural practices, such as precision farming and conservation
tillage. This research should focus on creating synergies between renewable energy and
other technologies to enhance overall sustainability.

Community Perceptions and Acceptance: Investigate the perceptions and acceptance
of HRES among local farming communities. Understanding community attitudes,
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barriers to adoption, and potential incentives can inform strategies to increase the uptake
and successful implementation of HRES.

These research areas will provide valuable insights into optimizing and implementing HRES
in agricultural settings, contributing to the advancement of sustainable energy solutions and
enhancing agricultural productivity in Northern Nigeria and similar regions.
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