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and data were collected from 384 renewable-energy professionals,
engineers, researchers, academics, and energysector experts through a
structured questionnaire. The data were analyzed using descriptive
statistics, reliability and validity tests, correlation analysis, and Partial
Least Squares Structural Equation Modeling (PLS-SEM). The findings
e Iy indicated that advanced functional materials, photovoltaic performance,
Corresponding Author: * environmental adaptability, technological innovation, economic feasibility,
Khuda Bukhsh and policy and infrastructure support significantly influenced photovoltaic
technology adoption and sustainable energy generation. The proposed
model explained 72% of the variance in sustainable energy generation,
demonstrating substantial explanatory power. PV technology adoption
showed the strongest direct effect on sustainable energy generation. The
study concluded that advanced materials, including perovskites, quantum
dots, nanostructures, and tandem technologies, could contribute
substantially to Pakistan's solarenergy transition when supported by
appropriate infrastructure, investment, research capacity, and energy
policies. The findings provide wuseful implications for policymakers,
researchers, investors, and energy-sector stakeholders seeking to accelerate
sustainable photovoltaic deployment in Pakistan.

1. INTRODUCTION access to reliable and affordable energy. At the
Pakistan faces persistent energy challenges arising same time, the country possesses substantial solar-
from rising electricity demand, dependence on energy potential because of its high solar
imported fuels, transmission losses, and limited irradiance and extensive land availability. Solar
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photovoltaic (PV) technology therefore represents
an important pathway toward diversifying the
national energy mix and supporting sustainable
electricity generation (IRENA, 2023).
Conventional crystalline-silicon PV technologies
have achieved significant improvements in
efficiency and cost competitiveness. However,
further  technological progress increasingly
depends on advanced functional materials,
including perovskites, organic semiconductors,
quantum dots, nanostructured materials, and
advanced thin films. These materials offer
opportunities for improved light absorption,
flexible device architectures, lightweight modules,
and potentially lower manufacturing costs (Green
et al., 2014; Correa-Baena et al., 2017).

Among emerging technologies, perovskite solar
cells have attracted considerable scientific
attention because of their rapid improvements in
photovoltaic efficiency and their potential for low-
temperature and solution-based manufacturing.
Perovskite materials can also be combined with
silicon in tandem architectures, providing
opportunities to exceed the efficiency limitations
of conventional singlejunction solar cells (Al
Ashouri et al., 2020). However, issues related to
long-term stability, environmental conditions,
scalability, and material toxicity remain important
barriers to large-scale commercialization.

These challenges are particularly relevant to
Pakistan, where high temperatures, dust,
humidity, grid limitations, and variable
environmental conditions can affect PV
performance and system durability. Therefore,
selecting appropriate materials and photovoltaic
technologies requires consideration not only of
laboratory efficiency but also of cost, reliability,
environmental suitability, scalability, and lifecycle
sustainability.

Pakistan's transition toward sustainable energy
requires research that connects advances in
functional materials with the country's specific
energy and environmental conditions. This study
therefore examines the potential contribution of
advanced functional materials and photovoltaic
technologies to sustainable energy generation in
Pakistan, while considering technological

performance, economic feasibility, environmental
sustainability, and barriers to large-scale adoption.

2. Problem Statement

Pakistan continues to face challenges related to
energy  security,  electricity  affordability,
dependence on conventional energy sources, and
environmental sustainability. Although solar PV
deployment has increased, the full potential of
advanced photovoltaic technologies has not yet
been realized.

A major challenge is the gap between rapid
laboratory developments in advanced photovoltaic
materials and their practical deployment under
Pakistan's environmental and socioeconomic
conditions. Technologies such as perovskite,
organic, quantum-dot, and tandem solar cells offer
promising performance, but concerns regarding
stability, durability, manufacturing scalability,
material availability, environmental impacts, and
cost remain.

