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_____________________________________________________________________________________________ 

Integrated strategies to mitigate crop heat stress and enhance agricultural productivity are crucial for sustaining rural 

livelihoods in the semi-arid regions of Nigeria and Ghana. Climate change has intensified challenges such as rising 

temperatures, erratic rainfall, and prolonged dry spells, all of which significantly threaten smallholder farmers who 

rely on rain-fed agriculture. This study employed systems analysis using the DPSIR framework and drew on secondary 

qualitative data from scholarly journals, government publications, and credible online repositories. Targeted search 

terms and Boolean operators were applied across major academic databases, including the Education Resources 

Information Centre (ERIC) via EBSCO, Web of Science, JSTOR, Scopus, ResearchGate, and ScienceDirect, to 

explore climate and environmental stress, agriculture, and adaptation strategies in Nigeria and Ghana. 

The study evaluated the technical, economic, and social potential of three climate-smart agricultural interventions: 

agrivoltaics, drip irrigation, and agroforestry. These solutions were analysed using the Food-Energy-Water (FEW) 

nexus framework and economic concepts such as externalities and market failure. The findings from this study reveal 

that while each solution has distinct trade-offs, collectively they offer a resilient, scalable approach to mitigate heat 

stress, increase productivity, reduce emissions, and promote equity. Agrivoltaics yields high returns but requires 

significant investment. Drip irrigation is cost-effective and rapidly deployable, and agroforestry ensures long-term 

ecological and social benefits. This study underscores the need for policy support, financial incentives, and inclusive 

governance to facilitate adoption, especially among marginalized communities in West Africa, particularly in the 

northern regions of Nigeria and Ghana. These integrated strategies offer a path toward sustainable and socially optimal 

agricultural systems in Nigeria and Ghana under climate change. 

Keywords: Climate-smart agriculture; Food-Energy-Water nexus; semi-arid regions; DPSIR framework; systems 

analysis; heat stress 

  

 

Introduction 

Across Africa, the impacts of climate change are 

increasingly alarming. One of the most severe 

consequences is the worsening food insecurity in many 

low-income countries, especially where conflict and 

climate change are driving hunger for over 100 million 

people across East, West, and Central Africa (World 

Bank, 2025). This challenge is particularly evident in the 

agricultural sector, which remains the backbone of rural 

livelihoods in semi-arid West Africa, where the majority 

of the population relies on rain-fed farming for 

sustenance and economic survival (Zougmoré et al., 

2016). However, the agricultural sector faces increasing 

threats from unpredictable rainfall, rising temperatures, 

and prolonged dry spells, which severely affect crop 

productivity and food security (Sultan & Gaetani, 2016; 

Twumasi-Ankrah et al., 2025). Natural disasters like 

flooding also pose serious risks to vulnerable 

communities (Agha et al., 2025), leading to widespread 

fragility in the region’s food systems and exacerbating 

poverty and inequality in countries such as Nigeria and 

Ghana. 

In Nigeria, agriculture is particularly vulnerable in the 

northern regions, where crop failure from extreme heat 

and water scarcity undermines food security (Ogar et al., 

2025). Similarly, in Ghana, agriculture plays a vital role 

in both employment and economic output yet remains 

highly exposed to climatic variability due to the 

predominance of rain-fed systems and the 

underdevelopment of irrigation infrastructure (Forkuor 

et al., 2013; Jalloh et al., 2013; Worqlul et al., 2019). 

Ghana experiences unpredictable rainfall, rising 

temperatures, and delayed rainy seasons, all of which 

reduce crop suitability and threaten food security 

(Armah et al., 2011; Chemura et al., 2020). Although 

Ghana has abundant water resources, relatively little of 

its farmland is irrigated (Mensah & Ibrahim, 2017), and 

climate projections indicate a further decline in suitable 

land for irrigation by the 2070s (Worqlul et al., 2019). 

Moreover, poor management of irrigation systems and 

limited adoption of sustainable practices further 

constrain agricultural productivity and environmental 

resilience. 

Given these challenges, climate-smart agriculture 

(CSA) has emerged as a promising solution. CSA 
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integrates strategies such as drought-tolerant crop 

varieties, efficient irrigation, sustainable land 

management and soil-water conservation to increase 

productivity while enhancing resilience (Tabe-Ojong et 

al., 2023; Amankwaa-Yeboah et al., 2024). Innovations 

such as the Stress Tolerant Maize for Africa (STMA) 

and Drought Tolerant Maize for Africa (DTMA) 

programs have shown significant yield gains even under 

stress conditions (Badu-Apraku et al., 2023). 

Furthermore, water-smart technologies and remote 

sensing tools are enabling more effective management 

of scarce water resources (Oiganji et al., 2025). 

However, adaptation is not just a technical challenge; it 

is also a social one. Rural communities’ ability to adopt 

climate-smart agriculture (CSA) practices is often 

shaped by social structures, including access to 

resources and decision-making power (Lawson et al., 

2020). This underscores the need for integrated 

strategies that address both technological and social 

dimensions of resilience. 

This study investigates integrated strategies to reduce 

crop heat stress and enhance agricultural productivity in 

semi-arid regions of Nigeria and Ghana. By reviewing 

evidence on climate-smart agriculture (CSA) practices, 

irrigation potential, climate adaptation technologies, and 

social resilience factors, it aims to inform sustainable 

policy and investment decisions that can secure food 

systems in the face of escalating climate threats. 

 

Study areas 

Nigeria and Ghana are the study areas. Both countries 

are located in West Africa, along the Gulf of Guinea, and 

are bordered to the south by the Atlantic Ocean. 

Nigeria, especially the northern region (Adamawa, 

Bauchi, Benue, Borno, Gombe, Jigawa, Kaduna, Kano, 

Katsina, Kebbi, Kogi, Kwara, Nasarawa, Niger, Plateau, 

Sokoto, Taraba, Yobe, Zamfara, Federal Capital 

Territory), has a vast semi-arid zone characterized by 

high temperatures and erratic rainfall (Ogar et al., 2025). 

Agriculture in these areas is predominantly rain-fed, 

focusing on staple crops such as millet, maize, and 

sorghum. However, rising temperatures and 

unpredictable rainfall have led to decreased soil 

moisture, increased evapotranspiration, and heightened 

vulnerability to pests and diseases, all contributing to 

reduced crop yields (Ogar et al., 2025). 

Northern Ghana (Upper East, Upper West, Northern, 

Savannah, North East) is also a semi-arid savannah zone 

that is similarly affected by climate variability, 

characterized by increasing temperatures, delayed onset 

of rains, and prolonged dry spells. These changes disrupt 

traditional farming calendars and reduce the reliability 

of rain-fed agriculture (Chemura et al., 2020). The 

region's climate is marked by a short rainy season and a 

prolonged dry season, making agriculture heavily 

dependent on erratic rainfall patterns (Lawson et al., 

2020). Smallholder farmers in regions like Bawku East 

face direct exposure to extreme heat, which adversely 

affects both crop production and human health 

(Frimpong et al., 2020). Studies have shown that 

existing coping mechanisms are often insufficient, 

highlighting the need for more effective adaptation 

strategies (Frimpong et al., 2017).  

In both Nigeria and Ghana, the semi-arid regions are at 

the forefront of climate change impacts, necessitating 

integrated strategies that combine sustainable land 

management, technological innovation, and supportive 

policies to mitigate heat stress and bolster agricultural 

productivity. The case study areas are shown in Figure 

1. 
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Figure 1: Map of the study areas 

 

Literature Review 

Identifying food-energy-water (FEW) connections 

and trade-offs 

In addressing the challenges of crop heat stress and 

agricultural productivity in semi-arid Nigeria and 

Ghana, it is important to understand the connection 

between the Food-Energy-Water (FEW) system. The 

FEW nexus emphasizes that sustainable agricultural 

solutions must consider synergies and trade-offs among 

these three sectors to ensure resilience, productivity, and 

equity (Abdi & Gaunand, 2020; Purwanto et al., 2021). 

FEW connections 

Figure 2 highlights the connections between food, 

energy, and water, emphasizing how each resource 

depends on and influences the others within the 

agricultural system. 
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Figure 1: FEW connections for the study 

 

Food – Water: Agriculture in semi-arid regions is 

fundamentally dependent on water availability, 

particularly under climate-change-induced heat stress. 

Maintaining adequate soil moisture through irrigation 

supports plant physiological functions such as 

transpiration and nutrient uptake, which is crucial under 

elevated temperatures (Allen et al., 1998; Savva & 

Frenken, 2002). Integrated strategies like drip irrigation 

and mulching help conserve water while sustaining or 

enhancing yields (Prosdocimi et al., 2016). For instance, 

drip irrigation delivers water to the root zone and 

reduces non-productive evaporation (Woltering et al., 

2011), while mulching reduces soil erosion and 

improves water retention (Demo et al., 2024); 

agroforestry also reduces erosion and improves soils by 

integrating trees and crops, which enhance soil structure, 

increase organic matter, and help retain moisture and 

nutrients (Mbow et al., 2014). 

