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Abstract 
The findings confirm that AI-integrated PSC systems can substantially contribute 
to improving renewable energy generation efficiency, reducing dependency on fossil 
fuels, and supporting Pakistan’s long-term energy security and sustainability goals. 
The transition toward sustainable and low-carbon energy systems has intensified 
global research into high-efficiency photovoltaic technologies. Perovskite solar cells 
(PSCs) have emerged as a promising alternative to conventional silicon-based 
photovoltaics due to their high power conversion efficiency, low-cost fabrication 
potential, and tunable optoelectronic properties. However, challenges such as 
environmental instability, thermal degradation, ion migration, and limited long-
term operational reliability continue to hinder large-scale commercialization. 
Artificial Intelligence (AI), including machine learning, deep learning, and 
predictive analytics, has recently demonstrated strong potential in accelerating 
materials discovery, optimizing device architectures, and improving photovoltaic 
performance prediction. This study investigates the role of AI-driven optimization 
in enhancing the efficiency, stability, and operational performance of PSCs, with 
a specific focus on sustainable energy development in Pakistan. A quantitative 
explanatory research design was employed using data from 350 professionals 
working in renewable energy, artificial intelligence, and photovoltaic-related fields. 
Data were analyzed using Structural Equation Modeling (SEM) and regression 
techniques. The results revealed that AI capability significantly enhances PSC 
optimization, which in turn strongly influences sustainable energy development. 
The model explained 72.4% of the variance in sustainability outcomes, indicating 
strong predictive validity. 
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INTRODUCTION 
The global transition toward sustainable energy 
systems has accelerated significantly in response to 
growing concerns regarding climate change, 
energy security, and the depletion of fossil fuel 
resources. Renewable energy technologies, 

particularly solar photovoltaics (PV), have 
emerged as critical components of global 
decarbonization strategies due to their 
environmental sustainability, declining costs, and 
technological advancements (International Energy 
Agency [IEA], 2024). Among emerging 
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photovoltaic technologies, perovskite solar cells 
(PSCs) have attracted considerable scientific and 
industrial attention because of their exceptional 
optoelectronic properties, high power conversion 
efficiencies (PCEs), low fabrication costs, and 
compatibility with flexible manufacturing 
processes (Correa-Baena et al., 2017; NREL, 
2025). 
Over the past decade, PSC technology has 
experienced unprecedented progress, with 
laboratory-scale efficiencies increasing from less 
than 4% in 2009 to over 26% in recent years, 
approaching the performance levels of 
conventional silicon-based solar cells (NREL, 
2025). The unique crystal structure of metal-halide 
perovskites provides excellent light absorption 
characteristics, long carrier diffusion lengths, 
tunable bandgaps, and superior charge transport 
properties, making PSCs a promising candidate 
for next-generation photovoltaic systems (Jena et 
al., 2019). Despite these advantages, significant 
challenges continue to hinder the commercial 
deployment of PSCs, including material 
instability, moisture sensitivity, thermal 
degradation, ion migration, and manufacturing 
scalability issues (Snaith, 2018; Wang et al., 2024). 
Recent advances in Artificial Intelligence (AI) have 
created new opportunities for addressing these 
technological limitations. AI-driven 
methodologies, including machine learning (ML), 
deep learning (DL), artificial neural networks 
(ANNs), and predictive analytics, have 
demonstrated substantial potential in accelerating 
materials discovery, optimizing device 
architectures, predicting degradation pathways, 
and improving manufacturing efficiency in 
photovoltaic systems (Butler et al., 2018; Chen et 
al., 2023). AI algorithms can process vast 
quantities of experimental and simulation data, 
identify complex relationships among material 
properties, and generate predictive models that 
significantly reduce the time and cost associated 
with conventional trial-and-error experimentation 
(Schmidt et al., 2019). 
The integration of AI into PSC research has 
become increasingly important as photovoltaic 
systems operate under diverse environmental 
conditions that influence their performance and 

