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Abstract: Utilizing the power of sunlight through agro-photovoltaic fusion systems (APFSs) seam-
lessly blends sustainable agriculture with renewable energy generation. This innovative approach
not only addresses food security and energy sustainability but also plays a pivotal role in combating
climate change. This study assesses the feasibility and impact of APFS implementation in District
Dir Lower, Pakistan, a region significant for its agriculture and energy needs. A quasi-experimental
design was employed, comparing outcomes between a treatment group (with an APFS) and a
control group (without an APFS). Stratified random sampling was used to select 400 participants,
including farmers, residents, local authorities, and community leaders. Data were collected using
structured questionnaires and analyzed employing paired t-tests, linear regression, analysis of vari-
ance (ANOVA), and Chi-square tests. The results show that the treatment group with an APFS
exhibited significant improvements in farming practices (mean change = 4.20 vs. 2.80). Linear regres-
sion indicated a strong positive effect of APFSs on renewable energy production. The ANOVA results
demonstrated significant mitigation of environmental challenges, and the Chi-square test showed a
strong association between APFS implementation and community sustainability, resilience, and pros-
perity. It is concluded that APFS implementation significantly enhances farming practices, renewable
energy production, and environmental sustainability, contributing to the resilience and prosperity of
agricultural communities in District Dir Lower. These findings advocate for the broader adoption of
APFSs in similar contexts to integrate sustainable agriculture with renewable energy generation.

Keywords: agro-photovoltaics fusion system implementation; sustainable agriculture; renewable
energy; farming practices; environmental challenges; community sustainability

1. Introduction

Harnessing sunlight through agro-photovoltaic fusion systems (APFSs) represents
a groundbreaking approach that intertwines the realms of sustainable agriculture and
renewable energy generation. This fusion system holds immense promise on a global
scale, offering a pathway towards addressing pressing challenges such as food security,
energy sustainability, and climate change mitigation [1]. By leveraging APFSs, agricultural
landscapes can be transformed into multifunctional hubs, simultaneously producing crops
and generating clean energy. This integration not only optimizes land use but also fosters
a symbiotic relationship between agricultural productivity and environmental steward-
ship [2].

A critical component of APFSs is the effective harvesting of sunlight, which serves as
the cornerstone for both agricultural and energy generation purposes. The photovoltaic
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panels capture sunlight and convert it into electricity, while also providing partial shading
that can benefit certain crops by reducing heat stress and water evaporation. This dual use
of sunlight maximizes the efficiency of land resources and enhances the overall productivity
of agricultural systems.

In the context of Pakistan, a country grappling with agricultural sustainability and
energy security concerns, the implementation of APFSs emerges as a pivotal solution. With
a significant portion of its population reliant on agriculture for their livelihood, Pakistan
faces the dual challenge of ensuring food security while transitioning towards renewable
energy sources [3]. APFSs present a unique opportunity to address these intertwined
challenges by diversifying income streams for farmers, bolstering crop yields through
optimized land use, and contributing to the nation’s renewable energy targets. Moreover,
in a country where environmental degradation exacerbates vulnerabilities, APFSs offer a
tangible means to mitigate climate-related risks and build resilience within agricultural
communities [4].

Zooming further into the microcosm of District Dir Lower, Pakistan, the potential
impact of APFS implementation becomes even more pronounced. Situated in a region
characterized by agricultural significance and energy needs, Dir Lower stands to benefit
immensely from the adoption of APFSs. Here, the deployment of APFSs holds the promise
of catalyzing transformative changes in farming practices, ushering in a new era of sustain-
able agriculture marked by enhanced productivity and resource efficiency. Concurrently,
by augmenting renewable energy production, APFSs can alleviate energy shortages and
contribute to the economic empowerment of local communities.

In conclusion, the integration of agro-photovoltaic fusion systems represents a paradigm
shift in the intersection of agriculture and renewable energy. From a global perspective to
the specific context of Pakistan and down to the granular level of District Dir Lower, the
implementation of APFSs offers a beacon of hope for fostering sustainability, resilience, and
prosperity within agricultural landscapes. This novel contribution of the article underscores
the transformative potential of harvesting sunlight to achieve these goals, emphasizing the
critical role that sunlight plays in the success of APFSs.

1.1. Statement of the Problem

Pakistan faces multifaceted challenges in its agricultural and energy sectors, exac-
erbated by environmental degradation and socio-economic disparities. The reliance on
conventional farming practices coupled with energy deficits has hindered the sustainable
development and resilience in rural communities. District Dir Lower represents a micro-
cosm of these challenges, characterized by fragile ecosystems, limited access to energy, and
socio-economic vulnerabilities. Traditional farming methods are insufficient to address
food security and energy needs, while environmental degradation threatens livelihoods
and ecosystem services.

This study aims to assess the feasibility and potential impacts of implementing APFSs
in District Dir Lower, Khyber Pakhtunkhwa, which is geographically situated in the north-
western part of Pakistan (Figure 1).

Specifically, the study seeks to examine the effects of APFSs on changes in farming
practices, enhancements in renewable energy production, the mitigation of environmental
challenges, and the sustainability, resilience, and prosperity of agricultural communities.
The justification for this study lies in the urgent need to address the intertwined challenges
of agricultural sustainability, energy security, and environmental resilience in Pakistan,
particularly in District Dir Lower. By evaluating the potential of APFSs as a holistic solution,
this study aims to inform evidence-based policy interventions and interventions to foster
sustainable development in the region.

The motivation behind this study stems from the recognition of the transformative
potential of APFSs in addressing pressing socio-economic and environmental challenges
facing agricultural communities in Pakistan. By harnessing solar energy to improve agricul-
tural productivity and livelihoods, APFSs offer a promising pathway towards sustainable
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development and resilience. Figure 2 depicts the conceptual model, and Figure 3 provides
more detailed statistical procedures for its empirical testing.
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While the existing literature has explored the benefits of APFS implementation globally,
there is a notable gap in the context of Pakistan, particularly in localized studies focus-
ing on specific regions such as District Dir Lower. This study fills this gap by providing
contextually relevant insights into the feasibility and impacts of APFS implementation
in a specific geographic area, thus bridging the divide between global research findings
and local realities. The uniqueness of this study lies in its focus on District Dir Lower,
Khyber Pakhtunkhwa, Pakistan, and its comprehensive examination of the potential im-
pacts of APFS implementation on various dimensions of agricultural sustainability, energy
production, and community resilience. By combining empirical research with localized
insights, this study offers novel contributions to the existing literature and informs tar-
geted interventions for sustainable development in the region. The importance of this
study lies in its potential to inform evidence-based policy interventions and interventions
aimed at fostering sustainable development and resilience in District Dir Lower, Khyber
Pakhtunkhwa, Pakistan. By evaluating the feasibility and impacts of APFS implementation,
this study offers valuable insights that can guide decision-making processes and contribute
to the advancement of the agricultural and energy sectors in the region.

1.2. Solar Potential for District Dir Lower, Pakistan

Understanding the solar potential of District Dir Lower is crucial for evaluating the
feasibility and impact of implementing APFSs. This section provides an overview of the
solar insolation patterns in the region, including yearly and daily patterns.

1.2.1. Yearly Solar Insolation: District Dir Lower, Located in Khyber Pakhtunkhwa

Pakistan receives abundant solar radiation throughout the year. The region benefits
from a high number of sunny days, with an average annual solar insolation ranging
between 5.0 and 6.5 kWh/m2/day. This high level of solar radiation makes it an ideal
location for solar energy projects, including APFSs.

1.2.2. Monthly Solar Insolation

The monthly solar insolation data indicate that the region receives consistent solar
energy throughout the year, with slight variations between seasons. The summer months
(May to August) receive the highest solar insolation, often exceeding 6.5 kWh/m2/day,
while the winter months (November to February) receive slightly lower insolation, averag-
ing around 4.5 to 5.0 kWh/m2/day.

1.2.3. Daily Solar Insolation

The daily patterns of solar insolation show a predictable increase from sunrise, peaking
around noon and gradually decreasing towards sunset. On average, the region experiences
around 10 to 12 h of sunlight per day, with the peak solar insolation occurring between
10:00 AM and 2:00 PM. This pattern is favorable for APFSs, as it ensures a consistent supply
of solar energy during key hours of agricultural activity.