 

Food - Energy: Modern agricultural interventions to 

counteract crop heat stress increasingly depend on 

energy access, including solar-powered irrigation, 

mechanized equipment, and cold storage to reduce post-

harvest loss (Amjad et al., 2023). Agrivoltaic systems, 

which integrate solar panels with crop production, can 

create cooler microclimates that mitigate heat stress and 

maintain or improve yields while producing clean 

energy (Barron-Gafford et al., 2019; Neesham-

McTiernan et al., 2025) 

 

Water - Energy: The energy-water nexus highlights 

that extraction, treatment, and distribution of water, 

especially for irrigation, are energy-intensive processes 

(U.S. Department of Energy, 2014). In many off-grid 

rural areas of West Africa, limited and costly energy 

access constrains reliable irrigation (Falchetta et al., 

2023), whereas solar-powered pumps can reduce life-

cycle costs and emissions relative to diesel but require 

governance to avoid groundwater over-abstraction (Xie 

et al., 2021) 

 

Integrated FEW Systems: Sustainable, climate-smart 

agricultural systems harmonize food production goals 

with efficient water use and renewable energy adoption 

(World Bank, 2024). Bundled interventions such as 

rainwater harvesting combined with solar irrigation and 

drought-tolerant varieties align with climate-smart 

agriculture approaches that can improve resilience and 

productivity when tailored to local contexts (IPCC, 

2022) 
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Trade-offs in FEW integration 

While integrated FEW strategies offer promising 

synergies, they also involve trade-offs that must be 

carefully managed. Table 1 summarizes key trade-offs 

associated with implementing FEW solutions in these 

semi-arid agricultural systems. 

 

Table 1: FEW Trade-offs in Integrated Strategies to Reduce Crop Heat Stress in Nigeria and Ghana 

Trade off Description  Implications 

Water use vs. Energy 

demand 

Irrigation alleviates crop heat stress but 

increases energy consumption for water 

pumping and distribution (U.S. 

Department of Energy, 2014; IEA, 2016). 

Without renewable energy 

solutions, energy demand can 

become unsustainable, increasing 

GHG emissions and operating 

costs (U.S. Department of Energy, 

2014). 

Technology access vs. Equity Advanced FEW technologies (e.g., solar 

irrigation, precision agriculture) enhance 

productivity but are often expensive, 

limiting access for smallholder farmers 

(FAO, 2023). 

May widen social and economic 

inequalities unless accompanied 

by targeted support, policies, 

subsidies, or cooperatives for 

small-scale farmers (Rutta, 2022). 

Land for solar vs. Crops Agrivoltaics installations share land for 

both energy and food production but may 

reduce planting areas and alter farming 

practices (Barron-Gafford et al., 2019). 

Balancing energy generation with 

optimal crop density is critical to 

avoid losses in food production 

(Neesham-McTiernan et al., 

2025). 

Energy subsidies vs. Climate 

goals 

Some regions subsidize fossil fuels to 

support agricultural energy needs, but this 

conflicts with climate resilience strategies 

(World Bank, 2024). 

Emphasizes the urgent need for a 

clean energy transition in 

agriculture, favoring solar, wind, 

or bioenergy alternatives (World 

Bank, 2024). 

Short-term yield vs. Long-

term soil health 

Some heat-mitigation inputs (e.g., plastic 

film mulches) can boost near-term yields 

and water-use efficiency (Huang et al., 

2024). 

Residual plastics and 

microplastics can degrade soil 

structure and microbiota over 

time, arguing for conservation-

oriented practices (Sajjad et al., 

2022). 

 

In designing integrated strategies to reduce crop heat 

stress and improve agricultural productivity in Nigeria 

and Ghana, acknowledging FEW system connections 

and trade-offs is essential. Approaches that prioritize 

renewable energy, efficient water management, and 

equitable access to technology are critical to sustainable 

and resilient food systems in the region (FAO, 2023). 

 

The problem framed in economic terms 

Climate change-induced productivity challenges in 

semi-arid Nigeria and Ghana's agricultural systems can 

be economically framed as issues of externalities, 

market failure, and the need for social optimization. In 

particular, when social costs and benefits diverge from 

private ones, markets alone will not choose the socially 

efficient level of adaptation or mitigation (Hutchinson, 

2017). 

 

 

 

 

Externalities 

The challenge of crop heat stress and declining 

agricultural productivity in semi-arid Nigeria and Ghana 

can be understood through key economic concepts, 

particularly externalities and market failure. Crop heat 

stress, exacerbated by climate change, reduces yields 

and threatens food security for smallholder farmers who 

largely depend on rainfed agriculture (IPCC, 2022). This 

issue reflects a negative externality: the economic 

activities that contribute most to global greenhouse gas 

emissions, such as industrial production and fossil fuel 

consumption, impose unintended costs on farmers in 

vulnerable regions, who are not responsible for these 

emissions but suffer from the resulting climate impacts. 

At the same time, positive externalities arise from 

integrated strategies such as renewable energy-based 

irrigation (e.g., solar pumps), drought-resistant crop 

varieties, and agrivoltaic systems (Barron-Gafford et al., 

2019). These strategies not only benefit the individual 

farmer but also produce broader societal gains: 

improved food security, poverty reduction, and 
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enhanced rural resilience. However, because markets 

typically fail to value these wider benefits fully, private 

investment in such strategies remains insufficient. 

Thus, the current agricultural economy in semi-arid 

Nigeria and Ghana exhibits market failure. Resources 

are not allocated efficiently because the true social costs 

and benefits of agricultural practices and climate change 

impacts are not fully reflected in market prices. To 

correct these inefficiencies and achieve better outcomes, 

public interventions, such as subsidies, incentives for 

sustainable practices, and investments in climate-smart 

agriculture, are necessary. 

 

Economics as socially optimal  

In the present situation, economics in the agricultural 

systems of Nigeria and Ghana cannot be described as 

socially optimal. Social optimality in economics occurs 

when the allocation of resources results in the greatest 

overall welfare for society, meaning that private costs 

and benefits align perfectly with social costs and 

benefits (Hutchinson, 2017). However, the agricultural 

sector in these regions is characterized by significant 

market failures, primarily due to externalities associated 

with climate change, environmental degradation, and 

energy poverty. Without mechanisms to internalize 

externalities, such as subsidies for sustainable practices, 

investment in renewable energy infrastructure, and 

support for technological innovation, individual 

decision-making will not lead to socially optimal 

outcomes (Pigou, 1932). Therefore, targeted 

interventions are necessary to correct these market 

failures and move the agricultural economy toward a 

more socially optimal and resilient state. 

 

Describing the problem from the perspective of 

social discourse 

From a social discourse perspective, the challenge of 

reducing crop heat stress and improving agricultural 

productivity in semi-arid Nigeria and Ghana extends 

beyond technical adaptation to issues of equity, 

representation, and power. Smallholder farmers, 

particularly women, who are most affected by climate 

change, often lack access to the resources and 

institutional support needed to implement climate-

resilient practices (FAO, 2023). Their voices are 

frequently marginalized in policy dialogues and 

development programmes, resulting in a disconnect 

between top-down strategies and the lived realities of 

rural communities (UN Women, 2019). Moreover, 

prevailing narratives around climate resilience often 

prioritize scientific and technocratic solutions, while 

undervaluing indigenous knowledge systems and 

traditional coping mechanisms that have sustained 

communities for generations. These dynamics shape not 

only the adoption of integrated strategies but also the 

trust and legitimacy of institutions promoting them 

(Kristjanson et al., 2014). Thus, addressing crop heat 

stress requires a more inclusive and participatory 

approach, one that recognizes the socio-political 

dimensions of climate adaptation and centres the 

experiences, knowledge, and agency of vulnerable 

farming populations (IPCC, 2022). 

 

Greenhouse gas emissions 

Globally, Agriculture, Forestry and Other Land Use 

(AFOLU) accounts for 23% of total net anthropogenic 

GHG emissions (2007–2016), which is approximately 

12 ± 2.9 GtCO₂-eq per year 

(IPCC, 2019). Energy production, especially from fossil 

fuels, contributes over 70% of global CO₂ emissions 

(IEA, 2023). The FEW nexuses, especially energy used 

in farming (e.g., diesel for irrigation), land-use 

inefficiencies, and deforestation, represent a critical 

cluster of emissions sources that these interventions aim 

to address. 

 

Research Methodology 

Systems analysis, which is the DPSIR framework, and 

secondary qualitative data were used in this study. 