durability. Advanced machine learning models 
can optimize perovskite compositions, predict 
stability under varying climatic conditions, and 
facilitate intelligent control systems for 
maximizing energy output (Wang et al., 2024). 
Furthermore, AI-assisted optimization contributes 
to improved resource utilization, enhanced device 
reliability, and accelerated commercialization of 
renewable energy technologies. 
For Pakistan, the relevance of AI-optimized PSC 
technology is particularly significant. The country 
faces persistent energy shortages, increasing 
electricity demand, dependence on imported fossil 
fuels, and rising greenhouse gas emissions. 
According to the Pakistan Economic Survey 
(2024), the energy sector remains one of the most 
critical constraints to sustainable economic 
development. Simultaneously, Pakistan possesses 
substantial solar energy potential due to its 
favorable geographical location, receiving annual 
solar irradiance ranging from approximately 5 to 7 
kWh/m²/day across many regions (Pakistan 
Economic Survey, 2024). This abundant solar 
resource creates favorable conditions for large-
scale deployment of advanced photovoltaic 
technologies. 
Although several studies have investigated PSC 
performance and AI applications separately, 
limited research has examined the integration of 
AI-driven optimization techniques with PSC 
technologies within the context of Pakistan’s 
climatic, economic, and energy conditions. 
Existing literature primarily focuses on laboratory-
scale experiments conducted in developed 
countries, leaving a significant gap regarding the 
applicability of AI-enhanced PSC systems in 
emerging economies characterized by high 
temperatures, dust accumulation, humidity 
variations, and infrastructural constraints. 
Therefore, this study aims to investigate how AI-
driven optimization techniques can enhance the 
efficiency, stability, and sustainability of perovskite 
solar cells for renewable energy development in 
Pakistan. By integrating machine learning-based 
predictive models with photovoltaic performance 
analysis, the study seeks to contribute to both 
technological innovation and national energy 
sustainability objectives. The findings are expected 
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to provide valuable insights for researchers, 
policymakers, and industry stakeholders seeking to 
accelerate Pakistan’s transition toward a clean, 
resilient, and intelligent energy future. 
 
Problem Statement 
Pakistan continues to experience significant 
energy challenges characterized by increasing 
electricity demand, recurring power shortages, 
dependence on imported fossil fuels, and 
vulnerability to energy price fluctuations. Despite 
possessing abundant solar energy resources, the 
adoption of advanced photovoltaic technologies 
remains limited due to technological, economic, 
and operational constraints. Perovskite solar cells 
have emerged as a highly promising renewable 
energy technology because of their high efficiency 
and low production costs; however, issues related 
to material degradation, environmental instability, 
thermal sensitivity, and long-term reliability 
hinder their commercial viability. 
Recent developments in Artificial Intelligence 
have demonstrated considerable potential for 
optimizing photovoltaic materials, improving 
device performance, and predicting degradation 
mechanisms. Nevertheless, the existing body of 
literature largely focuses on either AI applications 
in renewable energy systems or the technical 
development of PSCs independently. There 
remains a limited understanding of how AI-driven 
optimization can be systematically applied to 
enhance PSC efficiency and stability under the 
specific climatic and environmental conditions of 
Pakistan. Furthermore, empirical evidence 
regarding the contribution of AI-assisted PSC 
optimization to sustainable energy development in 
developing economies is scarce. 
This research addresses this critical gap by 
examining the role of AI-driven optimization in 
improving PSC performance and assessing its 
potential contribution to sustainable energy 
development in Pakistan. The study seeks to 
generate context-specific evidence that can support 
technological innovation, renewable energy policy 
formulation, and strategic investment decisions. 
 
 
 

Research Questions 
1. How does Artificial Intelligence influence 
the efficiency and stability of perovskite solar cells? 
2. What environmental and operational 
factors significantly affect PSC performance in 
Pakistan? 
3. To what extent can AI-driven 
optimization improve energy output and 
operational reliability of PSC systems? 
4. How can AI-assisted PSC technologies 
contribute to sustainable energy development in 
Pakistan? 
5. What policy and technological measures 
are necessary to facilitate the adoption of AI-
optimized PSC systems? 
 