The solar potential of District Dir Lower, with its high annual and daily solar insolation,
provides a strong foundation for the successful implementation of APFSs. The consistent
and high levels of solar radiation throughout the year ensure that solar panels can generate
substantial amounts of energy, supporting both agricultural and energy needs in the region.

1.3. Solar Panel Efficiency and Model

The selection of solar panels and their efficiency is critical for maximizing the benefits
of APFSs. This section provides an overview of the specific solar panel model chosen for
the study, its efficiency, and the expected energy output.

1.3.1. Solar Panel Model

For this study, the chosen solar panel model is the SunPower SPR-X22-370 (manufac-
tured by SunPower Corporation, based in San Jose, CA, USA), a high-efficiency monocrys-
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talline solar panel known for its durability and performance. This model is well-suited
for agricultural settings due to its robust design and ability to perform well under varying
environmental conditions.

1.3.2. Efficiency

The SunPower SPR-X22-370 solar panel boasts an efficiency rate of 20%, which is
among the highest for commercial solar panels. This high efficiency ensures that a sig-
nificant portion of the solar energy received is converted into usable electrical power,
maximizing the energy output from the available solar insolation.

1.3.3. Expected Energy Output

Based on the average annual solar insolation of 5.5 kWh/m2/day in District Dir Lower,
the expected energy output from the SunPower SPR-X22-370 solar panel can be calculated.
For a single 1 square meter panel, the daily energy output would be approximately 1.1 kWh
(5.5 kWh/m2/day × 20%). Over the course of a year, this amounts to an annual energy
output of approximately 401.5 kWh per square meter of solar panel.

1.4. Application and Energy Generation of APFSs in District Dir Lower

The implementation of APFSs in District Dir Lower aims to enhance agricultural
productivity and energy efficiency. The system is designed to provide power for irrigation,
crop processing, and other agricultural activities. The energy generated through the APFS
will significantly reduce reliance on conventional energy sources, leading to cost savings
and environmental benefits.

1.4.1. Power Generation

The total power generated by the APFS in the district was carefully monitored dur-
ing the investigation. With a deployment of approximately 1000 square meters of Sun-
Power SPR-X22-370 solar panels, the system has the potential to generate approximately
401,500 kWh of electrical energy annually (401.5 kWh/m2/year × 1000 m2). This en-
ergy can be utilized to power irrigation pumps, greenhouse lighting, and other essential
equipment, ensuring a stable and reliable energy supply for agricultural activities.

1.4.2. Impact on Agriculture

The availability of a consistent and renewable energy source has had a positive impact
on agricultural productivity in the region. Farmers have reported increased crop yields
and reduced operational costs due to the implementation of APFSs. Additionally, the
environmental benefits of reducing carbon emissions contribute to the overall sustainability
of agricultural practices in District Dir Lower.

APFSs’ successful implementation and the substantial power generated highlight
the potential of solar energy to transform agricultural practices in District Dir Lower. By
harnessing the region’s abundant solar potential, APFSs support sustainable agriculture
and energy independence, paving the way for a greener and more prosperous future.

1.5. Economic Benefits of Agro-Photovoltaic Fusion Systems (APFSs) in Dir Lower

The implementation of agro-photovoltaic fusion systems (APFSs) in District Dir Lower,
Pakistan, promises substantial economic benefits across various facets of the local agricul-
ture and energy sectors. By integrating solar photovoltaic (PV) technology with agricultural
landscapes, APFSs offer a dual-purpose approach that enhances both productivity and sus-
tainability.

Firstly, APFSs enable farmers in District Dir Lower to diversify their income streams
significantly. Beyond traditional crop yields, farmers can generate revenue by selling the
surplus electricity produced by PV panels. This additional income source helps to stabilize
financial security amidst fluctuating agricultural markets and weather conditions, thereby
supporting livelihoods.
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Secondly, the adoption of APFSs contributes to substantial cost savings on energy
expenditures. By generating their own electricity, farmers can reduce reliance on costly grid
power, leading to long-term savings. This cost efficiency extends to the reduced operational
expenses associated with conventional farming practices, enhancing overall profitability.

Moreover, APFSs create local job opportunities throughout their lifecycle—from the
installation and maintenance of the PV infrastructure to the administrative roles associated
with managing energy production. These jobs not only support economic growth within
District Dir Lower but also build technical expertise and capacity in the renewable energy
sectors.

Additionally, APFSs promote environmental sustainability by mitigating soil erosion,
conserving water resources, and reducing greenhouse gas emissions. These environmental
benefits translate into cost avoidance by minimizing future expenditures on environmental
remediation and adaptation to climate change impacts.

Furthermore, the infrastructure development required for APFS deployment stimu-
lates local economies by mobilizing investments in materials, construction, and related
services. This localized investment contributes to broader economic development beyond
agriculture, fostering a more resilient economic landscape.

1.6. Agricultural Cultivated Area and Photovoltaic Applications in District Dir Lower, Pakistan

District Dir Lower in Pakistan represents a region where agriculture plays a central
role in the local economy. The district is known for cultivating staple crops such as wheat,
maize, rice, and various fruits and vegetables. These agricultural activities are crucial
for food security and livelihoods in the area, providing sustenance to a predominantly
rural population.

In recent years, there has been a growing interest in integrating renewable energy tech-
nologies, specifically agro-photovoltaic fusion systems (APFSs), into traditional agricultural
practices in District Dir Lower. APFSs involve the installation of solar photovoltaic (PV)
panels either on ground-level supports within agricultural fields or on elevated structures
that allow crops to grow underneath. This approach optimizes land use by simultaneously
producing crops and generating clean energy.

The specific application of APFSs in District Dir Lower varies based on factors such
as land availability, solar potential, and local community support. Ground-mounted PV
systems are commonly used where land is ample, while elevated PV structures are de-
ployed in areas where vertical space can be utilized effectively without compromising
crop growth. These installations are designed to integrate seamlessly with existing agricul-
tural practices, ensuring that farming activities like irrigation and harvesting can proceed
without disruption.

The economic benefits of APFSs in District Dir Lower are multifaceted. Firstly, APFSs
allow farmers to diversify their income streams by selling surplus electricity back to the
grid or using it for on-farm operations. This additional revenue stream enhances financial
stability, especially in rural areas where agricultural incomes can be volatile. Secondly,
APFS reduces farmers’ dependency on costly grid power, leading to long-term savings on
energy expenditures. This cost efficiency extends to operational expenses associated with
conventional farming practices, thereby improving overall profitability.

Moreover, the integration of APFSs contributes to environmental sustainability by
mitigating soil erosion, conserving water resources, and reducing greenhouse gas emissions.
These environmental benefits not only preserve natural resources but also position District
Dir Lower as a leader in adopting green technologies that mitigate climate change impacts.

While the exact proportion of APFS installations in District Dir Lower is not specified,
anecdotal evidence and regional studies indicate a gradual uptake of solar energy technolo-
gies. Local support from agricultural communities, combined with favorable government
policies promoting renewable energy, has facilitated the adoption of APFS as a viable
solution to enhance agricultural productivity and energy sustainability in the region.
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1.7. Objectives of the Study

The overarching aim of this study is to assess the feasibility and potential impacts
of implementing agro-photovoltaic fusion systems (APFSs) in District Dir Lower, Khyber
Pakhtunkhwa, Pakistan. This can be achieved through the following specific objectives.

1.7.1. Assessing Changes in Farming Practices

We aim to evaluate how the integration of APFSs can influence traditional farm-
ing practices in District Dir Lower, including improvements in water management, soil
conservation, and crop yields.

1.7.2. Enhancing Renewable Energy Production

We aim to analyze the potential increase in renewable energy generation through
APFSs, contributing to energy security and sustainability in the region.

1.7.3. Mitigating Environmental Challenges

We aim to investigate the role of APFSs in addressing environmental challenges such
as soil erosion, water scarcity, and carbon emissions, thereby promoting ecological balance
and resilience.

1.7.4. Promoting Sustainability, Resilience, and Prosperity

We aim to assess the overall impact of APFSs on the sustainability, resilience, and
economic prosperity of agricultural communities in District Dir Lower, considering factors
such as income diversification, job creation, and improved livelihoods.

1.8. Research Questions

To achieve the objectives outlined above, this study seeks to answer the following
research questions.

1.8.1. Changes in Farming Practices

• How does the integration of APFSs influence traditional farming practices in District
Dir Lower?

• What specific improvements in water management, soil conservation, and crop yields
can be attributed to APFS implementation?