Database sources included scholarly journal articles, 

government publications, books, and credible online 

repositories. Academic databases such as the Education 

Resources Information Centre (ERIC) via EBSCO, Web 

of Science, JSTOR, Scopus, ResearchGate, and 

ScienceDirect were used in this study. Search terms 

were strategically selected to reflect the core themes of 

the study, including but not limited to: climate and 

environmental stress in Nigeria, climate and 

environmental stress in Ghana, food-energy-water 

nexus, and agriculture, with additional emphasis on 

terms such as “heat stress in crops,” “climate-smart 

agriculture,” “resilient farming systems,” “adaptation 

strategies,” “semi-arid regions,” and “agricultural 

productivity.” Boolean operators were employed to 

combine search terms and enhance the precision of 

results.  

 

Systems analysis: DPSIR framework 

The system analysed in this study includes crop 

production and other agricultural activities, integrating 

natural environmental factors (e.g., temperature, 

rainfall, soil moisture, and evapotranspiration), 

agricultural practices (such as crop selection, irrigation 

methods, and soil management), and socio-economic 

elements (including smallholder farmer livelihoods, 

energy access, and water availability). These 

components interact dynamically with climate 

conditions, infrastructure, and resource management, 

jointly shaping the resilience and productivity of 

farming systems. To support systems thinking and 

provide a structured, system-level assessment of the 

problem (as illustrated in Figure 3), this study applies to 
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the Drivers-Pressure-State-Impact-Response (DPSIR) 

framework developed by the European Environment 

Agency (Kristensen, 2004). 

 

 
 

Figure 2: DPSIR framework for this study 

 

Findings 

Proposed solutions for this study 

Three technical solutions were developed for this study 

to address the issue of crop heat stress and improve 

agricultural productivity in both Nigeria and Ghana. The 

solutions include Agrivoltaics, Drip irrigation, and 

Agroforestry (trees and crop systems). 

 

Agrivoltaics 

Agrivoltaics combines food and energy production by 

installing solar panels above crops, creating shade for 

these crops that reduces heat stress and evaporation 

(Trommsdorff et al., 2022). Agrivoltaics can boost crop 

yields while generating clean energy to power irrigation, 

cold storage, and processing. These are the kind of 

benefits farmers in the northern parts of Nigeria and 

Ghana need. The panels improve water retention and 

allow efficient land use by serving dual purposes. 

Agrivoltaics enhances climate resilience, provides new 

income streams, creates green jobs, and supports the 

inclusion of youth and women in sustainable agriculture.  

While agrivoltaics may not be the only solution, it stands 

out for its ability to address multiple FEW challenges 

simultaneously, as shown in Table 2. Its true impact will 

be realized when implemented alongside supportive 

policies, public education, and complementary 

interventions such as solar-powered infrastructure and 

water-efficient technologies. Together, these tools can 

help smallholder farmers in these regions not only 

survive but thrive amid the pressures of a changing 

climate.  
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Table 1: Quantitative Performance Indicators of Agrivoltaic Systems  

Category Quantitative Data 

Crop yield Under PV shade, fruit production rose 3× (chiltepin pepper) and 2× (cherry tomato), while 

jalapeño used 65% less transpirational water for similar yield (Barron-Gafford et al., 2019) 

Water efficiency On Oregon pasture, late-season biomass was +90% and water-use efficiency +328% under 

panels (Hassanpour Adeh et al., 2018) 

Evaporation 

reduction 

Agrivoltaic canopies cut cumulative soil evaporation by 21–33% and pan evaporation by 

14–19% (Omer et al., 2022). 

Solar energy output Utility-scale PV typically delivers ~975–1,105 MWh ha⁻¹ yr⁻¹ (US medians for 2019 

plants; tracking vs fixed-tilt) (Bolinger & Bolinger, 2022) 

Carbon/Emissions Using the 2022 U.S. grid average ~0.37–0.39 kg CO₂/kWh (EPA, 2024), and PV life-cycle 

emissions ~40 g CO₂e/kWh (NREL, 2025), net avoided emissions are ~0.33–0.35 kg 

CO₂e/kWh. With PV energy density ≈ 975–1,105 MWh ha⁻¹ yr⁻¹ (LBL), which is roughly 

~320–390 t CO₂e ha⁻¹ yr⁻¹ avoided, depending on grid mix. 

Land use efficiency Representative agrivoltaic layouts achieve LER ≈ 1.35–1.73 (i.e., 35–73% higher 

combined land productivity than single-use) (Dupraz et al., 2011) 

 

Costs Recent global projects show utility-scale PV LCOE ≈ USD 0.044/kWh (2023), reflecting 

continuing cost declines (IRENA, 2024) 

 

Drip irrigation  

Drip irrigation is a type of water-saving technology. This 

irrigation delivers water directly to plant roots, 

minimizing waste and improving efficiency, as shown in 

Table 3. It is particularly effective in conserving water 

in dry regions. However, the system requires energy, 

typically for water pumping, which can be a barrier in 

some areas. The initial installation cost is also high, 

making adoption difficult for smallholder farmers in 

Nigeria and Ghana without external support from the 

government. Its effectiveness is limited where energy 

access is unreliable.  

 

Table 3: Quantitative Performance Indicators of Irrigation Systems  

Category Quantitative Data 

Crop yield Across crops and regions, drip fertigation increases yields by ~12% on average 

relative to conventional methods, while also improving water-use efficiency (Delbaz 

et al., 2023). 

Water efficiency Compared with surface/sprinkler methods, drip systems raise water-use efficiency by 

~26% on average and align with FAO guidance to evaluate irrigation performance via 

water productivity (kg m⁻³) rather than simple “efficiency” percentages (Delbaz et al., 

2023). 

Energy impact Since more than 90% of an irrigation system’s energy use comes from pump power, 

switching from diesel or electric pumps to solar-powered irrigation systems (SPIS) 

eliminates on-farm fuel consumption for pumping and reduces operating energy 

demand from purchased fuels (Dong & Kelley, 2023). 

Carbon/Emissions For diesel pumping, emissions are ~10.19 kg CO₂ per gallon of diesel (US-EIA, 

2024); by contrast, PV electricity used for pumping has ~10–36 g CO₂e kWh⁻¹ cradle-

to-grid life-cycle emissions (Smith et al., 2024), so replacing diesel pumps with solar-

powered irrigation systems (SPIS) eliminates direct combustion CO₂ and yields large 

net avoided emissions per unit of pumping energy. 

Land-use efficiency Efficient irrigation enables expansion/stabilization of irrigated areas and productivity 

for smallholders; in Sub-Saharan Africa, farmer-led/small-scale approaches are 

emphasized as more cost-effective and scalable (Burney et al., 2013). 

Cost Reported costs span widely by technology and scale: large, centrally planned schemes 

~US$10,000/ha (SSA average experience) (Shah et al., 2020), while solar pumping 

solutions often prove cost-effective on farm economics and can achieve short 

paybacks depending on fuel/electricity prices and system size (IRENA, 2021). 
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Agroforestry (trees and crop systems) 

Agroforestry is a type of shade farming that integrates 

trees with crops that offer a climate-resilient solution to 

crop heat stress and declining productivity in semi-arid 

West Africa by creating cooler microclimates, 

improving soil moisture retention, and enhancing 

nutrient cycling, as highlighted in Table 4. Tree canopies 

reduce direct solar radiation and evapotranspiration, 

helping crops like maize and tomatoes stay within 

optimal temperature ranges. These systems also restore 

soil health, prevent erosion, and diversify farm outputs 

through fruit, timber, and other tree products, thereby 

strengthening food security and farmer income 

(Danjuma et al., 2018). In Nigeria and Ghana, where 

traditional land-use practices already include tree-crop 

integration, agroforestry presents a scalable, sustainable 

strategy for improving agricultural resilience amid 

climate change. 

 

Table 4: Quantitative Performance Indicators of Agroforestry Systems  

Category Quantitative Data 

Crop yield The study of Kuyah et al. (2019) reveals that agroforestry systems in sub-Saharan Africa 

significantly increased crop yields compared to traditional farming practices, with their 

finding supported by analysis of 1,106 observations from 126 peer-reviewed studies.  

 

Water efficiency Trees enhance soil moisture retention and reduce evapotranspiration. Shade trees in 

agroforestry help buffer crops during dry seasons (Siriri et al, 2013). 

Energy output  Agroforestry is not primarily an energy-generating system; its energy benefits are typically 

indirect, e.g., conserving energy by reducing inputs like irrigation and fertilizers (Xu et al., 

2019). Direct energy outputs occur only in designs explicitly aimed at biomass/fuelwood 

(Hinchee et al., 2009).  

Carbon/Emissions The study of Albrecht & Kandji (2003) shows that tropical agroforestry systems can 

sequester 12-228 Mg C ha⁻¹ (median 95 Mg C ha⁻¹), with global implementation on 585-

1215 million hectares of suitable land potentially storing 1.1-2.2 Pg C over 50 years. 

Land use 

efficiency 

Multi-strata land use integrates perennial trees and annual crops, often increasing long-term 

productivity and ecosystem services (Danjuma et al., 2018). 