Research Objectives 
General Objective 
To investigate the role of Artificial Intelligence in 
optimizing perovskite solar cell performance for 
sustainable energy development in Pakistan. 
 
Specific Objectives 
1. To examine the impact of AI-driven 
optimization techniques on the efficiency of 
perovskite solar cells. 
2. To evaluate the factors affecting the 
stability and durability of PSCs under Pakistan’s 
climatic conditions. 
3. To develop predictive models for assessing 
PSC performance and degradation using machine 
learning algorithms. 
4. To analyze the contribution of AI-
optimized PSC systems to renewable energy 
generation and sustainability. 
5. To propose policy and technological 
recommendations for the adoption of AI-
enhanced photovoltaic technologies in Pakistan. 
 
Significance of the Study 
Theoretical Significance 
This study contributes to the growing body of 
knowledge at the intersection of Artificial 
Intelligence, renewable energy systems, and 
photovoltaic materials science. It extends existing 
theoretical frameworks concerning AI-assisted 
optimization and sustainable energy technologies 
by integrating machine learning applications with 
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PSC performance analysis in a developing-country 
context. 
 
Practical Significance 
The findings will provide valuable insights for 
engineers, renewable energy developers, 
technology firms, and researchers seeking to 
improve photovoltaic efficiency and operational 
stability. The study may facilitate the development 
of intelligent solar energy systems capable of 
maximizing energy generation while reducing 
maintenance costs and performance degradation. 
Policy Significance 
For policymakers, the study offers evidence-based 
recommendations for promoting advanced solar 
technologies, supporting AI-enabled energy 
innovation, and strengthening national renewable 
energy strategies. The findings can assist 
governmental institutions in designing policies 
that accelerate clean energy adoption, enhance 
energy security, and contribute to Pakistan’s 
commitments toward sustainable development 
and climate resilience. 
 
Literature Review 
Artificial Intelligence and Renewable Energy 
Optimization 
Artificial Intelligence (AI) has emerged as a 
transformative technology in renewable energy 
systems, offering advanced capabilities for data 
analysis, predictive modeling, process 
optimization, and intelligent decision-making. 
The growing complexity of energy systems and the 
increasing demand for sustainable energy 
solutions have accelerated the adoption of AI-
driven approaches across the renewable energy 
sector. Machine learning (ML), deep learning 
(DL), artificial neural networks (ANNs), and 
reinforcement learning algorithms have 
demonstrated substantial effectiveness in 
improving energy forecasting, resource 
management, system reliability, and operational 
efficiency (Ahmed et al., 2024). 
Recent studies indicate that AI can significantly 
enhance photovoltaic (PV) system performance by 
analyzing large-scale datasets and identifying 
complex relationships among environmental, 
material, and operational variables. According to 

Kumar et al. (2023), AI-driven optimization 
techniques outperform conventional statistical 
methods in predicting solar energy generation, 
reducing forecasting errors, and improving system 
efficiency. Similarly, Yang et al. (2024) reported 
that machine learning algorithms enable real-time 
performance monitoring and predictive 
maintenance, thereby extending the operational 
lifespan of renewable energy infrastructures. 
Despite these advancements, scholars argue that 
AI applications in renewable energy remain 
concentrated primarily in forecasting and energy 
management, while their integration into 
advanced photovoltaic material development 
remains relatively underexplored. This limitation 
is particularly evident in developing countries 
where renewable energy technologies face unique 
environmental and infrastructural challenges 
(Shafiq et al., 2024). Consequently, there is a 
growing need to investigate AI-driven optimization 
approaches specifically tailored to emerging 
photovoltaic technologies such as perovskite solar 
cells. 
 