1.8.2. Renewable Energy Production

• What is the potential increase in renewable energy generation through APFSs in
District Dir Lower?

• How can APFSs contribute to energy security and sustainability in the region?

1.8.3. Environmental Mitigation

• What role do APFSs play in addressing environmental challenges such as soil erosion,
water scarcity, and carbon emissions?

• How can APFSs promote ecological balance and resilience in District Dir Lower?

1.8.4. Sustainability, Resilience, and Prosperity

• What is the overall impact of APFSs on the sustainability, resilience, and economic
prosperity of agricultural communities in District Dir Lower?

• How do APFSs contribute to income diversification, job creation, and improved
livelihoods in the region?
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1.9. Hypotheses of the Study
1.9.1. Hypothesis 1: Paired t-Test for Change in Farming Practices

• Null Hypothesis (H0): The true mean difference in change in farming practices between
the paired samples of the treatment group (with an APFS) and the control group
(without an APFS) is equal to zero.

• Alternative Hypothesis (H1): The true mean difference in the change in farming
practices between the paired samples of the treatment group (with an APFS) and the
control group (without an APFS) is not equal to zero.

1.9.2. Hypothesis 2: Binary Linear Regression for Renewable Energy Production

• Null Hypothesis (H0): APFS implementation is not associated with an increase in
renewable energy production.

• Alternative Hypothesis (H1): APFS implementation is positively associated with an
increase in renewable energy production.

1.9.3. Hypothesis 3: ANOVA for Mitigation of Environmental Challenges

• Null Hypothesis (H0): There is no difference in variance across the means of mitigation
of environmental challenges between the treatment group (with an APFS) and the
control group (without an APFS).

• Alternative Hypothesis (H1): There are differences in variances across the means of
mitigation of environmental challenges between the treatment group (with an APFS)
and the control group (without an APFS).

1.9.4. Hypothesis 4: Chi-Square Test for Impact of APFS on Community Resilience

• Null Hypothesis (H0): The impact of APFS on community resilience does not differ
between the treatment group (with an APFS) and the control group (without an APFS).

• Alternative Hypothesis (H1): The impact of APFSs on community resilience differs
between the treatment group (with an APFS) and the control group (without an APFS).

1.10. Conceptual Framwork

Figures 2 and 3 depict the flow diagrams illustrating the application of different
statistical methods in the study. These methods were selected based on their appropriate-
ness for analyzing specific relationships and outcomes related to agro-photovoltaic fusion
systems (APFSs) in District Dir Lower, Pakistan. The paired t-test in Figures 2 and 3 is
employed to compare changes in farming practices (CFPs) between the treatment and
control groups, assessing the impact of APFS implementation. Linear regression analysis
is used to examine the relationship between APFSs and enhancements in renewable en-
ergy production (EREP), while ANOVA evaluates differences in mitigating environmental
challenges (MEC). The Chi-square test in Figures 2 and 3 investigates associations between
APFSs and the sustainability, resilience, and prosperity of agricultural communities (SR-
PAC). These methods are chosen for their ability to provide rigorous statistical inference
and to test specific hypotheses derived from the study’s research questions, ensuring robust
and reliable results.

2. Literature Review

APFSs have garnered attention globally for their potential to renewable energy and
to revolutionize farming practices. Research by Mancini and Nastasi [5] demonstrated
that integrating solar panels with agriculture not only increases land productivity but
also improves water and soil management. Similarly, a study by Zaleskiewicz, Kulis [6]
highlighted how APFS implementation leads to changes in cropping patterns, with farmers
adopting more sustainable and diversified agricultural practices. In District Dir Lower,
Khyber Pakhtunkhwa, Pakistan, APFS implementation can drive similar changes. Previous
studies in the region [7] have shown that traditional farming methods are susceptible to
water scarcity and soil degradation. By integrating APFSs, farmers in Dir Lower can adopt
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water-efficient irrigation systems and crop-rotation strategies, thus enhancing resilience
against climate-induced challenges.

Previous studies have demonstrated the potential of APFSs to enhance renewable
energy production. Research conducted by Dash and Sadhu [8] indicated that APFSs can
significantly increase energy output per unit area compared to standalone solar installations.
Moreover, a study by Kumar, Gandhi [9] found that APFSs can contribute to grid stability
and energy security by integrating renewable energy into existing power systems. In
District Dir Lower, Pakistan, where energy access remains a challenge, APFSs can play a
crucial role. Previous assessments [10] have highlighted the region’s potential for solar
energy production. By implementing APFSs, Dir Lower can capitalize on its solar resources
to meet local energy demands, thereby reducing reliance on fossil fuels and enhancing
energy access for rural communities.

APFSs offer promising prospects for mitigating environmental challenges such as
climate change and land degradation. Studies by Tiga [11] and Takimoto, Nair [12] have
shown that APFS integration promotes carbon sequestration, reduces greenhouse gas
emissions, and mitigates land-use conflicts. Additionally, research by Ren and Ni [13]
demonstrated that APFSs can mitigate soil erosion and water pollution, thereby enhancing
ecosystem services. In District Dir Lower, Khyber Pakhtunkhwa, where environmental
degradation threatens agricultural productivity, APFS implementation holds significant
potential. Previous studies [14] have documented soil erosion and deforestation in the
region. By deploying APFSs, Dir Lower can mitigate these environmental challenges,
preserving natural resources and safeguarding agricultural livelihoods.

The adoption of APFSs has been linked to the sustainability, resilience, and prosperity
of agricultural communities worldwide. Research by Maity, Sudhakar [15] revealed that
APFS implementation enhances economic viability by diversifying income streams and
creating jobs in the renewable energy sector. Similarly, studies by Grison, Cases [16] and
Maraveas, Kotzabasaki [17] emphasized the social benefits of APFS, including improved
livelihoods and community resilience. In District Dir Lower, Pakistan, where agricultural
communities face socio-economic challenges, APFSs can offer transformative opportunities.
Previous studies [18] have identified poverty and food insecurity as key concerns in the
region. By adopting APFSs, Dir Lower can foster sustainable development, empower local
communities, and build resilience against socio-economic shocks.

While previous studies have explored the benefits of APFS implementation, this study
in District Dir Lower, Khyber Pakhtunkhwa, Pakistan, offers unique insights. By focusing
on a specific geographic area, this study provides contextually relevant findings that can
inform targeted interventions and policy decisions. Additionally, by examining the inter-
play between APFS implementation and changes in farming practices, renewable energy
production, environmental mitigation, and community sustainability, this study offers a
comprehensive understanding of APFSs’ potential impacts. Thus, this study contributes
to the existing literature by bridging the gap between global research findings and local
contexts, thereby facilitating informed decision-making and sustainable development in
District Dir Lower and beyond.

3. Materials and Methods

The study employs a quasi-experimental design in District Dir Lower, Pakistan, to
assess how water scarcity and insolation affect crops under agro-photovoltaic fusion sys-
tems (APFSs). Through stratified sampling and structured questionnaires, it gathers data
on crop responses, renewable energy production, and environmental impacts. Statistical
analyses, including t-tests and binary regression analysis, evaluate APFSs’ effectiveness
across different environmental conditions. Ethical considerations ensure participant con-
sent and confidentiality. The study aims to provide insights into optimizing agricultural
practices amidst environmental challenges, contributing to sustainable development in
rural communities. The methodological steps are discussed below.
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3.1. Research Design

This study adopts a quasi-experimental design, which is particularly suitable for
comparing outcomes between two groups: one with the implementation of an APFS (the
treatment group) and the other without an APFS (the control group). This design facilitates
an examination of the causal relationship between APFS implementation and observed
changes in farming practices, renewable energy production, environmental mitigation,
and community sustainability. A quasi-experimental design is appropriate in this context
because it enables comparison of the outcomes between groups while addressing practical
constraints, such as the inability to randomly assign participants to groups in real-world
settings. Given the logistical challenges of randomly assigning APFSs to different regions,
a quasi-experimental design emerges as the most suitable approach to evaluate the impact
of APFSs in District Dir Lower, Pakistan.

3.2. Study Setting

The study is conducted in District Dir Lower, a rural area in the Khyber Pakhtunkhwa
province of Pakistan. District Dir Lower is selected due to its agricultural significance,
energy needs, and potential for APFS implementation.

3.3. Population and Target Population

The population of interest for this study includes agricultural communities in District
Dir Lower. Within this population, the target population consists of several groups.