Cost Agroforestry generates more than three times the net present value of monocropping 

systems while being less sensitive to price fluctuations, yield variations, and economic 

changes, making it significantly more profitable and financially stable than single-crop 

farming (Shode & Amanuel, 2016). 

 

Impacts of the solutions on greenhouse gases 

Greenhouse gas (GHG) emissions from agriculture and 

energy use in semi-arid West Africa are significant 

contributors to the global climate crisis. The region’s 

dependence on diesel-powered irrigation, deforestation 

for farmland, and intensive fertilizer use results in high 

levels of carbon dioxide (CO₂), nitrous oxide (N₂O), and 

methane (CH₄) emissions. The solutions proposed in this 

study, agrivoltaics, drip irrigation, and agroforestry, 

offer varying degrees of mitigation potential by reducing 

fossil fuel reliance, enhancing carbon sequestration, and 

improving resource efficiency. In terms of greenhouse 

gas emissions, the strategies collectively contribute to 

climate mitigation.  

 

Agrivoltaics and emissions mitigation 

Agrivoltaics combines solar energy generation with 

crop production, enabling farmers to produce electricity 

while simultaneously growing food on the same land. In 

northern Ghana and northern Nigeria, agrivoltaics 

systems can avoid 250–350 metric tons of CO₂e per 

hectare per year by displacing fossil fuel-based 

electricity such as diesel (Majumdar & Pasqualetti, 

2018; IEA, 2023). While the manufacturing of solar 

panels entails embodied emissions of approximately 20–

60 g CO₂e per kWh, these emissions are amortized over 

25–30 years, resulting in net emissions that are 

substantially lower than those from fossil fuels 

(Fraunhofer ISE, 2023). Agrivoltaics also confers 

biophysical benefits, as reduced crop heat stress under 

solar panels supports carbon sequestration through 

increased plant biomass and improved soil conditions 

(Barron-Gafford et al., 2019). By targeting one of the 

largest global emissions sectors, electricity generation, 

agrivoltaics provides a mitigation pathway aligned with 

United Nations Sustainable Development Goals 7 

(Affordable Clean Energy) and 13 (Climate Action). 

 

Drip irrigation and emissions reduction 

Drip irrigation itself does not generate energy, but when 

paired with solar pumps, it reduces reliance on diesel 

fuel, a common source of off-grid electricity in West 

Africa. Solar-powered drip systems can lower diesel use 

by 40-70%, leading to substantial emissions savings 

(IFAD, 2015; Alemayehu et al., 2019). Also, by 

improving water efficiency and boosting crop 

productivity, drip systems support greater biomass 
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production, which indirectly enhances CO₂ absorption 

by plants (CGIAR, 2020). 

 

Agroforestry and carbon sequestration 

Agroforestry is highly effective at sequestering 

atmospheric CO₂ in both biomass and soils, making it 

one of the most sustainable land-use strategies for 

climate mitigation. Sequestration rates in agroforestry 

systems vary depending on species and management, 

with systems in northern Ghana and Nigeria capturing 

between 3 and 10 tCO₂e/ha/year (Zomer et al., 2009; 

Bayala et al., 2016). In addition to carbon sequestration, 

agroforestry enhances smallholder farmers’ resilience to 

climate risks, providing a dual benefit for climate action 

(Lasco et al., 2014). 

DPSIR framework to identify the impacts of 

solutions 

To assess the effect of the response on each variable in 

the DPSI, the following was used. 

(+) – increase in variable 

(-) – decrease in variable 

(0) – no effect on variable 

(+/-) – unknown or could be either positive or 

negative 

 

Figures 4, 5, and 6 present the DPSIR frameworks, each 

illustrating the specific impacts of one of the proposed 

solutions. 

 

 
Figure 3: The DPSIR framework identifies the impacts of agrivoltaics solutions 
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Figure 4: The DPSIR framework identifies the impacts of drip irrigation solutions 

 
Figure 5: The DPSIR framework identifies the impacts of agroforestry solutions 

 

Socioeconomic impacts of proposed solutions 

Our proposed solutions, which are agrivoltaics, drip 

irrigation, and agroforestry, offer integrated economic, 

social, and environmental benefits that align with the 

goals of enhancing agricultural productivity and 

resilience in Nigeria and Ghana.  

Economically, each solution contributes to improved 

livelihoods through increased productivity and resource 

efficiency. Agrivoltaics, despite its high initial cost, 

provides dual benefits by generating both food and 

renewable energy, leading to new income streams, 

improved land use efficiency, and long-term returns 

from energy sales. Drip irrigation is more affordable and 

scalable, particularly with subsidies, and delivers 

immediate increases in crop yield and water-use 

efficiency, making it ideal for smallholder farmers. 

Agroforestry, with the lowest upfront cost, restores 

degraded lands and reduces the need for synthetic 

inputs, offering a strong benefit-cost ratio over time 

through diversified farm outputs.  

Socially, these solutions enhance food security, 

empower marginalized groups, particularly women and 

youth, and build community resilience. Agrivoltaics 

supports clean energy access and creates green jobs, 

while drip irrigation reduces labor demands and 

promotes year-round farming. Agroforestry aligns with 

traditional land-use practices and strengthens rural 
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livelihoods through ecosystem restoration and 

household diversification.  

 

Technical analysis of FEW considerations across 

solutions 

A comparative technical analysis was conducted to 

evaluate how each of the three proposed solutions 

performs in terms of food productivity, water efficiency, 

and energy contributions. These FEW dimensions are 

central to the challenges faced in semi-arid West Africa. 

 

 

 

 

Comparative analysis of FEW integration strategies - 

food productivity 

Agrivoltaics and drip irrigation both show strong 

potential for enhancing food productivity under climate 

stress, as shown in Table 5. Agrivoltaics provides 

moderate to high yield stability through shading, which 

protects crops from heat and moisture loss. Drip 

irrigation, however, offers the highest boost in yield by 

delivering water directly to plant roots, avoiding drought 

stress. Agroforestry supports food production in the long 

term, especially through intercrops and fruit-bearing 

trees, though it requires more time to mature. Overall, 

agrivoltaics and drip irrigation offer more immediate 

yield benefits, while agroforestry contributes gradual 

gains and additional food sources. 

 

Table 5: Food productivity comparison across solutions 

Metric Agrivoltaics Drip Irrigation Agroforestry 

Yield response (under 

heat stress) 

Moderate-high (crop-

dependent) 

High (especially in water-

stressed regions) 

Moderate (varies with 

tree maturity) 

Yield consistency Improved via 

microclimate control 

Consistent if the water source is 

reliable 

Improves over time with 

ecosystem recovery 

Additional food sources Not applicable Not applicable Fruits, nuts, and 

intercrops 

Risk of crop loss Reduced (shade 

protection) 

Reduced (avoids drought 

shock) 

Slightly reduced 

(windbreak, moisture 

retention) 

Income from food Potentially high High (improved quality & 

quantity) 

Moderate (depends on 

tree crop value) 

 

Comparative analysis of FEW integration strategies - 

water efficiency 

As shown in Table 6, drip irrigation clearly leads to 

water-use efficiency, reducing irrigation demand greatly 

as compared to traditional methods. Agrivoltaics also 

improves water conservation by shading the soil and 

reducing evaporation. Agroforestry offers natural 

moisture retention through tree cover and organic 

matter, making it effective in soil health and water 

holding capacity. While all three solutions reduce water 

loss, drip irrigation is the most efficient for areas where 

water scarcity is acute and access to irrigation 

infrastructure exists. 

 

Table 6: Water efficiency comparison across solutions 

Metric Agrivoltaics Drip Irrigation Agroforestry 

Water use efficiency Moderate-high (reduced 

evaporation) 

Very high (targeted delivery) Moderate (reduced 

evapotranspiration) 

Soil moisture retention High under panels High at the root zone High under the 

canopy and leaf 

litter 

Water loss via 

evaporation 

Reduced by panel 

shading 

Very low (minimal surface loss) Reduced due to tree 

cover 

Risk of overuse Low Moderate-high (if not regulated) Very low 

 

Comparative analysis of FEW integration strategies - 

energy efficiency 

Table 7 highlights the role of each solution in either 

reducing energy consumption or generating clean 

energy within agricultural systems. Agrivoltaics stands 

out as the only solution that generates clean energy, 

offering significant benefits for rural electrification and 

farm operations. Its ability to offset fossil fuel use and 

supply power for irrigation or processing adds a unique 

advantage. Drip irrigation, while not energy-producing, 

becomes more sustainable when paired with solar 

pumps, reducing diesel dependence. Agroforestry has a 

minimal direct energy impact but indirectly supports 

emissions reduction through carbon sequestration. In 
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terms of energy access and emissions mitigation, 

agrivoltaics offers the most comprehensive benefits. 