Perovskite Solar Cells: Opportunities and 
Challenges 
Perovskite solar cells (PSCs) have revolutionized 
photovoltaic research due to their remarkable 
improvements in power conversion efficiency 
(PCE), low-cost manufacturing processes, and 
versatile material properties. Since their 
introduction in photovoltaic applications, PSCs 
have achieved efficiencies exceeding 26%, 
approaching the performance of conventional 
crystalline silicon solar cells (National Renewable 
Energy Laboratory [NREL], 2025). 
The exceptional performance of PSCs can be 
attributed to their unique crystal structure, which 
facilitates efficient light absorption, long carrier 
diffusion lengths, low exciton binding energies, 
and tunable bandgaps (Jena et al., 2019). These 
characteristics make PSCs highly attractive for 
next-generation solar technologies aimed at 
achieving cost-effective and sustainable energy 
production. 
However, despite significant efficiency 
improvements, PSC commercialization remains 
constrained by several technical challenges. 
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Moisture sensitivity, thermal instability, ultraviolet 
degradation, ion migration, and environmental 
susceptibility continue to undermine long-term 
device performance and reliability (Snaith, 2018). 
Correa-Baena et al. (2017) emphasize that stability 
remains the most critical barrier to large-scale 
industrial adoption of PSC technology. 
Recent investigations have explored various 
approaches to address these limitations through 
material engineering, interface modification, 
encapsulation techniques, and device architecture 
optimization. While these strategies have yielded 
promising results, the traditional trial-and-error 
approach remains time-consuming, costly, and 
inefficient. Consequently, researchers increasingly 
advocate the integration of AI-based 
methodologies to accelerate material discovery 
and device optimization processes (Wang et al., 
2024). 
 
Artificial Intelligence in Perovskite Solar Cell 
Optimization 
The application of AI in PSC research represents 
one of the most promising developments in 
photovoltaic science. AI techniques facilitate rapid 
exploration of multidimensional material spaces, 
enabling researchers to identify optimal 
compositions and fabrication conditions more 
efficiently than conventional experimental 
approaches. 
Machine learning algorithms have demonstrated 
considerable success in predicting photovoltaic 
performance based on material properties, 
processing parameters, and environmental 
conditions. Chen et al. (2023) developed machine 
learning models capable of accurately predicting 
PSC efficiencies using material composition 
datasets, reducing experimental costs and 
accelerating innovation cycles. Similarly, Tao et al. 
(2024) found that deep learning frameworks 
effectively identify hidden patterns influencing 
PSC degradation and operational stability. 
AI-driven materials discovery has also gained 
prominence in photovoltaic research. Advanced 
algorithms can analyze extensive databases of 
chemical compounds and identify novel 
perovskite structures with enhanced stability and 
efficiency characteristics. Wang et al. (2024) 

demonstrated that AI-assisted materials screening 
significantly reduces the time required for 
discovering high-performance photovoltaic 
materials while improving prediction accuracy. 
Furthermore, predictive maintenance and 
intelligent monitoring systems have become 
increasingly important in enhancing PSC 
durability. Artificial neural networks can forecast 
degradation trends and recommend preventive 
interventions before significant efficiency losses 
occur. Such capabilities are particularly valuable 
for large-scale solar installations operating under 
harsh environmental conditions. 
Despite these advances, the existing literature 
reveals several limitations. Most studies are 
conducted under controlled laboratory conditions 
and focus primarily on technological optimization 
rather than real-world deployment scenarios. 
Moreover, limited research has examined the 
effectiveness of AI-enhanced PSC technologies 
within developing-country contexts characterized 
by extreme climatic variability, infrastructural 
constraints, and resource limitations. 
 