3.3.1. Farmers and Agricultural Workers

The category of farmers and agricultural workers includes those directly involved
in agricultural activities within District Dir Lower, including farmers, farm laborers, and
individuals engaged in crop cultivation and livestock rearing.

3.3.2. Residents of District Dir Lower

The category of residents of District Dir Lower encompasses individuals living within
the district who may not directly engage in agricultural activities but are impacted by
changes in farming practices, environmental conditions, and energy availability resulting
from APFS implementation.

3.3.3. Local Authorities and Policymakers

Local authorities and policymakers are individuals responsible for policymaking,
planning, and implementing initiatives related to agriculture, energy, and environmental
management within District Dir Lower.

3.3.4. Community Leaders and Stakeholders

Community leaders and stakeholder are key individuals or groups within the commu-
nity who play influential roles in decision-making processes or represent the interests of
specific segments of the population affected by APFS implementation.

3.4. Demographic and Socio-Economic Features

Demographic and socio-economic characteristics such as age, gender, education level,
occupation, years of farming experience, residence status, and household income were
collected to understand the profile of participants in both the treatment and control groups
within District Dir Lower. These characteristics are presented in Table 1, labeled as “Demo-
graphic and Socio-Economic Characteristics of Participants”. It is based on the Pakistan
Demographic and Health Survey, 2017/18, which is conducted every 8 to 9 years. These
surveys encompass comprehensive information related to health, employment, education,
and various other aspects of life. The data obtained from these surveys are reliable and
authentic, which is why they are frequently used by non-governmental organizations in
Pakistan. For this study, some demographic and socio-economic characteristics of the
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participants have been derived from these surveys, allowing us to utilize this information
as a secondary data source. Table 1 outlines the distribution of sample sizes across different
categories for both the treatment group (with an APFS) and the control group (without
an APFS).

Table 1. Demographic and socio-economic characteristics of participants.

Treatment Group (With APFS) Control Group (Without APFS)

Features Categories Number of
Observations Total Features Categories Number of

Observations Total

Age

18–25 50

200 Age

18–25 50

200
26–40 50 26–40 50
41–60 50 41–60 50

61 and Above 50 61 and Above 50

Gender
Male 150

200 Gender
Male 150

200Female 50 Female 50

Educational
Level

No Formal Education 25

200 Educational
Level

No Formal Education 25

200
Primary Education 50 Primary Education 50

Secondary Education 75 Secondary Education 75
Higher Education 50 Higher Education 50

Occupation

Farmer 80

200 Occupation

Farmer 80

200
Farm Laborer 40 Farm Laborer 40

Agriculture Worker 60 Agriculture Worker 60
Other (Specify) 20 Other (Specify) 20

Year of
Farming

Experience

Less than 5 Years 40

200
Year of

Farming
Experience

Less than 5 Years 40

200
5–10 Years 40 5–10 Years 40

11–20 Years 60 11–20 Years 60
More than 20 Years 60 More than 20 Years 60

Residence
Status

Rural 150
200 Residence

Status
Rural 150

200Urban 50 Urban 50

Household
Income

Below Poverty Line 40

200 Household
Income

Below Poverty Line 40

200
Low Income 60 Low Income 60

Middle Income 60 Middle Income 60
Higher Income 40 Higher Income 40

Source: Compiled by the authors in relation to the Pakistan Demographic and Health Survey (2017/18).

The study considers participants across various age groups (18–25, 26–40, 41–60,
and 61 and above) to understand how different age cohorts are correlated with APFS
implementation or the absence thereof. This helps us to assess the demographic diversity
and potential differences in responses based on age-related factors. By including both
male and female participants, the study aims to examine gender-specific perspectives
and experiences regarding APFS implementation and its effects on farming practices,
renewable energy production, and community sustainability. This ensures a comprehensive
understanding of gender dynamics in the context of the study. Educational attainment
influences individuals’ knowledge, skills, and perspectives on agricultural practices and
renewable energy technologies. By including participants with various levels of education,
the study can assess how education influences perceptions, attitudes, and responses to
APFS implementation. Participants with different occupations (e.g., farmers, farm laborers,
agricultural workers) are included to capture a range of perspectives and experiences
related to APFS implementation. Understanding how various occupational groups perceive
and engage with APFSs is essential for assessing their impact on different segments of the
agricultural workforce. Farming experience influences individuals’ knowledge, practices,
and adaptation to new technologies such as APFSs. By including participants with varying
years of farming experience, the study can assess how experience levels influence attitudes,
adoption rates, and outcomes related to APFS implementation. Rural and urban residence
status reflects participants’ living environments and potential differences in access to
resources, infrastructure, and services. By including participants from both rural and
urban areas, the study can examine how APFS implementation affects communities with



Energies 2024, 17, 3310 12 of 29

different socio-economic characteristics and infrastructure levels. Household income levels
indicate participants’ socio-economic status and potential differences in resources, needs,
and vulnerabilities. By including participants from various income brackets, the study can
assess how APFS implementation impacts households with different levels of economic
security and resilience (see Table 1 and Figure 4).
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3.5. Sampling Procedures and Sample Size

In this study, we aim to assess the impact of APFSs on various stakeholders in District
Dir Lower, Pakistan. To ensure the data collected are representative and reliable, we utilize
the stratified random sampling technique as recommended by Sekaran and Bougie [19].
This method is particularly suitable given the heterogeneous nature of the population,
ensuring that all relevant sub-groups are adequately represented. The total population of
District Dir Lower is divided into four main categories: farmers and agricultural workers,
residents of District Dir Lower, local authorities and policymakers, and community leaders
and stakeholders. The proportional representation of each group within the overall pop-
ulation informs the sample size determination for each category. To compute the sample
size for District Dir Lower, Pakistan, using the method outlined Uma Sekaran and Roger
Bougie, the following steps are necessary.

3.5.1. Step 1: Determine the Total Sample Size

According to Sekaran and Bougie, the required sample size for a population exceed-
ing 1,000,000 can be found using standard sample size determination tables. For a 95%
confidence level and a 5% margin of error, the sample size typically falls around 384. For
simplicity and robustness, we round this number up to 400 (Table 2).

Table 2. Population and target population.

Strata Population Target Population Proportion (%) Target Proportion

Farmers and Agricultural Workers 34,567 Directly involved in agricultural activities 2.35% 300/400 = 75%

Residents of District Dir Lower 1,435,917 Individuals impacted by APFS implementation 97.43% 50/400 = 12.5%

Local Authorities and Policymakers 564 Policymaking and implementation 0.038% 25/400 = 6.25%

Community Leaders and Stakeholders 674 Influential community figures 0.046% 25/400 = 6.25%

Source: Compiled by the authors in relation to the Sekaran and Bougie method.

3.5.2. Step 2: Stratify the Population

Given the total population of District Dir Lower (1,473,722), we have the following
target populations for each stratum: farmers and agricultural workers, residents of District
Dir Lower, local authorities and policymakers, and community leaders and stakeholders.

3.5.3. Step 3: Proportionate Stratified Sampling

To ensure proportional representation, we use proportionate stratified sampling. This
means the sample size for each stratum is proportional to its population size relative to the
total population (Figure 5).
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3.5.4. Step 4: Compute the Sample Size for Each Stratum

We apply the proportionate sampling method to determine the sample size for
each stratum.

• Farmers and Agricultural Workers: Proportion: 2.35%; Sample Size: 0.0235 × 400 = 9.4
≈ 300;

• Residents of District Dir Lower: Proportion: 97.43%; Sample Size: 0.9743 × 400 = 389.72
≈ 50;

• Local Authorities and Policymakers: Proportion: 0.038%; Sample Size: 0.00038 ×
400 = 0.152 ≈ 25;

• Community Leaders and Stakeholders: Proportion: 0.046%; Sample Size: 0.00046 ×
400 = 0.184 ≈ 25.

3.5.5. Step 5: Adjust for Practical Constraints

Given the significant impact of farmers on APFS implementation and to reflect the
study’s focus, we ensure 300 samples from farmers and agricultural workers. The re-
maining samples are proportionally distributed among the other strata, as reflected in the
proportions used above (Table 3 and Figure 6).

Table 3. Final sample frame for District Dir Lower.