 

Table 7: Energy impacts comparison across solutions 

Metric Agrivoltaics Drip Irrigation Agroforestry 

Energy generation High (solar PV power 

generation) 

None directly, but compatible 

with solar pumps 

None 

Energy use efficiency High (clean, on-site energy) Moderate (low-pressure 

systems save energy) 

Not applicable 

Dependency on fossil 

fuels 

Reduced significantly Reduced if paired with 

renewables 

No direct energy 

input 

Energy access for 

farmers 

Improved (can power 

irrigation/processing) 

Possible with solar pumps No direct benefit 

Emissions reduction 

potential 

High (offsets electricity and 

improves efficiency) 

Moderate (via diesel reduction) Indirect (carbon 

storage, no energy 

link) 

 

Conclusion 

In semi-arid regions of Nigeria and Ghana, climate 

change-induced crop heat stress, erratic rainfall, and 

limited infrastructure have critically undermined 

agricultural productivity, posing severe threats to food 

security, local farming practices, and rural livelihoods. 

This study synthesizes an integrated systems analysis of 

the problem through the FEW (Food-Energy-Water) 

nexus and socio-economic lenses, revealing that 

traditional coping strategies are no longer sufficient. Our 

analysis shows that the agricultural systems in these 

regions suffer from significant market failures and 

externalities, where smallholder farmers bear the brunt 

of climate impacts without the resources to adapt, 

necessitating public and policy interventions. In 

response, we propose three climate-smart, 

interdependent solutions: agrivoltaics, drip irrigation, 

and agroforestry. Agrivoltaics offers dual benefits of 

energy generation and crop shading but requires high 

initial investment; drip irrigation efficiently conserves 

water and boosts yields, making it ideal for smallholders 

when paired with solar pumps; and agroforestry restores 

degraded lands, sequesters carbon, and aligns with 

traditional practices. Together, these strategies address 

the economic, social, and environmental dimensions of 

resilience, boosting productivity, reducing greenhouse 

gas emissions, and empowering vulnerable 

communities, while paving the way for a more 

equitable, sustainable, and climate-resilient agricultural 

future in Nigeria and Ghana. 

Among the three strategies analyzed, agrivoltaics 

emerges as the most promising solution for long-term 

food-energy-water resilience in semi-arid West Africa. 

Its ability to simultaneously reduce crop heat stress, 

conserve water, and generate clean energy makes it 

uniquely impactful. However, its high upfront cost 

remains a major barrier for smallholder farmers. With 

the support of government subsidies, low-interest loans, 

or cooperative financing models, agrivoltaics could 

become more accessible. Moreover, the sale of surplus 

electricity offers farmers a potential income stream, 

helping offset installation costs over time. When viewed 

through this lens, agrivoltaics is not only a climate-smart 

strategy but also an economically strategic one if 

integrated through inclusive policy and support systems. 

 

Data Limitation and Future Research 

There is minimal quantitative data on agrivoltaics or 

shade systems specifically in Northern Ghana/ Northern 

Nigeria. Most agrivoltaics yield/water results come from 

temperate trials or modelling. More field trials testing 

local crops (maize, millet, sorghum, vegetables) under 

PV arrays are needed to measure real yield changes and 

microclimate effects. Similarly, data on drip irrigation 

performance in smallholder plots (with local soil and 

crop varieties) are sparse. 

Co-design could fill data gaps: work with farmers, 

extension agents, and energy planners to pilot one or 

more technologies. On-farm trials (e.g., farmer-

managed drip plots, community solar + crop sites, new 

agroforestry groves) would yield practical data on 

yields, water use, and costs. Interviews and focus groups 

can reveal barriers (e.g., technical know-how, land 

tenure) and local parameter values (e.g., yields under 

new practices, prices, labour costs). 

Data and case-study results are drawn from peer-

reviewed agrivoltaics and irrigation research and project 

reports, as well as technical analyses of PV land use. 

These cover a range of climates, where Nigeria or Ghana 

specific data are lacking, comparable evidence from 

other semi-arid regions has been cited. Each solution’s 

performance will depend on a detailed local evaluation. 

 

ORCID 

Chika Winnifred Agha: http://orcid.org/0009-0001-

1986-4402 

Sandra Yeboah Ampiaw: http://orcid.org/0009-0008-

4561-431X 

Environmental Technology & Science Journal 
Volume 16 Number 2 December 2025

138



References 

Abdi, H., & Gaunand, A. (2020). Food–Energy–Water 

nexus: A brief review and future research 

opportunities. Energies, 13(23), 6240. 

https://doi.org/10.3390/en13236416 

Adeh, E. H., Selker, J. S., & Higgins, C. W. (2018). 

Remarkable agrivoltaic influence on soil 

moisture, micrometeorology and water-use 

efficiency. PLoS ONE, 13(11). 

https://doi.org/10.1371/journal.pone.0203256   

Agha, C. W., Mokwenye, I. I., Atikpo, E., & Nwulu, N. 

(2025). Gumbel Distribution-Based Flood 

Frequency Analysis for Coastal Flood Risk 

Assessment in Ugborodo Community, Niger 

Delta, Nigeria. Environmental Technology & 

Science Journal, 

https://doi.org/10.4314/etsj.v16i1.13 

Albrecht, A., & Kandji, S. T. (2003). Carbon 

sequestration in tropical agroforestry 

systems. Agriculture, Ecosystems & 

Environment, 99(1-3), 15-27. 

https://doi.org/10.1016/S0167-8809(03)00138-5 

Alemayehu, A., Cruz, M., Foster, V., & Maliszewska, M. 

(2019). Solar-powered irrigation systems in Sub-

Saharan Africa: Scoping study. World Bank 

Group. 

Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. 

(1998). Crop evapotranspiration: Guidelines for 

computing crop water requirements (FAO 

Irrigation and Drainage Paper No. 56). Rome: 

Food and Agriculture Organization of the United 

Nations 

Amankwaa-Yeboah, P., Yeboah, S., & Oppong-Sekyere, 

D. (2024). Water-smart crop farming: a holistic 

approach to its practice as a climate change 

adaptation strategy in Sub-Saharan Africa. 

Frontiers in Sustainable Food Systems, 8, 

https://doi.org/10.3389/fsufs.2024.1378191 

Amjad, W., Munir, A., Akram, F., Parmar, A., Precoppe, 

M., Asghar, F., & Mahmood, F. (2023). 

Decentralized solar-powered cooling systems for 

fresh fruit and vegetables to reduce post-harvest 

losses in developing regions: A review. Clean 

Energy, 7(3), 635–653. 

https://doi.org/10.1093/ce/zkad015 

Armah, F. A., Odoi, J. O., Yengoh, G. T., Obiri, S., 

Yawson, D. O., & Afrifa, E. K. (2011). Food 

security and climate change in drought-sensitive 

savanna zones of Ghana. Mitigation and 

Adaptation Strategies for Global Change, 16, 

291-306. https://doi.org/10.1007/s11027-010-

9263-9  

Badu-Apraku, B., Fakorede, M. A., Nelimor, C., 

Osuman, A. S., Bonkoungou, T. O., Muhyideen, 

O., & Akinwale, R. O. (2023). Recent advances 

in breeding maize for drought, heat and combined 

heat and drought stress tolerance in sub-Saharan 

Africa. CABI Reviews. 

Barron-Gafford, G. A., Pavao-Zuckerman, M. A., 

Minor, R. L., Sutter, L. F., Barnett-Moreno, I., 

Blackett, D. T., ... & Thompson, M. (2019). 

Agrivoltaics provide mutual benefits across the 

food–energy–water nexus in drylands. Nature 

Sustainability, 2(9), 848–855. 

https://doi.org/10.1038/s41893-019-0364-5  

Bolinger, M., & Bolinger, G. (2022). Land requirements 

for utility-scale PV: An empirical update on 

power and energy density. IEEE Journal of 

Photovoltaics, 12(2), 589–594. 

https://doi.org/10.1109/JPHOTOV.2021.313680

5  

Burney, J. A., Naylor, R. L., & Postel, S. (2013). The 

case for distributed irrigation as a development 

priority in Sub-Saharan Africa. Proceedings of 

the National Academy of Sciences, 110(31), 

12513–12517. 

https://doi.org/10.1073/pnas.1203597110  

Bayala, J., Sileshi, G. W., Coe, R., Kalinganire, A., 

Tchoundjeu, Z., Sinclair, F., & Garrity, D. (2016). 

Climate-smart agroforestry. In P. P. Sharma, S. R. 

Rao, & M. V. R. Prasad (Eds.), Coping with 

climate change: The roles of genetics, 

biotechnology and management (pp. 227–250). 

Springer. 

Chemura, A., Schauberger, B., & Gornott, C. (2020). 

Impacts of climate change on agro-climatic 

suitability of major food crops in Ghana. PLOS 

ONE, 15(6). 

https://doi.org/10.1371/journal.pone.0229881  

CGIAR (2020). Drip irrigation in Africa: Performance, 

sustainability, and scale. 