Furthermore, conventional PV technologies may
experience performance degradation under high
temperatures, dust accumulation, and other
environmental conditions prevalent in Pakistan.
Consequently, there is a need to evaluate
photovoltaic technologies not only according to
conversion efficiency but also according to their
durability, economic viability, environmental
performance, and suitability for local conditions.

The central problem addressed by this study is the
limited integrated assessment of advanced
functional materials and emerging photovoltaic
technologies for achieving reliable, economically
viable, and environmentally sustainable energy
generation in Pakistan.

3. Research Questions

RQ1: What advanced functional materials and
photovoltaic technologies have the greatest
potential for sustainable energy generation in
Pakistan?

RQ2: How do advanced photovoltaic materials
influence solar-cell efficiency, durability, and
energy-generation performance’

RQ3: What environmental and technological
factors affect the performance of photovoltaic
systems in Pakistan?
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RQ4: What economic, technical, and
infrastructural barriers limit the adoption of
advanced photovoltaic technologies in Pakistan?
RQ5: How can advanced photovoltaic
technologies contribute to Pakistan's long-term
sustainable energy transition?

4. Research Objectives

General Objective

To evaluate the potential of advanced functional
materials and photovoltaic technologies for
sustainable energy generation in Pakistan.

Specific Objectives

To examine recent developments in advanced
functional materials for photovoltaic applications.
To evaluate the potential of emerging PV
technologies  for solar-energy
conversion efficiency.

To assess the influence of environmental
conditions on photovoltaic performance in
Pakistan.

To examine the economic and technological
feasibility of advanced PV technologies.

To identify major barriers to the adoption of
advanced photovoltaic technologies in Pakistan.
To propose strategies for integrating advanced PV
technologies into Pakistan's sustainable energy
framework.

improving

5. Significance of the Study

5.1 Energy Sustainability

The study can contribute to Pakistan's transition
toward cleaner and more sustainable energy
generation by identifying technologies capable of
improving solar-energy utilization.

5.2 Technological Development

The study provides a comparative perspective on
emerging materials such as perovskites, quantum
dots, organic semiconductors, nanomaterials, and
tandem photovoltaic structures, supporting future
research and technological development.

5.3 Environmental Benefits
Greater adoption of efficient solar technologies
can reduce dependence on fossil-fuel-based

electricity generation and consequently contribute
to lower greenhouse-gas emissions (IPCC, 2022).

5.4 Economic Significance

Improved photovoltaic efficiency and lower
manufacturing costs could reduce the long-term
cost of solar electricity and support energy security.
This is particularly important for Pakistan because
reducing dependence on imported fuels can
improve energy-sector resilience.

5.5 Policy Significance

The findings can assist policymakers and energy
planners in evaluating emerging PV technologies
and developing appropriate strategies for solar-
energy deployment, research investment, and
technology transfer.

5.6 Academic Significance

The study contributes to the literature by
connecting advanced functional materials,
photovoltaic performance, environmental
suitability, economic feasibility, and sustainable
energy development within the specific context of
Pakistan.

2. Literature Review

2.1 Advanced Functional Materials for
Photovoltaics

Advanced functional materials have significantly
influenced the development of next-generation
photovoltaic technologies. Conventional silicon
remains the dominant PV material, but
perovskites, organic semiconductors, quantum
dots, nanostructured materials, and tandem
architectures have attracted increasing attention
because of their tunable optical and electronic
properties (Green et al., 2014; Correa-Baena et al.,
2017). These materials can potentially improve
light absorption, charge transport, flexibility, and
energy-conversion efficiency.

2.2 Perovskite Solar Cells

Perovskite solar cells have demonstrated rapid
improvements in photovoltaic efficiency and have
become one of the most promising emerging PV
technologies. Their favorable bandgap tunability
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and potential for low-cost fabrication make them
attractive for future energy applications (Correa-
Baena et al., 2017). Perovskite/silicon tandem
cells have further demonstrated the potential to
achieve higher efficiencies than conventional
singlejunction technologies (Al-Ashouri et al.,
2020). However, stability, degradation, scalability,
and environmental concerns remain important
challenges.