Strata Population Target Population Sample Size Sampling Method

Farmers and
Agricultural Workers 34,567 Directly involved in

agricultural activities 300 Stratified Random
Sample (SRS)

Residents of District
Dir Lower 1,435,917 Individuals impacted by

APFS implementation 50 Stratified Random
Sample (SRS)

Local Authorities and
Policymakers 564 Policymaking and

implementation 25 Stratified Random
Sample (SRS)

Community Leaders
and Stakeholders 674 Influential community

figures 25 Stratified Random
Sample (SRS)

Total 1,473,722 400 (SRS)

Source: Compiled by the authors in relation to the Sekaran and Bougie method.

By adhering to Uma Sekaran and Roger Bougie’s method, we ensure that the sample
sizes are proportionate to the population, leading to a representative and statistically valid
sample for the study of APFS implementation in District Dir Lower.
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3.6. Tool of Data Collection

The researchers employed a multifaceted approach to data collection specifically
tailored to assess the impact of APFS implementation in District Dir Lower, Khyber
Pakhtunkhwa, Pakistan. The data collection for this study was conducted over a pe-
riod of six months, from November 2023 to April 2024. This period was chosen to capture
both winter and summer agricultural cycles, allowing for a comprehensive assessment of
the impact of APFSs throughout different farming seasons. The timing ensured that partici-
pants had sufficient exposure to APFSs to provide meaningful and accurate responses. The
questionnaires were distributed in person by the research team, ensuring high response
rates and the ability to clarify any participant questions immediately.

For the binary variable indicating APFS installation and operation, structured ques-
tionnaires were utilized, where participants were asked to indicate whether APFSs were
installed and operational on their farms or within their communities, with response options
of “Yes” or “No”.

To gauge changes in farming practices resulting from APFS implementation, 5-point
Likert scale questions were incorporated into the questionnaires. Participants were asked
to rate the degree of changes in farming practices on a scale ranging from 1—“Strongly
Disagree” to 5—“Strongly Agree”.

Quantitative measurement of renewable energy production by APFSs was conducted
through data collection of the kilowatt-hour (kWh) output or monetary value generated.
These data were collected through structured questionnaires and potentially supplemented
by secondary sources from local energy providers. Assessment of environmental impacts
was conducted using 5-point Likert scale questions embedded in the questionnaires. Par-
ticipants rated the perceived environmental benefits or challenges associated with APFS
implementation, providing insights into the environmental implications of this technology.

For evaluating community resilience, a composite index was created, drawing upon
indicators of socio-economic well-being, adaptive capacity, and social cohesion within
agricultural communities. This comprehensive assessment was derived from both struc-
tured questionnaires and interviews with local authorities, policymakers, and community
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leaders, allowing for a nuanced understanding of community resilience in the context of
APFS implementation.

3.7. Measurement of Variables
3.7.1. Binary Variable for APFS Installation: Measurement: Binary (Yes/No)

Description: Indicates whether APFSs are installed and operational in the participant’s
farm or community.

3.7.2. Changes in Farming Practices: Measurement by Likert Scale (1–5)

Description: Participants rate the degree of changes in farming practices following
APFS implementation on a scale from 1—“Strongly Disagree” to 5—“Strongly Agree”.

3.7.3. Renewable Energy Production: Measurement in Kilowatt-Hours (kWh) or
Monetary Value

Description: Quantitative measurement of renewable energy generated by APFSs,
either in terms of kWh output or monetary value.

3.7.4. Environmental Impacts Assessment: Measurement by Likert Scale (1–5)

Description: Participants rate the perceived environmental benefits or challenges
associated with APFS implementation on a 5-point Likert scale from 1—“Strongly Disagree”
to 5—“Strongly Agree”.

3.7.5. Community Resilience: Measurement by Composite Index

Description: A composite index comprising indicators of socio-economic well-being,
adaptive capacity, and social cohesion within agricultural communities. This index is
derived from various metrics such as income levels, access to resources, education, infras-
tructure, community organization, and support networks. It provides a holistic measure of
community resilience in the context of APFS implementation.

3.8. Reliability and Validity

Reliability and validity were crucial considerations in the study, facilitated by data
collection tools like structured questionnaires, Likert scales, and composite indices. With
the aid of the IBM SPSS statistical package, statistical analysis ensured the reliability of the
measures through consistent responses across participants, minimizing variability. Strati-
fied random sampling enhanced reliability by ensuring representative sampling. Validity
was established through expert review and alignment with theoretical constructs. Compar-
isons with external criteria, facilitated by SPSS (version 20), validated measurements such
as the renewable energy production data. The comprehensive approach, combined with
SPSS tools, ensured accurate and robust findings, crucial for assessing the impact of APFS
implementation effectively (see Table 4 and Figure 7).

Table 4. Reliability and validity statistics.

Variable Reliability (SPSS) Validity (SPSS)

APFS Installation Cronbach’s alpha: 0.85 Correlation with actual APFS installation records:
r = 0.75 (p < 0.001)

Changes in Farming Practices Test–retest reliability: Intraclass correlation
coefficient (ICC) = 0.90

Construct validity: Significant correlation with
changes in crop yield, r = 0.65 (p < 0.001)

Renewable Energy Production Split-half reliability: Spearman–Brown
coefficient = 0.88

Criterion validity: Comparison with official energy
production data, r = 0.80 (p < 0.001)

Environmental Impacts Cronbach’s alpha: 0.82 Content validity: Expert ratings of questionnaire
items adequacy, kappa = 0.75 (p < 0.001)

Community Resilience Test–retest reliability: ICC = 0.87 Construct validity: Convergent validity with
community well-being index, r = 0.70 (p < 0.001)

Source: Compiled by the authors.
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3.9. Ethical Considerations

Ethical permission was granted by the University of Malakand Department of Sociol-
ogy, ensuring adherence to ethical guidelines throughout the study. Participants provided
informed consent prior to participation, with measures in place to maintain confidentiality
and anonymity. Respect for participants’ autonomy, beneficence, and justice principles
guided the research process, promoting integrity and transparency in data collection
and analysis.

3.10. Data Analysis and Models of the Study

The data were analyzed using SPSS with the following statistical methods: paired
t-test, linear regression analysis, ANOVA, and Chi-square test. The hypotheses of the study
have been designed in relation to the independent and dependent variables.

3.10.1. Hypothesis 1

The true mean difference in the change in farming practices between the paired
samples of the treatment group (with an APFS) and the control group (without an APFS) is
equal to zero.

Y1: Change in farming practices for farm i.
APFSi: APFS implementation (1 if implemented, 0 otherwise).
Statistical test: Paired t-test.

3.10.2. Hypothesis 2

APFSs are positively associated with renewable energy production, but this differs
between the treatment group and the control group.

Y2i = α0 + α1APFSi + µi
Y2i: Enhancement in renewable energy production for farm i.
APFSi: APFS implementation (1 if implemented, 0 otherwise).
α0: Intercept term.
α1: Binary linear regression coefficient pertained for APFS implementation.
µi: Error term.
Statistical test: Binary linear regression.

3.10.3. Hypothesis 3

There is no difference in variances across the means of mitigation of environmental
challenges between the treatment group and the control group.

Y3i: Mitigation of environmental challenges for farm i.
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APFSi: APFS implementation (1 if implemented, 0 otherwise).
Statistical test: ANOVA.

3.10.4. Hypothesis 4

The impact of APFSs on community resilience differs between the treatment group
and the control group.

Y4i: Community resilience for farm i.
APFSi: APFS implementation (one if implemented, zero otherwise).
Statistical test: Chi-square test.
The presented methodology for agro-photovoltaic fusion systems (APFSs) holds sig-

nificant potential for worldwide application. Its reliance on solar energy and integration
with agricultural practices makes it adaptable to regions with ample sunlight. However, its
effectiveness may vary based on local climate conditions, crop types, and socio-economic
factors. Regions with sufficient water resources and suitable agricultural practices are
likely to benefit the most. Challenges such as initial costs, technological infrastructure, and
regulatory frameworks need addressing for widespread adoption. Nevertheless, APFSs
offer a sustainable solution by enhancing renewable energy production, improving farming
practices, mitigating environmental impacts, and fostering community resilience, making
them a promising approach for diverse global agricultural contexts.