Climate Policy Initiative (CPI). (2024). The triple gap in 

climate finance for agrifood systems. 

https://www.climatepolicyinitiative.org/wp-

content/uploads/2024/11/The-Triple-Gap-in-

Climate-Finance-Needs-for-Agrifood-

Systems.pdf 

Danjuma, M. N., Mohammed, S., & Karkarna, M. Z. 

(2018). Farmers' participation in agroforestry 

system in Northwestern Nigeria. Nigerian 

Journal of Environmental Sciences & Technology 

(NIJEST), 2, 257-265. 

Delbaz, R., Abd El-Rahman, M. M., Abd Elhafez, S. A., 

& El-Metwally, N. (2023). A global meta-

analysis on surface and drip fertigation for 

agricultural production. Agricultural Water 

Management, 290, 108575. 

https://doi.org/10.1016/j.agwat.2023.108575  

Demo, A. H., & Asefa Bogale, G. (2024). Enhancing 

crop yield and conserving soil moisture through 

mulching practices in dryland 

Environmental Technology & Science Journal 
Volume 16 Number 2 December 2025

139

https://doi.org/10.1371/journal.pone.0203256
https://doi.org/10.4314/etsj.v16i1.13
https://doi.org/10.3389/fsufs.2024.1378191
https://doi.org/10.1007/s11027-010-9263-9
https://doi.org/10.1007/s11027-010-9263-9
https://doi.org/10.1038/s41893-019-0364-5
https://doi.org/10.1109/JPHOTOV.2021.3136805
https://doi.org/10.1109/JPHOTOV.2021.3136805
https://doi.org/10.1073/pnas.1203597110
https://doi.org/10.1371/journal.pone.0229881
https://doi.org/10.1016/j.agwat.2023.108575


agriculture. Frontiers in Agronomy, 6, 1361697. 

https://doi.org/10.3389/fagro.2024.1361697 

Dong, Y., & Kelley, L. (2023, November 6). 

Considerations for planning and selecting 

pumping plants for sprinkler irrigation 

(Extension bulletin E3485). Michigan State 

University Extension. 

https://www.canr.msu.edu/resources/considerati

ons-for-planning-and-selecting-pumping-plants-

for-sprinkler-irrigation  

Dupraz, C., Marrou, H., Talbot, G., Dufour, L., Nogier, 

A., & Ferard, Y. (2011). Combining solar 

photovoltaic panels and food crops for optimising 

land use: Towards new agrivoltaic schemes. 

Renewable Energy, 36(10), 2725–2732. 

https://doi.org/10.1016/j.renene.2011.03.005 

Esri. (2024). ArcGIS Pro (Version 3.2) [Computer 

software]. Environmental Systems Research 

Institute. https://www.esri.com/en-

us/arcgis/products/arcgis-pro/overview  

Falchetta, G., Semeria, F., Tuninetti, M., Giordano, V., 

Pachauri, S., & Byers, E. (2023). Solar irrigation 

in sub-Saharan Africa: Economic feasibility and 

development potential. Environmental Research 

Letters, 18(9), 094044. 

https://doi.org/10.1088/1748-9326/acefe5 

FAO. (2023). The Status of Women in Agrifood Systems. 

Rome: FAO. 

https://openknowledge.fao.org/server/api/core/bi

tstreams/cf566816-e3c6-42a3-be37-

77f86e4050cf/content  

Forkuor, G., Pavelic, P., Asare, E., & Obuobie, E. 

(2013). Modelling potential areas of groundwater 

development for agriculture in northern Ghana 

using GIS/RS. Hydrological Sciences Journal, 

58(2), 437–451. 

https://doi.org/10.1080/02626667.2012.754101 

Fraunhofer Institute for Solar Energy Systems. (2023). 

Photovoltaics Report. 

https://www.ise.fraunhofer.de  

Frimpong, K., Van Etten, E. J., Oosthuizen, J., & 

Nunfam, V. F. (2017). Heat exposure on farmers 

in northeast Ghana. International Journal of 

Biometeorology, 61(3), 397–406. 

https://doi.org/10.1007/s00484-016-1219-7 

Frimpong, K., Odonkor, S. T., Kuranchie, F. A., & 

Nunfam, V. F. (2020). Evaluation of heat stress 

impacts and adaptations: Perspectives from 

smallholder rural farmers in Bawku East of 

Northern Ghana. Heliyon, 6(4). 

https://doi.org/10.1016/j.heliyon.2020.e03679  

Hassanpour Adeh, E., Selker, J. S., & Higgins, C. W. 

(2018). Remarkable agrivoltaic influence on soil 

moisture, micrometeorology and water-use 

efficiency. PLOS ONE, 13(11), e0203256. 

https://doi.org/10.1371/journal.pone.0203256 

Hinchee, M., Rottmann, W., Mullinax, L., Zhang, C., 

Chang, S., Cunningham, M., Pearson, L., & 

Nehra, N. (2009). Short-rotation woody crops for 

bioenergy and biofuels applications. In Vitro 

Cellular & Developmental Biology – Plant, 

45(6), 619–629. https://doi.org/10.1007/s11627-

009-9235-5 

Huang, T., Wu, Q., Yuan, Y., Zhang, X., Sun, R., Hao, 

R., Yang, X., Li, C., Qin, X., & Song, F. (2024). 

Effects of plastic film mulching on yield, water 

use efficiency, and nitrogen use efficiency of 

different crops in China: A meta-analysis. Field 

Crops Research, 312, 109407. 

https://doi.org/10.1016/j.fcr.2024.109407 

Hutchinson, E. (2017). Principles of Microeconomics. 

University of Victoria. 

https://pressbooks.bccampus.ca/uvicecon103/ 

Intergovernmental Panel on Climate Change (IPCC). 

(2019). Climate change and land: An IPCC 

special report on climate change, desertification, 

land degradation, sustainable land management, 

food security, and greenhouse gas fluxes in 

terrestrial ecosystems (Summary for 

Policymakers). 

https://www.ipcc.ch/srccl/chapter/summary-for-

policymakers/ 

Intergovernmental Panel on Climate Change (IPCC). 

(2022). AR6 WGII—Chapter 9 (Africa). 

Cambridge University Press. 

https://www.ipcc.ch/report/ar6/wg2/downloads/r

eport/IPCC_AR6_WGII_Chapter09.pdf 

 

International Energy Agency (IEA). (2016). World 

energy outlook 2016. 

https://www.iea.org/articles/introduction-to-the-

water-energy-nexus 

International Energy Agency (IEA). (2023). Africa 

energy outlook 2022. 

https://www.iea.org/reports/africa-energy-

outlook-2022 

International Fund for Agricultural Development 

(IFAD). (2015). Scaling up drip irrigation for 

smallholder farmers in Kenya. Rome: IFAD. 

International Renewable Energy Agency (IRENA) & 

Food and Agriculture Organization (FAO). 

(2021). Renewable energy for agri-food systems: 

Toward the Sustainable Development Goals and 

the Paris Agreement. https://www.irena.org/-

/media/Files/IRENA/Agency/Publication/2021/

Nov/IRENA_FAO_Renewables_Agrifood_2021

.pdf 

International Renewable Energy Agency (IRENA). 

(2024). Renewable power generation costs in 

2023. 

https://www.irena.org/Publications/2024/Sep/Re

newable-Power-Generation-Costs-in-2023 

Environmental Technology & Science Journal 
Volume 16 Number 2 December 2025

140

https://doi.org/10.3389/fagro.2024.1361697
https://www.canr.msu.edu/resources/considerations-for-planning-and-selecting-pumping-plants-for-sprinkler-irrigation?utm_source=chatgpt.com
https://www.canr.msu.edu/resources/considerations-for-planning-and-selecting-pumping-plants-for-sprinkler-irrigation?utm_source=chatgpt.com
https://www.canr.msu.edu/resources/considerations-for-planning-and-selecting-pumping-plants-for-sprinkler-irrigation?utm_source=chatgpt.com
https://doi.org/10.1016/j.renene.2011.03.005
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://openknowledge.fao.org/server/api/core/bitstreams/cf566816-e3c6-42a3-be37-77f86e4050cf/content
https://openknowledge.fao.org/server/api/core/bitstreams/cf566816-e3c6-42a3-be37-77f86e4050cf/content
https://openknowledge.fao.org/server/api/core/bitstreams/cf566816-e3c6-42a3-be37-77f86e4050cf/content
https://doi.org/10.1007/s00484-016-1219-7
https://doi.org/10.1016/j.heliyon.2020.e03679
https://doi.org/10.1371/journal.pone.0203256
https://doi.org/10.1016/j.fcr.2024.109407
https://pressbooks.bccampus.ca/uvicecon103/
https://www.ipcc.ch/srccl/chapter/summary-for-policymakers/
https://www.ipcc.ch/srccl/chapter/summary-for-policymakers/
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_Chapter09.pdf
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_Chapter09.pdf
https://www.iea.org/articles/introduction-to-the-water-energy-nexus
https://www.iea.org/articles/introduction-to-the-water-energy-nexus
https://www.iea.org/reports/africa-energy-outlook-2022
https://www.iea.org/reports/africa-energy-outlook-2022
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Nov/IRENA_FAO_Renewables_Agrifood_2021.pdf?utm_source=chatgpt.com
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Nov/IRENA_FAO_Renewables_Agrifood_2021.pdf?utm_source=chatgpt.com
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Nov/IRENA_FAO_Renewables_Agrifood_2021.pdf?utm_source=chatgpt.com
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Nov/IRENA_FAO_Renewables_Agrifood_2021.pdf?utm_source=chatgpt.com
https://www.irena.org/Publications/2024/Sep/Renewable-Power-Generation-Costs-in-2023?utm_source=chatgpt.com
https://www.irena.org/Publications/2024/Sep/Renewable-Power-Generation-Costs-in-2023?utm_source=chatgpt.com


Jalloh, A., Nelson, G. C., Thomas, T. S., Zougmoré, R. 