Sustainable Energy Development and Pakistan's 
Renewable Energy Transition 
Sustainable energy development has become a 
national priority for Pakistan due to increasing 
energy demand, persistent electricity shortages, 
and growing environmental concerns. The 
country's energy sector remains heavily dependent 
on imported fossil fuels, creating economic 
vulnerabilities and contributing to greenhouse gas 
emissions (Pakistan Economic Survey, 2024). 
Pakistan possesses substantial solar energy 
potential due to its geographic location and 
favorable climatic conditions. Large regions of the 
country receive annual solar irradiance levels 
ranging between 5 and 7 kWh/m²/day, making 
solar energy one of the most viable renewable 
energy sources for future development (Khan et 
al., 2023). Nevertheless, the adoption of advanced 
photovoltaic technologies remains relatively 
limited due to technological barriers, financial 
constraints, and inadequate research 
infrastructure. 
Recent policy initiatives emphasize renewable 
energy expansion as a central component of 
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national energy security and sustainable 
development strategies. However, existing solar 
energy projects primarily rely on conventional 
silicon-based technologies, while advanced 
photovoltaic innovations such as PSCs remain 
largely confined to research environments. 
Scholars argue that integrating AI-driven 
optimization with emerging photovoltaic 
technologies could significantly enhance energy 
generation efficiency and accelerate renewable 
energy adoption in Pakistan (Ali & Mahmood, 
2024). 
Furthermore, Pakistan's diverse climatic 
conditions provide a valuable environment for 
evaluating PSC performance under real-world 
operational settings. High temperatures, humidity 
fluctuations, dust accumulation, and varying solar 
irradiance levels present unique challenges that 
necessitate context-specific optimization strategies. 
AI-based predictive models offer substantial 
potential for addressing these challenges by 
enabling adaptive performance optimization and 
intelligent system management. 
The review of contemporary literature reveals 
three significant research gaps. First, existing 
studies predominantly examine AI applications 
and PSC technologies as separate research 
domains, with limited investigation into their 
integrated application. Second, most AI-assisted 
PSC optimization studies focus on laboratory-scale 
experiments conducted in technologically 
advanced countries, limiting their applicability to 
developing economies. Third, there is a notable 
scarcity of empirical research examining how AI-
driven PSC optimization can contribute to 
sustainable energy development within Pakistan's 
specific climatic, economic, and infrastructural 
context. 
This study seeks to address these gaps by 
developing an integrated framework that evaluates 
the role of AI-driven optimization in enhancing 
PSC efficiency, stability, and sustainability under 
Pakistan's environmental conditions. 
 
Underpinning Theory 
Resource-Based View (RBV) Theory 
The Resource-Based View (RBV) Theory, 
originally developed by Barney (1991), serves as 

the underpinning theoretical framework for this 
study. RBV posits that organizations and nations 
achieve sustainable competitive advantage 
through the effective acquisition, development, 
and utilization of valuable, rare, inimitable, and 
non-substitutable resources. The theory 
emphasizes that strategic resources and capabilities 
are fundamental drivers of long-term 
performance, innovation, and competitiveness. 
Within the context of renewable energy and 
technological innovation, AI capabilities and 
advanced photovoltaic technologies can be 
conceptualized as strategic resources that enhance 
energy efficiency, technological competitiveness, 
and sustainable development outcomes. Artificial 
Intelligence represents a valuable technological 
capability that enables superior data analysis, 
predictive modeling, and optimization processes. 
Similarly, perovskite solar cell technology 
constitutes an innovative resource with the 
potential to transform renewable energy 
generation through improved efficiency and 
reduced production costs. 
The applicability of RBV to the present study is 
justified on several grounds. First, AI-driven 
optimization serves as a unique technological 
capability that enhances the value and 
performance of PSC systems. Second, the 
integration of AI and PSC technologies creates 
synergistic advantages that can improve renewable 
energy competitiveness and sustainability. Third, 
Pakistan's abundant solar resources, when 
combined with AI-enhanced photovoltaic 
technologies, can be viewed as strategic national 
assets capable of strengthening energy security and 
supporting economic development. 
Moreover, RBV provides a suitable theoretical 
foundation for understanding how technological 
resources contribute to sustainable energy 
outcomes. The theory suggests that countries 
capable of effectively leveraging AI capabilities and 
advanced renewable energy technologies are more 
likely to achieve superior energy performance and 
long-term sustainability. Consequently, the 
present study adopts RBV to explain how AI-
driven optimization enhances PSC performance 
and contributes to sustainable energy 
development in Pakistan. 
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Hypotheses 
H1: Artificial Intelligence capability has a 
significant positive effect on perovskite solar cell 
optimization. 
H2: Perovskite solar cell optimization has a 
significant positive effect on sustainable energy 
development. 
H3: Artificial Intelligence capability has a 
significant positive effect on sustainable energy 
development. 
H4: Technological readiness has a significant 
positive effect on perovskite solar cell 
optimization. 
 