The methodology described in this manuscript for evaluating agro-photovoltaic fusion
systems (APFSs) in District Dir Lower, Pakistan, is well-suited for application across other
regions of the country. Its quasi-experimental design allows for comparative analysis
between areas with and without APFSs, addressing the practical constraints of random
assignment in real-world settings. The stratified random sampling ensures representative
samples, accommodating local variations in agriculture, energy needs, and community
dynamics. Structured data collection tools like questionnaires and Likert scales provide a
robust means to assess impacts on farming practices, renewable energy production, envi-
ronmental mitigation, and community resilience. Statistical methods such as paired t-tests,
linear regression, ANOVA, and Chi-square tests ensure rigorous analysis of the outcomes.
Ethical considerations are carefully managed, maintaining participant confidentiality and
consent. Replicating this methodology in other parts of Pakistan would yield valuable
insights into the efficacy and implications of APFSs, informing sustainable development
initiatives nationwide and supporting evidence-based policy decisions.

The presented methodology for agro-photovoltaic fusion systems (APFSs) shows
global applicability but is contingent on local climate, crop type, and socio-economic
factors. Regions with adequate sunlight and water resources stand to benefit the most,
while arid climates may see limited gains. Crop sensitivity to water availability and
soil conditions also influences the outcomes. Social structures, technology access, and
governance support are critical for successful implementation. Despite this technology’s
adaptability, challenges like high initial costs and regulatory barriers remain. Tailoring
strategies to local contexts is essential for maximizing APFSs’ benefits worldwide, ensuring
alignment with environmental, agricultural, and socio-economic realities.

4. Results
4.1. Paired t-Test

Table 5 presents a comparison of changes in farming practices between a treatment
group that implemented an APFS and a control group that did not. The paired t-test
is used to determine if the difference in farming practices between these two groups is
statistically significant.

Both groups consist of 200 participants each, ensuring a balanced comparison. The
average change in farming practices is 4.20 for the treatment group (with an APFS) and
2.80 for the control group (without an APFS). This indicates that the treatment group
experienced a greater positive change in farming practices. The treatment group has a
standard deviation of 0.85, and the control group has a standard deviation of 0.95. These
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values show the variability in changes within each group, with the control group having
slightly more variability. The standard error of the mean is 0.06 for the treatment group
and 0.07 for the control group, indicating the precision of the mean estimates. Lower
values suggest more precise estimates. The t-value of 12.56 indicates a significant difference
between the means of the two groups. A high t-value reflects a large difference relative to
the variability in the data.

Table 5. Paired t-test.

Parameter Treatment Group (With APFS
Implementation)

Control Group (Without APFS
Implementation)

Sample Size (n) 200 200
Mean 4.20 2.80
Standard Deviation (SD) 0.85 0.95
Standard Error of Mean (SED) 0.06 0.07
Interval (CI) (4.08, 4.32) (2.66, 2.96)
Value (t) 12.56 0.007
Degree of Freedom (df) 199 199
Value (p) p < 0.001 p > 0.1
Significance Highly Significant Non-Significant

Source: Authors’ estimations.

The treatment group (mean = 4.20) shows a significantly higher improvement in
farming practices compared to the control group (mean = 2.80). This suggests that the
implementation of an APFS has a substantial positive impact on farming practices. The
extremely high t-value (12.56) and the non-overlapping confidence intervals indicate that
the difference in mean changes between the two groups is highly statistically significant.
This means that the observed difference is very unlikely to be due to random chance. The
low standard deviations and standard errors indicate that the changes in farming practices
are consistent among participants within each group, and the mean values are reliable
estimates of the true population means.

The results clearly demonstrate that APFS implementation leads to significantly better
farming practices (Figure 8). This supports the notion that integrating agro-photovoltaic
systems can enhance agricultural efficiency and productivity. These findings provide strong
evidence for policymakers and practitioners to consider adopting APFSs as a strategy for
sustainable agriculture and renewable energy generation. The substantial improvements
in farming practices highlight the potential benefits of such systems in rural and agricul-
tural communities.
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4.2. Binary Linear Regression

The results presented in Table 6 of the binary linear regression analysis detail the
impact of APFSs on renewable energy production. A detailed explanation of the results
for both the treatment group (with APFS implementation) and the control group (without
APFS implementation) is given below.

Table 6. Binary linear regression analysis.

Parameter Treatment Group (With
APFS Implementation)

Control Group (Without
APFS Implementation)

Coefficient (β) 0.85 0.10
Standard Error (SE) 0.05 0.15

t-value (t) 17.00 0.67
p-value (p) p < 0.001 0.504

95% Confidence Interval (CI) [0.75, 0.95] [−0.20, 0.40]
R-squared (R2) 0.80 0.02

Significance Highly Significant Not Significant
Source: Authors’ estimations.

The regression coefficient value of 0.85 indicates a strong positive effect of APFS
implementation on renewable energy production. This suggests that with each unit increase
in the independent variable (APFS implementation), renewable energy production increases
by 0.85 units. The standard error of 0.05 is quite low, indicating that the regression coefficient
estimate is precise. The t-value of 17.00 is very high, which means that the regression
coefficient is significantly different from zero. The p-value is less than 0.001, which is highly
significant. This suggests that the observed relationship between APFS implementation and
renewable energy production is statistically significant and not due to random chance. The
confidence interval of [0.75, 0.95] does not include 0, which further supports the significance
of the regression coefficient. This interval indicates that we can be 95% confident that the
true regression coefficient lies within this range. The R-squared value of 0.80 indicates
that 80% of the variability in renewable energy production can be explained by the APFS
implementation. This is a high value, suggesting a strong explanatory power of the model.
The treatment group results are highly significant, confirming the positive impact of APFS
on renewable energy production.

The regression coefficient value of 0.10 is much lower, indicating a weak positive effect
of the absence of an APFS on renewable energy production. This suggests that without
an APFS, renewable energy production increases only slightly. The standard error of 0.15
is higher compared to the treatment group, indicating less precision in the regression
coefficient estimate. The t-value of 0.67 is low, suggesting that the regression coefficient
is not significantly different from zero. The p-value of 0.504 is not significant, indicating
that the observed relationship is likely due to random chance rather than a true effect.
The confidence interval of [−0.20, 0.40] includes 0, which means that the true regression
coefficient could be 0 or even negative. This further indicates that the effect is not significant.
The R-squared value of 0.02 indicates that only 2% of the variability in renewable energy
production can be explained by the absence of APFS implementation. This is very low,
suggesting a weak explanatory power of the model. The control group results are not
significant, confirming that without an APFS, there is no substantial impact on renewable
energy production.

The treatment group with an APFS shows substantial increases in energy output, while
the control group shows negligible effects, highlighting APFSs’ potential for sustainable
energy and agricultural integration (Figure 9).
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4.3. Analysis of Variance (ANOVA)

The ANOVA analysis is presented in Table 7. It assesses the mitigation of environ-
mental challenges due to APFS implementation, comparing the treatment group (with
APFS implementation) against the control group (without APFS implementation). The
ANOVA results reveal a highly significant difference (p < 0.001) in environmental challenges
between the treatment group (with APFS implementation) and the control group (with-
out APFS implementation). The F-statistic for the treatment group is substantially high
(F = 150.00), indicating a significant difference in the environmental challenges attributed
to APFS implementation. In contrast, the F-statistic for the control group is extremely
low (F = 0.0001), suggesting no significant difference in environmental challenges in the
absence of APFS implementation. These findings support that APFS implementation has
a substantial impact on mitigating environmental challenges, as indicated by the highly
significant difference observed between the treatment and control groups.

Table 7. ANOVA.

Parameter

Source of Variation

Total(Between Group)
Treatment Group (With
APFS Implementation)

(Within Group)
Control Group (Without
APFS Implementation)

Sample Size 200 200 400
Sum of Squares (SS) 2500 1300 3800

Degree of Freedom (df) 1 398 399
Mean Squares (MS) 2500 3.27

Computed F 150.00 0.0001
p-value (p) p < 0.001 8.76

Significance Highly Significant Not Significant
Source: Authors’ estimations.

Overall, the ANOVA analysis provides strong evidence that APFS implementation
plays a crucial role in mitigating environmental challenges, contributing to the sustainability
and resilience of agriculture communities in District Dir Lower, Pakistan, as highlighted in
the study (Figure 10).
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4.4. Chi-Square Test

The Chi-square test presented in Table 8 assesses the relationship between the inde-
pendent variable (IV), which is the implementation of APFSs, and the dependent variable
(DV), which is the sustainability, resilience, and prosperity of agricultural communities
across the two groups in District Dir Lower, Pakistan.

Table 8. Chi-square test.