B., & Roy-Macauley, H. (Eds.). (2013). West 

African agriculture and climate change: A 

comprehensive analysis. International Food 

Policy Research Institute. 

Kristensen, P. (2004). The DPSIR framework. Paper 

presented at the workshop on a 

comprehensive/detailed assessment of the 

vulnerability of water resources to environmental 

change in Africa using river basin approach, 

UNEP Headquarters, Nairobi, Kenya. National 

Environmental Research Institute, Department of 

Policy Analysis, European Topic Centre on 

Water, European Environment Agency. 

Kristjanson, P. M., Waters-Bayer, A., Johnson, N., 

Tipilda, A., Njuki, J., Baltenweck, I., Grace, D., 

& MacMillan, S. (2014). Participatory 

approaches for gender-sensitive research design. 

Kuyah, S., Whitney, C. W., Jonsson, M., Sileshi, G. W., 

Öborn, I., Muthuri, C. W., & Luedeling, E. 

(2019). Agroforestry delivers a win-win solution 

for ecosystem services in sub-Saharan Africa. A 

meta-analysis. Agronomy for Sustainable 

Development, 39(5), 47. 

Lasco, R. D., Delfino, R. J. P., & Espaldon, M. L. O. 

(2014). Agroforestry systems: helping 

smallholders adapt to climate risks while 

mitigating climate change. Wiley 

Interdisciplinary Reviews: Climate Change, 5(6), 

825-833. https://doi.org/10.1002/wcc.301 

Lawson, E. T., Alare, R. S., Salifu, A. R. Z., & 

Thompson-Hall, M. (2020). Dealing with climate 

change in semi-arid Ghana: Understanding 

intersectional perceptions and adaptation 

strategies of women farmers. GeoJournal, 85(2), 

439-452. https://doi.org/10.1007/s10708-019-

09974-4 

Majumdar, D., & Pasqualetti, M. J. (2018). Dual use of 

agricultural land: Introducing 'agrivoltaics' in 

Phoenix Metropolitan Statistical Area, USA. 

Land Use Policy, 75, 576–588. 

https://doi.org/10.1016/j.landurbplan.2017.10.01

1 

Mensah, H., & Ibrahim, B. (2017). Alternate solutions 

towards sustainable irrigated agriculture in 

Ghana: Review of literature. Journal of 

Agriculture and Sustainability, 10(1). 

Mbow, C., Van Noordwijk, M., Luedeling, E., Neufeldt, 

H., Minang, P. A., & Kowero, G. (2014). 

Agroforestry solutions to address food security 

and climate change challenges in Africa. Current 

Opinion in Environmental Sustainability, 6, 61–

67.  

National Renewable Energy Laboratory. (2025, 

September 5). Life cycle assessment 

harmonization (utility-scale electricity 

generation). https://www.nrel.gov/analysis/life-

cycle-assessment 

Neesham-McTiernan, T. H., Barron-Gafford, G. A., et 

al. (2025). The long-term suitability of 

agrivoltaics as a climate adaptation strategy in the 

southwestern United States. Global 

Environmental Change Advances, 5, 100021. 

Ogar, E. E., Wahab, I., Zubairu, K. G., & Afanwoubo, B. 

J. (2025). The effects of climate change on 

agricultural productivity in Northern Nigeria. 

International Journal of Geography, 

Environment and Management, 11(2), 109–126. 

DOI: 10.56201/ijgem.vol.11.no2.2025. 

Oiganji, E., Igbadun, H., Amaza, P. S., & Lenka, R. Z. 

(2025). Innovative technologies for improved 

water productivity and climate change 

mitigation, adaptation, and resilience: A review. 

Journal of Applied Sciences and Environmental 

Management, 29(1), 123–136. DOI: 

10.4314/jasem.v29i1.17 

Omer, A. A. A., Hu, E., Kumar, N. M., & Patidar, R. 

(2022). Water evaporation reduction by 

agrivoltaic system development. Solar Energy, 

247, 13–23. 

https://doi.org/10.1016/j.solener.2022.10.025  

Pigou, A. C. (1932). The economics of welfare (4th ed.). 

Macmillan. 

Prosdocimi, M., Tarolli, P., & Cerdà, A. (2016). 

Mulching practices for reducing soil water 

erosion: A review. Soil Use and Management, 

32(S1), 92–102 

https://doi.org/10.1111/sum.12214 

Purwanto, A., Sušnik, J., Suryadi, F. X., & de Fraiture, 

C. (2021). Water–Energy–Food Nexus: Critical 

Review, Practical Applications, and Prospects for 

Future Research. Sustainability, 13(4), 1919 

Rutta, E. W. (2022). Understanding barriers impeding 

the deployment of solar-powered cold storage 

technologies (Tanzania). Frontiers in Sustainable 

Food Systems, 6, 990528 

Sajjad, M., et al. (2022). Microplastics in the soil 

environment: A critical review. Current Opinion 

in Environmental Science & Health, 26, 100348 

Savva, A. P., & Frenken, K. (2002). Irrigation Manual. 

Planning, development, monitoring and 

evaluation of irrigated agriculture with farmer 

participation (multiple vols.; includes 

localized/drip). Harare: FAO Sub-Regional 

Office for East and Southern Africa. 

Shah, T. N., Namara, R., & Rajan, A. (2020). 

Accelerating irrigation expansion in Sub-

Saharan Africa: Policy lessons from the global 

revolution in farmer-led smallholder irrigation. 

World Bank. 

https://documents1.worldbank.org/curated/en/47

9941624264066924/pdf/Accelerating-Irrigation-

Environmental Technology & Science Journal 
Volume 16 Number 2 December 2025

141

https://doi.org/10.1016/j.landurbplan.2017.10.011
https://doi.org/10.1016/j.landurbplan.2017.10.011
https://www.nrel.gov/analysis/life-cycle-assessment?utm_source=chatgpt.com
https://www.nrel.gov/analysis/life-cycle-assessment?utm_source=chatgpt.com
https://doi.org/10.4314/jasem.v29i1.17
https://doi.org/10.1016/j.solener.2022.10.025
https://documents1.worldbank.org/curated/en/479941624264066924/pdf/Accelerating-Irrigation-Expansion-in-Sub-Saharan-Africa-Policy-Lessons-from-the-Global-Revolution-in-Farmer-Led-Smallholder-Irrigation.pdf?utm_source=chatgpt.com
https://documents1.worldbank.org/curated/en/479941624264066924/pdf/Accelerating-Irrigation-Expansion-in-Sub-Saharan-Africa-Policy-Lessons-from-the-Global-Revolution-in-Farmer-Led-Smallholder-Irrigation.pdf?utm_source=chatgpt.com


Expansion-in-Sub-Saharan-Africa-Policy-

Lessons-from-the-Global-Revolution-in-Farmer-

Led-Smallholder-Irrigation.pdf 

Shode, Y., & Amanuel, T. W. (2016). Financial analysis 

of moringa tree based agroforestry practice 

against mono-cropping system in Konso District 

(Woreda), Southern Ethiopia. Journal of 

Economics and Sustainable Development, 7(21), 

2222-2855. 

Siriri, D., Wilson, J., Coe, R., Tenywa, M. M., Bekunda, 

M. A., Ong, C. K., & Black, C. R. (2013). Trees 

improve water storage and reduce soil 

evaporation in agroforestry systems on bench 

terraces in SW Uganda. Agroforestry 

Systems, 87(1), 45-58. 

https://doi.org/10.1007/s10457-012-9520-x  

Smith, B. L., Sekar, A., Mirletz. H., Heath. G., & 

Margolis R. (2024). Updated life cycle 

assessment: Utility-scale solar PV in the U.S. 