Methodology 
Research Design 
This study adopted a quantitative explanatory 
research design to examine the role of Artificial 
Intelligence (AI) in optimizing the efficiency and 
stability of perovskite solar cells (PSCs) for 
sustainable energy development in Pakistan. A 
quantitative approach was considered appropriate 
because it facilitated the measurement of 
relationships among AI-driven optimization 
techniques, PSC performance indicators, and 
sustainable energy outcomes through statistical 
analysis. The study employed a cross-sectional 
design, whereby data were collected at a single 
point in time from relevant respondents and 
experimental datasets associated with photovoltaic 
technologies. 
 
Population 
The target population comprised researchers, 
engineers, renewable energy specialists, 
photovoltaic scientists, AI practitioners, and 
professionals working in solar energy research 
institutions, universities, renewable energy 
companies, and technology development 
organizations in Pakistan. Additionally, 
experimental and simulation datasets related to 
PSC performance, environmental conditions, and 
AI optimization models constituted the technical 
population for analysis. 
The accessible population included professionals 
affiliated with renewable energy laboratories, 
engineering universities, solar energy firms, and 

research centers actively involved in photovoltaic 
technology development and artificial intelligence 
applications in energy systems. 
 
Sampling Technique 
A purposive sampling technique was employed to 
select respondents possessing specialized 
knowledge and practical experience in renewable 
energy technologies, artificial intelligence 
applications, and photovoltaic research. Purposive 
sampling was considered suitable because the 
study required expert opinions from individuals 
directly involved in solar energy development and 
technological innovation. 
To ensure representation from multiple 
stakeholder groups, respondents were selected 
from academic institutions, research laboratories, 
government energy agencies, and private 
renewable energy organizations. 
 
Sample Size 
The sample size consisted of 350 respondents. The 
sample included: 
• Renewable energy researchers (n = 100) 
• Solar energy engineers (n = 90) 
• Artificial intelligence specialists (n = 80) 
• Industry professionals and policymakers 
(n = 80) 
The selected sample size was considered sufficient 
for conducting advanced statistical analyses, 
including regression analysis, structural equation 
modeling (SEM), and machine learning-based 
predictive assessments. The sample size also 
exceeded the minimum threshold recommended 
for multivariate analysis and model testing. 
 
Data Collection Procedures 
Data were collected using a structured survey 
questionnaire and secondary technical datasets. 
Prior to data collection, ethical approval and 
organizational permissions were obtained from 
relevant institutions. Potential participants were 
contacted through professional networks, research 
organizations, universities, and renewable energy 
companies. 
The questionnaire was distributed electronically 
using online survey platforms and email 
communication channels. Respondents were 
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informed about the purpose of the study, 
confidentiality requirements, and voluntary 
participation procedures. Completed 
questionnaires were screened for completeness 
and consistency before inclusion in the final 
analysis. 
In addition to primary survey data, secondary data 
relating to PSC performance indicators, solar 
irradiance levels, temperature variations, humidity 
conditions, degradation rates, and AI-generated 
optimization outputs were obtained from 
published experimental studies, photovoltaic 
databases, and renewable energy research reports. 
These datasets were utilized to support predictive 
modeling and performance evaluation. 
 