2.3 Nanomaterials and Quantum-Dot
Photovoltaics

Nanostructured materials and quantum dots
provide opportunities to manipulate light
absorption and charge transport at the nanoscale.
Quantum-dot solar cells offer tunable bandgaps
and potentially improved utilization of the solar
spectrum (Kamat, 2013). Such materials may be
particularly valuable for developing lightweight
and flexible photovoltaic devices.

2.4 Photovoltaic Performance in Pakistan

Pakistan possesses considerable solar-energy
potential, but PV performance can be affected by
high temperatures, dust, humidity, soiling, and
system-maintenance conditions. These
environmental factors can reduce energy output
and  accelerate  degradation.  Therefore,
technological suitability for Pakistan should be
evaluated using not only laboratory conversion
efficiency but also durability, environmental
adaptability, cost, and lifecycle performance.

2.5 Economic and Environmental Sustainability
The largescale adoption of advanced PV
technologies depends on their ability to provide
economically competitive and environmentally
sustainable electricity. Renewable-energy
deployment can contribute to emissions reduction
and energy diversification while reducing
dependence on fossil fuels (IPCC, 2022).
However, manufacturing complexity, material
availability,  recycling  requirements, and
technology maturity must also be considered when
evaluating emerging PV technologies.

2.6 Photovoltaic Technology Adoption

The successful deployment of advanced PV
technologies  depends on  technological
performance, economic feasibility, infrastructure,
policy support, public acceptance, and availability
of technical Consequently,
technological innovation alone may not guarantee
widespread adoption. An integrated assessment is
required to determine how advanced functional
materials can contribute to Pakistan's sustainable-
energy transition.

expertise.

3. Underpinning Theory

3.1 Diffusion of Innovations Theory

The study was primarily underpinned by Diffusion
of Innovations (DOI) Theory, developed by
Rogers (2003). The theory explains how new
technologies are adopted and diffused within
organizations and societies. According to DOI,
adoption is influenced by perceived relative
advantage, compatibility, complexity, trialability,
and observability.

In the context of advanced photovoltaic
technologies, higher efficiency and improved
energy performance represent relative advantages,
while manufacturing complexity, cost,
infrastructure requirements, and environmental
suitability can influence adoption. The theory
therefore provides an appropriate foundation for
examining how technological characteristics affect
the potential adoption of advanced PV
technologies in Pakistan.

Proposed Relationship

Advanced  Functional —Materials — PV
Performance — Technological/Economic
Feasibility — Sustainable Energy Generation

4. Concise Hypotheses

H1: Advanced functional materials positively
influence photovoltaic performance.

H2: Photovoltaic  performance  positively
influences sustainable energy generation.

H3: Environmental adaptability positively
influences photovoltaic performance.

H4: Economic feasibility positively influences the
adoption of advanced photovoltaic technologies.
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H5:  Technological innovation  positively
influences sustainable energy generation.

H6: Policy and infrastructure support positively
influence the adoption of advanced photovoltaic
technologies.

H7: Photovoltaic technology adoption positively
contributes to sustainable energy development in

Pakistan.

3. Research Methodology

3.1 Research Design

The study adopted a quantitative, cross-sectional
research design to examine the potential of
advanced functional materials and photovoltaic
technologies for sustainable energy generation in
Pakistan. Primary data were collected through a
structured questionnaire from professionals
involved in renewable energy, solar PV,
engineering, energy policy, and related fields.

3.2 Population of the Study

The study population consisted of solar-energy
engineers, electrical and materials engineers,
renewable-energy  professionals,  researchers,
university faculty, energy-sector managers, and
policymakers working in Pakistan's renewable-
energy and photovoltaic sectors.

3.3 Sample Size

Because an exact mnational population of
professionals working specifically with advanced
photovoltaic technologies was not available, the
population was treated as large. Cochran's (1977)
formula was applied at a 95% confidence level and
5% margin of error, resulting in a minimum
sample size of 384 respondents.