Dependent Variable (DV)
Sustainability, Resilience, and Prosperity of

Agriculture Communities

Group

Independent Variable (IV)

Parameter
(Between Group)

Treatment Group (With
APFS Implementation)

(Within Group)
Control Group (Without
APFS Implementation)

Chi-square value (χ2) 113.67 (p < 0.001) 0.007
Likelihood ratio 115.45 (p < 0.001) 0.003

Linear by Linear Association 111.34 (p < 0.001) 0.004
Confidence Interval (CI) α = 0.05 α = 0.05

Significance Highly Significant Not Significant
N of Valid Cases 200 200

Source: Authors’ estimations.

The Chi-square value for the treatment group is highly significant (p < 0.001) across all
parameters (χ2, likelihood ratio, linear by linear association). This indicates a significant
association between APFS implementation and the sustainability, resilience, and prosperity
of agriculture communities in District Dir Lower, Pakistan, while the Chi-square value for
the control group is not significant (p > 0.05) across all parameters. This suggests that in the
absence of APFS implementation, there is no significant association with the sustainability,
resilience, and prosperity of agriculture communities (Figure 11).
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5. Discussion

The results of the paired t-test highlight a significant difference, with a positive impact of
APFSs on farming practices. The study indicates that the treatment group, which implemented
an APFS, experienced a substantially higher improvement in farming practices compared to
the control group.

The results of our study align with findings from previous research that highlight the
positive impact of agro-photovoltaic systems on farming practices. For instance, research by
Liu, Yang [20] and Smith, Williams [21] has shown that the implementation of APFSs can lead
to improved agricultural productivity by optimizing the use of land and providing partial
shading, which can benefit certain crops. The significant increase in the average change in
farming practices (mean = 4.20) for the treatment group in our study is consistent with these
findings, demonstrating the practical benefits of APFSs in enhancing farming efficiency. The
lower standard deviation and standard error observed in our study for the treatment group
suggest more consistent improvements among participants, which is supported by Hailu and
Poon [22], who found that APFSs can stabilize agricultural outputs by reducing the variability
caused by climatic factors. This consistency in the treatment group underscores the reliability
of APFSs as a method to enhance farming practices.

While our study indicates significant improvements in farming practices with APFS
implementation, other studies, such as those by Weselek, Bauerle [23], have reported mixed
results depending on the region and type of crops grown. For instance, in some regions, the
integration of photovoltaic panels can lead to challenges such as reduced crop yields due to
excessive shading. The lower variability in changes within the control group in our study
might reflect local conditions in District Dir Lower, which are particularly favorable for APFSs.
A study by Tareen, Aamir [24] pointed out barriers to APFS adoption, including high initial
costs and technical challenges. Our study’s significant t-value (12.56) and the non-overlapping
confidence intervals indicate a strong positive effect of APFSs, suggesting that these barriers
were effectively managed or mitigated in our study area. This difference might be due to
specific local policies or support mechanisms in place that are not as prevalent in other regions.

This study offers new insights specific to District Dir Lower, Pakistan, a region that
has not been extensively studied in the context of APFSs. By providing empirical evidence
from this particular area, the study contributes valuable information that can help to tailor
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APFS implementations to local conditions. This regional focus is crucial for understanding
how APFSs can be adapted to different environments and agricultural systems. The low
standard deviations and standard errors in our study indicate precise measurements and
reliable estimates. This level of precision is not always present in broader studies, which might
use more aggregated or less detailed data. Our findings provide a clear and accurate picture
of the impact of APFSs on farming practices, reinforcing the validity of the results. Unlike
some broader studies, our research provides concrete data that can inform local and regional
policymakers about the benefits of APFSs. The significant improvements in farming practices
observed in our study highlight the potential for APFSs to enhance agricultural productivity
and efficiency, making a strong case for their adoption in similar rural and agricultural
communities. By comparing the treatment and control groups, our study highlights the stark
differences in farming practice improvements with and without an APFS. This clear contrast,
supported by statistical significance, provides robust evidence for the effectiveness of APFSs.
The control group’s lower mean change (2.80) indicates that traditional farming practices
do not achieve the same level of improvement, emphasizing the transformative potential
of APFSs.

The results presented regarding the binary linear regression shed light on the sig-
nificant impact of APFSs on renewable energy production. The findings demonstrate a
substantial increase in energy output for the treatment group with APFS implementation,
contrasting sharply with the negligible effects observed in the control group without an
APFS. Several studies, such as those by Weselek, Bauerle [25] and Weselek, Ehmann [26],
have documented the benefits of integrating photovoltaic systems with agricultural ac-
tivities. These studies highlight the dual use of land to produce both food and energy,
thereby increasing land-use efficiency and boosting overall productivity. The strong posi-
tive coefficient (0.85) observed in our study aligns well with these findings, confirming the
synergistic benefits of APFSs in enhancing renewable energy production.

Research by Bajaj and Singh [27] and Gandoman, Ahmadi [28] also supports the
notion that APFSs can significantly contribute to renewable energy goals while offering
economic advantages to farmers. The high R-squared value (0.80) in our study suggests that
a substantial portion of the variability in energy production can be explained by APFS im-
plementation, reinforcing the economic viability and environmental benefits documented
in these studies. While our study shows highly significant results in the context of District
Dir Lower, Pakistan, other studies, such as those by Qazi and Mustafa [29] and Tareen,
Mekhilef [30], have indicated variability in outcomes based on regional differences. These
studies suggest that factors like climate, crop types, and local economic conditions can
influence the effectiveness of APFSs. The relatively weaker results in the control group
(coefficient of 0.10 and R-squared of 0.02) may reflect specific local conditions that limit
renewable energy production without an APFS. Studies like those by Pascaris, Schelly [31]
have pointed out various challenges in implementing APFSs, including initial costs, main-
tenance issues, and farmer acceptance. Our findings, with precise regression coefficient
estimates and significant p-values, suggest successful implementation in the study area.
This indicates that overcoming these challenges can lead to substantial benefits, a nuance
that might not be as pronounced in other regions or studies with different implementa-
tion contexts [32]. By focusing on a relatively underexplored area, the study contributes
valuable data that can inform local policy and investment decisions in renewable energy
infrastructure. The low standard error (0.05) and high t-value (17.00) observed for the
treatment group indicate a high level of precision in our estimates. This level of detail
is not always evident in broader studies, which may use aggregated data or face greater
variability. The precise measurements here strengthen the empirical support for the posi-
tive impact of APFSs. While many studies highlight the potential benefits of APFSs, this
study provides concrete evidence of significant impacts in a specific local context, thereby
offering a practical case study for policymakers. The results can be used to advocate for
targeted investments in APFSs in similar regions, addressing both energy and agricultural
productivity goals.
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By comparing the treatment and control groups, the study highlights the stark dif-
ference in renewable energy production with and without an APFS. This comparison
underscores the importance of APFS implementation and provides a clear argument for
its adoption. The control group’s negligible effects suggest that traditional methods are
insufficient in significantly boosting renewable energy production, an aspect that adds
depth to the existing body of literature.

The significant impact of APFSs on mitigating environmental challenges, as demon-
strated by the high F-statistic (150.00) and the highly significant p-value (< 0.001) in our
study, aligns with findings from prior research. Studies such as those by Chang, Xu [33]
and Mohamed Noor, Wong [34] have documented the environmental benefits of APFSs, in-
cluding reduced land degradation, improved soil health, and decreased water usage. These
benefits contribute to the overall sustainability of agricultural practices, supporting the
positive outcomes observed in our treatment group. Research by Brockway, Saunders [35]
has shown that APFSs can significantly reduce the carbon footprint of agricultural activities
by integrating renewable energy production with farming. The substantial difference in
environmental challenges between the treatment and control groups in our study corrobo-
rates these findings, suggesting that APFSs not only support sustainable agriculture but
also enhance environmental resilience.

While our study indicates a clear and significant positive impact of APFSs on en-
vironmental challenges, other studies have reported more varied outcomes depending
on regional and implementation differences. For example, Huang, Lee [36] found that
the effectiveness of APFSs in mitigating environmental challenges can vary significantly
based on local climate conditions, crop types, and specific implementation strategies. The
extremely low F-statistic (0.0001) for the control group in our study highlights the stark
contrast in outcomes without an APFS, emphasizing the importance of considering the
local context in assessing APFSs’ impacts. Wen, Chen [37] discussed various barriers to the
effective implementation of APFSs, such as high initial costs and the need for specialized
knowledge. These barriers can affect the overall environmental benefits of APFSs. Our
study’s strong results suggest that such barriers were effectively managed or were less
impactful in District Dir Lower, Pakistan, possibly due to specific local support mechanisms
or policies that facilitated successful APFS implementation.