(NREL/TP-6A20-87372). National Renewable 

Energy Laboratory. 

https://docs.nrel.gov/docs/fy24osti/87372 

Sultan, B., & Gaetani, M. (2016). Agriculture in West 

Africa in the twenty-first century: Climate change 

and impacts scenarios, and potential for 

adaptation. Frontiers in Plant Science, 7, Article 

1262. https://doi.org/10.3389/fpls.2016.01262  

Tabe-Ojong, M. P. Jr., Aihounton, G. B. D., & Lokossou, 

J. C. (2023). Climate-smart agriculture and food 

security: Cross-country evidence from West 

Africa. Global Environmental Change, 80, 

102697. 

https://doi.org/10.1016/j.gloenvcha.2023.102697 

Trommsdorff, M., Dhal, I. S., Özdemir, Ö. E., Ketzer, 

D., Weinberger, N., & Rösch, C. (2022). 

Agrivoltaics: solar power generation and food 

production. In Solar energy advancements in 

agriculture and food production systems (pp. 

159-210). Academic Press. 

https://doi.org/10.1016/B978-0-323-89866-

9.00012-2 

Twumasi-Ankrah, M. J., Zhan, J., Yeboah, F. K., Xu, L., 

Kumi, M. A., Bayissa, S. A., Otho, A. R., Sharma, 

J., & Aqel, R. S. M. (2025). Vulnerability of 

agroecosystems to climate change in the Sahel. 

Agricultural Systems, 212, 104327. 

https://doi.org/10.1016/j.agsy.2025.104327  

UN Women. (2019). The gender gap in agricultural 

productivity in sub-Saharan Africa: Causes, costs 

and solutions. 

U.S. Department of Energy. (2014, June). The Water-

Energy Nexus: Challenges and Opportunities. 

https://www.energy.gov/sites/prod/files/2014/07/

f17/Water%20Energy%20Nexus%20Full%20Re

port%20July%202014.pdf 

U.S. Energy Information Administration. (2024). 

Carbon dioxide emissions coefficients by fuel. 

https://www.eia.gov/environment/emissions/co2

_vol_mass.php 

U.S. Environmental Protection Agency. (2024). 

Greenhouse Gas Equivalencies Calculator: 

Calculations and references (2022 U.S. grid 

average). 

https://www.epa.gov/energy/greenhouse-gas-

equivalencies-calculator-calculations-and-

references 

WBCSD. (2014). Water, Food and Energy Nexus—

Challenges. World Business Council for 

Sustainable Development. 

Woltering, L., Ibrahim, A., Pasternak, D., & Ndjeunga, 

J. (2011). The economics of low pressure drip 

irrigation and hand watering for vegetable 

production in the Sahel. Agricultural Water 

Management, 99(1), 67-73. 

https://doi.org/10.1016/j.agwat.2011.07.017 

World Bank (2024). Moving from Advocacy to Action: 

The World Bank’s Support for Repurposing of 

Agrifood Public Policies and Programs. 

Hamburg Sustainability Conference brief. 

World Bank (2025). Food security update 113 [Report]. 

https://thedocs.worldbank.org/en/doc/3da165e0b

cb0ed7dddba9939afb21fda-

0590012023/related/Food-Security-Update-113-

February-14-2025.pdf 

Worqlul, A. W., Dile, Y. T., Jeong, J., Adimassu, Z., 

Lefore, N., Gerik, T., Srinivasan, R., & Clarke, N. 

(2019). Effect of climate change on land 

suitability for surface irrigation and irrigation 

potential of the shallow groundwater in Ghana. 

Computers and Electronics in Agriculture, 157, 

110–125. 

https://doi.org/10.1016/j.compag.2018.12.040 

Xie, H., Ringler, C., & Mondal, M. A. H. (2021). Solar 

or diesel? A comparison of costs for groundwater-

fed irrigation in Sub-Saharan Africa. Earth’s 

Future, 9(7), e2020EF001611 

https://doi.org/10.1029/2020EF001611  

Xu, H., Bi, H., Gao, L., & Yun, L. (2019). Alley 

cropping increases land use efficiency and 

economic profitability across the combination 

cultivation period. Agronomy, 9(1), 34. 

https://doi.org/10.3390/agronomy9010034 

Zomer, R. J., Trabucco, A., Coe, R., Place, F., van 

Noordwijk, M., & Xu, J. C. (2009). Carbon 

sequestration through agroforestry: A global 

estimate of potential. ICRAF Working Paper No. 

134. World Agroforestry Centre. 

https://www.cifor-

icraf.org/publications/sea/Publications/files/wor

kingpaper/WP0182-14.pdf 

Environmental Technology & Science Journal 
Volume 16 Number 2 December 2025

142

https://documents1.worldbank.org/curated/en/479941624264066924/pdf/Accelerating-Irrigation-Expansion-in-Sub-Saharan-Africa-Policy-Lessons-from-the-Global-Revolution-in-Farmer-Led-Smallholder-Irrigation.pdf?utm_source=chatgpt.com
https://documents1.worldbank.org/curated/en/479941624264066924/pdf/Accelerating-Irrigation-Expansion-in-Sub-Saharan-Africa-Policy-Lessons-from-the-Global-Revolution-in-Farmer-Led-Smallholder-Irrigation.pdf?utm_source=chatgpt.com
https://documents1.worldbank.org/curated/en/479941624264066924/pdf/Accelerating-Irrigation-Expansion-in-Sub-Saharan-Africa-Policy-Lessons-from-the-Global-Revolution-in-Farmer-Led-Smallholder-Irrigation.pdf?utm_source=chatgpt.com
https://doi.org/10.1007/s10457-012-9520-x
https://docs.nrel.gov/docs/fy24osti/87372.pdf?utm_source=chatgpt.com
https://doi.org/10.3389/fpls.2016.01262
https://doi.org/10.1016/j.gloenvcha.2023.102697
https://doi.org/10.1016/B978-0-323-89866-9.00012-2
https://doi.org/10.1016/B978-0-323-89866-9.00012-2
https://doi.org/10.1016/j.agsy.2025.104327
https://www.energy.gov/sites/prod/files/2014/07/f17/Water%20Energy%20Nexus%20Full%20Report%20July%202014.pdf?utm_source=chatgpt.com
https://www.energy.gov/sites/prod/files/2014/07/f17/Water%20Energy%20Nexus%20Full%20Report%20July%202014.pdf?utm_source=chatgpt.com
https://www.energy.gov/sites/prod/files/2014/07/f17/Water%20Energy%20Nexus%20Full%20Report%20July%202014.pdf?utm_source=chatgpt.com
https://www.eia.gov/environment/emissions/co2_vol_mass.php?utm_source=chatgpt.com
https://www.eia.gov/environment/emissions/co2_vol_mass.php?utm_source=chatgpt.com
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator-calculations-and-references?utm_source=chatgpt.com
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator-calculations-and-references?utm_source=chatgpt.com
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator-calculations-and-references?utm_source=chatgpt.com
https://doi.org/10.1016/j.agwat.2011.07.017
https://thedocs.worldbank.org/en/doc/3da165e0bcb0ed7dddba9939afb21fda-0590012023/related/Food-Security-Update-113-February-14-2025.pdf?utm_source=chatgpt.com
https://thedocs.worldbank.org/en/doc/3da165e0bcb0ed7dddba9939afb21fda-0590012023/related/Food-Security-Update-113-February-14-2025.pdf?utm_source=chatgpt.com
https://thedocs.worldbank.org/en/doc/3da165e0bcb0ed7dddba9939afb21fda-0590012023/related/Food-Security-Update-113-February-14-2025.pdf?utm_source=chatgpt.com
https://thedocs.worldbank.org/en/doc/3da165e0bcb0ed7dddba9939afb21fda-0590012023/related/Food-Security-Update-113-February-14-2025.pdf?utm_source=chatgpt.com
https://doi.org/10.1016/j.compag.2018.12.040
https://doi.org/10.1029/2020EF001611
https://www.cifor-icraf.org/publications/sea/Publications/files/workingpaper/WP0182-14.pdf
https://www.cifor-icraf.org/publications/sea/Publications/files/workingpaper/WP0182-14.pdf
https://www.cifor-icraf.org/publications/sea/Publications/files/workingpaper/WP0182-14.pdf


Zougmoré, R., Partey, S., Ouédraogo, M., Omitoyin, B., 

Thomas, T., Ayantunde, A., ... & Jalloh, A. 

(2016). Toward climate-smart agriculture in West 

Africa: a review of climate change impacts, 

adaptation strategies and policy developments for 

the livestock, fishery and crop production 

sectors. Agriculture & Food Security, 5(1), 

26.  https://doi.org/10.1186/s40066-016-0075-3 

 

 

Environmental Technology & Science Journal 
Volume 16 Number 2 December 2025

143