A total of 450 questionnaires were distributed,
and 384 complete responses were retained for the
final analysis.

3.4 Sampling Technique

A purposive sampling technique was used to select
participants  with  relevant  knowledge or
professional experience in solar PV, renewable
energy, materials science, electrical engineering,
energy management, and energy policy. This
approach ensured that respondents possessed

sufficient technical or professional knowledge to
evaluate emerging photovoltaic technologies.

3.5 Data Collection Instrument

Data were collected wusing a structured
questionnaire consisting of two sections. The first
section covered demographic and professional
information, while the second measured the major
study constructs:

Advanced Functional Materials

Photovoltaic Performance

Environmental Adaptability

Technological Innovation

Economic Feasibility

Policy and Infrastructure Support

PV Technology Adoption

Sustainable Energy Generation

The items were measured using a five-point Likert
scale, ranging from 1 = Strongly Disagree to 5 =
Strongly Agree.

3.6 Pilot Testing

A pilot study was conducted with 30 renewable-
energy and engineering professionals who were
excluded from the final sample. The pilot test was
conducted to evaluate the clarity, relevance,
reliability, and suitability of the questionnaire.
Necessary modifications were made before the
main survey.

3.7 Validity and Reliability

Content validity was established through expert
review by specialists in renewable energy,
photovoltaic technology, materials science, and
energy policy. Construct validity was assessed
using factor analysis. Internal consistency was
evaluated using Cronbach's alpha and composite
reliability, with values above 0.70 considered

acceptable (Hair et al., 2019).

3.8 Data Analysis

The collected data were analyzed using SPSS and
SmartPLS. Descriptive statistics were used to
summarize the data, while reliability and validity
tests were conducted to establish the quality of the
measurement model.

Partial Least Squares Structural Equation

Modeling (PLS-SEM) was used to examine the
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relationships among advanced functional
materials, photovoltaic performance, economic
and environmental feasibility, technology
adoption, and sustainable energy generation.
Bootstrapping was applied to assess the
significance of the hypothesized relationships.

3.9 Ethical Considerations

Participation was voluntary, and respondents were
informed about the purpose of the study.

4.1 Response Rate
Table 1. Response Rate

Confidentiality and anonymity were maintained.
No commercially sensitive, proprietary, or
confidential technical information was requested
from participants.

4. Data Analysis and Results

Note: The numerical results below are illustrative
because no actual dataset was provided. They
should be replaced with the actual
SPSS/SmartPLS outputs before submission.

Description Frequency Percentage
Questionnaires distributed 450 100.0
Questionnaires returned 402 89.3
Incomplete responses 18 4.0
Usable responses 384 85.3

Of the 450 questionnaires distributed, 384 were
retained as complete and usable, producing an

4.2 Descriptive Statistics
Table 2. Descriptive Statistics

effective response rate of 85.3%, which was
considered adequate for further analysis.

Variable Mean SD
Advanced Functional Materials 3.89 0.68
Photovoltaic Performance 3.94 0.65
Environmental Adaptability 3.76 0.74
Technological Innovation 3.87 0.70
Economic Feasibility 3.71 0.79
Policy & Infrastructure Support 3.58 0.82
PV Technology Adoption 3.75 0.73
Sustainable Energy Generation 391 0.67

All variables recorded mean scores above 3.00.
Photovoltaic performance recorded the highest
mean (M = 3.94), indicating strong perceptions

4.3 Reliability and Convergent Validity
Table 3. Reliability and Validity Results

regarding the importance of technological
performance  for  sustainable  solar-energy
generation.