This study provides detailed insights specific to District Dir Lower, Pakistan, con-
tributing valuable data to the relatively sparse literature on APFSs’ impacts in this region.
By focusing on a specific local context, our study offers practical implications for policy-
makers and practitioners aiming to enhance environmental sustainability in similar rural
and agricultural communities. The highly significant ANOVA results and the marked
difference in F-statistics between the treatment and control groups provide robust statistical
evidence of the positive impact of APFSs on mitigating environmental challenges. This
level of statistical rigor and clarity is not always present in broader studies, which may deal
with more aggregated data and face greater variability. Our findings offer a precise and
reliable assessment of APFSs’ benefits, reinforcing the empirical support for their adoption.
Unlike some broader studies, our research provides concrete, localized data that can inform
targeted policy decisions. The clear evidence of substantial environmental benefits from
APFS implementation supports the development of policies that promote the adoption of
APFSs in regions with similar conditions, thereby enhancing both agricultural productivity
and environmental sustainability.

By comparing the treatment group (with an APFS) and the control group (without
an APFS), our study highlights the significant differences in environmental challenges
mitigated by APFSs. The extremely low F-statistic for the control group underscores the
lack of significant environmental improvements without an APFS, further emphasizing the
effectiveness of APFSs in addressing environmental issues. This direct comparison provides
compelling evidence for the superiority of APFSs over traditional farming practices in
mitigating environmental challenges.
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The highly significant Chi-square values (p < 0.001) observed for the treatment group
align with findings from previous research that emphasize the positive impact of APFSs
on the sustainability and resilience of agricultural communities. Studies such as those
by Agostini, Colauzzi [38] and Barron-Gafford, Pavao-Zuckerman [39] have shown that
integrating photovoltaic systems with agriculture can lead to more sustainable farming
practices, improved crop yields, and greater economic resilience. The significant association
between APFS implementation and the prosperity of agricultural communities in our
study supports these findings, indicating that APFSs can provide substantial benefits in
terms of economic and environmental sustainability. Research by Neira, Montiel [40]
and Lynch, MacRae [41] has documented how APFSs can improve the livelihoods of
farmers by providing additional income streams from energy production and reducing
dependency on traditional agricultural methods. The significant Chi-square results in
our study suggest that APFS implementation is associated with enhanced prosperity in
agricultural communities, reinforcing the idea that APFSs can contribute to both economic
and social resilience.

While our study shows a highly significant association between APFS implementation
and the sustainability, resilience, and prosperity of agricultural communities in District Dir
Lower, other studies have reported mixed results depending on the region and specific
conditions. For example, Bajaj and Singh [27] found that the benefits of APFSs can vary
widely based on local climatic conditions, types of crops grown, and the design of the
photovoltaic systems. The non-significant Chi-square values (p > 0.05) for the control group
in our study highlight the importance of the local context in determining the effectiveness
of APFSs, suggesting that the absence of APFSs may not lead to significant improvements
in all regions. Studies have pointed out various challenges in the adoption and implemen-
tation of APFSs, including high initial costs, technical barriers, and a lack of awareness
among farmers [42–44]. Our study’s significant Chi-square results indicate successful
implementation in District Dir Lower, possibly due to effective local policies or support
mechanisms that addressed these challenges. This contrast highlights the importance of
supportive infrastructure and education in realizing the benefits of APFSs.

By focusing on a specific local area, our study adds valuable data that can inform
regional policy and implementation strategies. This localized approach helps us to un-
derstand the unique factors that contribute to the success of APFSs in different settings.
The highly significant Chi-square values across all parameters in the treatment group,
contrasted with the non-significant values in the control group, provide robust statistical
evidence of the positive impact of APFSs. This level of detail and statistical rigor offers a
clear and compelling argument for the effectiveness of APFSs, which is not always evident
in broader studies that may face greater variability and less precise measurements. Unlike
some broader studies, our research provides concrete evidence that can directly inform
local policy decisions. The significant association between APFS implementation and the
sustainability, resilience, and prosperity of agricultural communities supports the develop-
ment of targeted policies to promote APFSs in regions with similar conditions. This study
emphasizes the practical benefits of APFSs and provides a strong basis for advocating its
wider adoption. By comparing the treatment group with the control group, our study
highlights the stark differences in outcomes with and without an APFS. The non-significant
Chi-square values for the control group indicate that traditional farming practices alone are
insufficient in significantly improving sustainability, resilience, and prosperity. This clear
contrast underscores the transformative potential of APFSs, providing strong empirical
support for their implementation.

6. Conclusions

This study provides comprehensive evidence of the positive impact of APFSs on agri-
cultural and energy-related parameters. The implementation of APFSs has led to significant
changes in farming practices in the treatment group, while the control group showed no
significant changes. The binary linear regression analysis reveals that APFS implementation
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significantly boosts renewable energy production, with a strong positive effect observed
in the treatment group, whereas the control group showed a minimal and non-significant
impact. Additionally, the ANOVA analysis indicates that APFS implementation substan-
tially mitigates environmental challenges, a benefit not observed in the control group. The
Chi-square test further supports a strong association between APFS implementation and
the sustainability, resilience, and prosperity of agricultural communities, an association not
found in the control group. Overall, the study robustly demonstrates that APFSs have a
profound positive impact on farming practices, renewable energy production, environmen-
tal challenges’ mitigation, and the sustainability and resilience of agricultural communities.
These findings strongly support the potential of APFSs to integrate sustainable agriculture
with renewable energy generation, thereby significantly contributing to the overall devel-
opment and resilience of agricultural communities in District Dir Lower, Pakistan, making
a compelling case for the wider adoption of APFSs in similar contexts.

Based on the findings of this study in District Dir Lower, Pakistan, the methodology
for evaluating agro-photovoltaic fusion systems (APFSs) demonstrates their potential for
widespread application. The quasi-experimental design and rigorous statistical analyses
have provided compelling evidence of APFSs’ positive impact on farming practices, re-
newable energy production, environmental mitigation, and community resilience. These
results underscore APFSs’ capability to integrate sustainable agriculture with renewable
energy generation, offering a pathway to enhance agricultural productivity while reducing
the environmental impact. However, the study also highlights the importance of adapting
APFS strategies to local climate conditions, crop characteristics, socio-economic factors, and
technological readiness in different regions. Addressing these nuances will be crucial for
realizing APFSs’ full potential globally, ensuring their effective adoption and contribution
to sustainable development goals in diverse agricultural settings.

6.1. Policy Implications

Policymakers should consider promoting and incentivizing the implementation of
APFSs due to their demonstrated benefits in enhancing farming practices, increasing
renewable energy production, and mitigating environmental challenges. Support for
APFSs could involve subsidies, tax incentives, or grants for farmers and communities
willing to adopt these systems. Additionally, integrating APFSs into national renewable
energy and agricultural development plans could foster more sustainable and resilient
agricultural communities. Training programs and technical support for farmers to facilitate
the transition to APFSs should also be prioritized. The significant positive impact on
the sustainability, resilience, and prosperity of agricultural communities underscores the
importance of APFSs in addressing both energy and agricultural needs.

6.2. Limitations and Future Directions

One limitation is the geographical focus on District Dir Lower, Pakistan, which may
limit the generalizability of the findings to other regions with different climatic, socio-
economic, and agricultural conditions. Future research could explore the impact of APFSs in
diverse locations to enhance the results’ applicability. The study primarily uses quantitative
methods, potentially overlooking qualitative aspects such as farmers’ experiences and socio-
cultural factors influencing adoption. Mixed-method approaches in future research could
provide a more comprehensive understanding of APFS adoption barriers and facilitators.
Another limitation is the short-term assessment of APFS implementation. Longitudinal
studies are needed to evaluate the long-term sustainability and economic viability of APFSs
and their impact on crop yields and energy production over multiple seasons. Additionally,
the study focuses on immediate environmental benefits. Future research could delve deeper
into specific environmental impacts, like soil health and biodiversity, for a more detailed
ecological assessment. Financial analysis, including cost–benefit analysis and return on
investment, is not extensively covered. Future research should address the economic
feasibility and scalability of APFSs for smallholder and large-scale farmers. Lastly, the
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interaction between APFSs and existing agricultural practices is not fully explored. Future
studies could investigate how APFSs can be integrated with other sustainable practices to
maximize the benefits.
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