Construct Cronbach's Alpha Composite Reliability AVE
Advanced Functional Materials 0.89 0.92 0.70
Photovoltaic Performance 0.91 0.94 0.73
Environmental Adaptability 0.87 0.91 0.68
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Construct Cronbach's Alpha Composite Reliability AVE
Technological Innovation 0.90 0.93 0.72
Economic Feasibility 0.88 0.92 0.69
Policy & Infrastructure Support 0.86 0.90 0.65
PV Technology Adoption 0.90 0.93 0.71
Sustainable Energy Generation 0.92 0.95 0.76
All  reliability coefficients exceeded 0.70, values were greater than 0.50, confirming
indicating satisfactory internal consistency. AVE acceptable convergent validity (Hair et al., 2019).

4.4 Correlation Analysis
Table 4. Correlation Matrix

Variables 1 2 3 4 5 6 7 8
1. Functional Materials 1

2. PV Performance a1

3. Environmental Adaptability 58 .65 1

4. Technological Innovation 68* 747 617 1

5. Economic Feasibility S52FF 59 57 63 1

6. Policy & Infrastructure A49** 55 51%F  58*F 67 1

7. PV Adoption 60**.69**  .62%* 71 727 .68 1

8. Sustainable Energy Generation 47 76 6T 73 .65 61t 78 1

Note. **p <.01.

All variables demonstrated significant positive generation (r = .78), while photovoltaic
relationships. PV technology adoption had the performance also showed a strong positive
strongest relationship with sustainable energy relationship (r = .76).

4.5 Hypothesis Testing
Table 5. Structural Model Results

Hypothesis Relationship B twvalue p-value Decision
H1 Functional Materials — PV Performance 0.34 7.12 <.001 Supported
H2 PV Performance — Sustainable Energy Generation 0.27 5.46 <.001 Supported
H3 Environmental Adaptability — PV Performance 0.21 4.31 <.001 Supported
H4 Economic Feasibility — PV Adoption 0.25 5.08 <.001 Supported
H5 Technological Innovation — Sustainable Energy Generation 0.19 3.94 <.001 Supported
Hé6 Policy & Infrastructure — PV Adoption 0.22 4.57 <.001 Supported
H7 PV Adoption — Sustainable Energy Generation 0.48 10.26 <.001 Supported
All seven hypotheses were supported. PV influenced photovoltaic performance (B = .34),
technology adoption demonstrated the strongest while economic feasibility and
direct effect on sustainable energy generation (f3 = policy/infrastructure support significantly
48). Advanced functional materials significantly influenced PV adoption.
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4.6 Coefficient of Determination

Table 6. R? Values

Endogenous Variable R2 Interpretation

Photovoltaic Performance
PV Technology Adoption

Sustainable Energy Generation

0.58 Moderate
0.63 Substantial
0.72 Substantial

The model explained 58% of the variance in
photovoltaic performance, 63% of the variance in
PV technology adoption, and 72% of the variance
in sustainable energy generation. These results
indicated substantial explanatory power for the
proposed model.

4.7 Overall Interpretation

The findings indicated that advanced functional
materials, photovoltaic performance,
environmental adaptability, technological
innovation, economic feasibility, and policy
support were important factors in advancing
photovoltaic technology and sustainable energy
generation.

The strongest relationship was found between PV
technology adoption and sustainable energy
generation,  suggesting  that  technological
development alone is insufficient; successful
deployment and adoption are essential for
translating technological advances into practical
energy benefits.

Overall, the findings supported the proposed
framework and suggested that Pakistan's transition
toward sustainable solar energy would benefit
from  simultaneously  addressing  material
innovation, technological efficiency,
environmental suitability, affordability,
infrastructure, and supportive energy policies.

5. Discussion

The findings demonstrated that advanced
functional materials and photovoltaic
technologies can significantly contribute to
sustainable energy generation in Pakistan. All
seven hypotheses were supported, indicating that
technological =~ performance,  environmental
suitability, economic feasibility, innovation, policy
support, and technology adoption collectively
influence sustainable solar-energy development.

The significant relationship between advanced
functional materials and photovoltaic
performance (B = .34) indicated that
improvements in materials can enhance the
efficiency and functionality of solar cells.
Emerging materials such as perovskites, quantum
dots, nanostructures, and advanced thin films
provide opportunities to improve light absorption,
charge transport, and device efficiency (Correa-
Baena et al., 2017; Green et al., 2014).
Photovoltaic  performance also significantly
influenced sustainable energy generation. Higher
conversion efficiency and improved system
performance can increase electricity production
from available solar resources. This finding is
particularly relevant to Pakistan, where expanding
solar generation can contribute to energy
diversification and reduced dependence on
conventional energy sources.

The significant effect of environmental
adaptability on photovoltaic performance suggests
that PV technologies must be designed and
selected according to local climatic conditions.
High temperatures, dust, humidity, and soiling
can affect PV efficiency and long-term reliability.
Therefore, laboratory performance alone should
not determine technology selection for Pakistan.
Economic feasibility significantly influenced PV
technology adoption.  Although  emerging
technologies may offer higher efficiency, their
adoption depends on manufacturing costs,
installation costs, maintenance requirements, and
long-term  economic returns. This finding
highlights the importance of evaluating advanced
photovoltaic technologies from both technological
and economic perspectives.

The significant effect of policy and infrastructure
support on PV adoption further demonstrated
that technological innovation requires an enabling
environment. Grid infrastructure, investment
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incentives, research support, technology-transfer
mechanisms, and appropriate energy policies can
facilitate wider deployment of advanced PV
technologies.

The strongest relationship was observed between
PV technology adoption and sustainable energy
generation (B = .48). This indicates that
technological development alone does not
guarantee sustainable-energy benefits. Actual
deployment and adoption are necessary to
translate  scientific advances into practical
electricity generation.

Overall, the findings support Diffusion of
Innovations Theory, as technologies with greater
perceived advantages, economic feasibility,
compatibility ~with local conditions, and
supportive infrastructure are more likely to
achieve wider adoption (Rogers, 2003).

6. Conclusion

The study examined the potential of Advanced
Functional =~ Materials and  Photovoltaic
Technologies for Sustainable Energy Generation
in Pakistan. The findings confirmed that advanced

materials, photovoltaic performance,
environmental adaptability, technological
innovation, economic feasibility, and
policy/infrastructure support significantly

contributed to PV adoption and sustainable
energy generation.

The proposed model explained 72% of the
variance in sustainable energy generation,
demonstrating substantial explanatory power. PV
technology adoption showed the strongest direct
influence on sustainable energy generation,
emphasizing the importance of moving emerging
photovoltaic  technologies from laboratory
research toward practical deployment.

The study concludes that Pakistan can strengthen
its sustainable-energy transition by investing in
high-efficiency photovoltaic materials,
environmentally resilient PV systems, affordable
technologies, research and development, local
technical expertise, and supportive energy policies.

6.1 Theoretical Contribution
The study contributes to Diffusion of Innovations
Theory by demonstrating that technological

performance, economic feasibility, environmental
compatibility, and policy support can influence
the adoption of emerging photovoltaic
technologies.

6.2 Practical Implications

The findings suggest that Pakistan should:
Promote research on advanced PV materials,
particularly perovskite and tandem technologies.
Develop PV technologies suited to high-
temperature and dusty environments.

Encourage local manufacturing and technical
capacity.

Strengthen solar-grid infrastructure and energy-
storage systems.

Provide appropriate incentives for advanced PV
adoption.

Support university-industry collaboration in
photovoltaic research.

Evaluate PV technologies using efficiency, cost,
durability, and lifecycle sustainability rather than
efficiency alone.

6.3 Limitations and Future Research

The study was based on a cross-sectional survey
and therefore did not directly measure long-term
performance of individual PV technologies.
Future studies should incorporate experimental
PV data, field-performance measurements,
lifecycle assessment, techno-economic analysis,
and regional comparisons within Pakistan.

Future research could also investigate perovskite—
silicon tandem cells, quantum-dot photovoltaics,
flexible  solar  technologies, energy-storage
integration, and Al-based optimization of PV
systems.
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