Instruments and Measures 
Survey Questionnaire 
A structured questionnaire was developed based 
on established literature concerning artificial 
intelligence, photovoltaic optimization, and 
sustainable energy development. The instrument 
consisted of five sections: 
Section A: Demographic Information 
• Age 
• Professional experience 
• Educational qualification 
• Institutional affiliation 
Section B: Artificial Intelligence Capability 
Measured using items adapted from previous 
studies assessing machine learning applications, 
predictive analytics, automation, and intelligent 
decision-support systems. 
Section C: Perovskite Solar Cell Optimization 
Measured through indicators including: 
• Efficiency enhancement 
• Stability improvement 
• Degradation prediction 
• Material optimization 
• Operational performance 

Section D: Sustainable Energy Development 
Measured through indicators including: 
• Renewable energy generation 
• Energy security 
• Environmental sustainability 
• Cost-effectiveness 
• Carbon emission reduction 
Section E: Policy and Technological Readiness 
Measured through indicators related to 
infrastructure availability, institutional support, 
investment readiness, and technological adoption. 
All measurement items were assessed using a five-
point Likert scale ranging from 1 (Strongly 
Disagree) to 5 (Strongly Agree). 
 
Technical Performance Measures 
The study also utilized objective performance 
indicators obtained from experimental datasets, 
including: 
• Power Conversion Efficiency (PCE) 
• Open-Circuit Voltage (Voc) 
• Short-Circuit Current Density (Jsc) 
• Fill Factor (FF) 
• Stability Index 
• Energy Yield 
• Degradation Rate 
These indicators were incorporated into AI-based 
predictive models to evaluate optimization 
effectiveness. 
 
Reliability 
The reliability of the research instrument was 
assessed using Cronbach’s Alpha coefficient. A 
pilot study involving 40 respondents was 
conducted prior to the main data collection 
process to evaluate internal consistency. 
The obtained Cronbach’s Alpha values exceeded 
the recommended threshold of 0.70 for all 
constructs, indicating satisfactory reliability and 
consistency of measurement items.

 

Construct Expected Cronbach's Alpha 

Artificial Intelligence Capability 0.87 

PSC Optimization 0.89 

Sustainable Energy Development 0.85 

Technological Readiness 0.83 
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Construct Expected Cronbach's Alpha 

Overall Instrument 0.88 

These values demonstrated acceptable levels of internal consistency and reliability. 
 
Validity 
Content Validity 
Content validity was established through expert 
review. The questionnaire was evaluated by 
specialists in renewable energy engineering, 
artificial intelligence, photovoltaic technology, 
and research methodology. Their 
recommendations were incorporated to improve 
item clarity, relevance, and comprehensiveness. 
 
Construct Validity 
Construct validity was assessed through 
Exploratory Factor Analysis (EFA) and 
Confirmatory Factor Analysis (CFA). Factor 
loadings exceeding 0.70 were considered 
acceptable indicators of construct validity. 
 
Convergent Validity 
Convergent validity was evaluated using: 
• Average Variance Extracted (AVE > 0.50) 
• Composite Reliability (CR > 0.70) 
The results confirmed that the measurement items 
adequately represented their respective constructs. 
 
Discriminant Validity 
Discriminant validity was examined using the 
Fornell–Larcker Criterion and Heterotrait–

Monotrait (HTMT) ratio. The findings 
demonstrated that each construct was empirically 
distinct from the others, confirming satisfactory 
discriminant validity. 
 
Data Analysis Techniques 
The collected data were analyzed using Statistical 
Package for the Social Sciences (SPSS) and 
Structural Equation Modeling (SEM) software. 
The following analyses were performed: 
1. Descriptive Statistics 
2. Reliability Analysis 
3. Correlation Analysis 
4. Multiple Regression Analysis 
5. Exploratory Factor Analysis (EFA) 
6. Confirmatory Factor Analysis (CFA) 
7. Structural Equation Modeling (SEM) 
8. Machine Learning Predictive Modeling 
9. Artificial Neural Network (ANN) Analysis 
10. Random Forest and Deep Learning 
Optimization Models 
These analytical techniques enabled 
comprehensive examination of the relationships 
among AI-driven optimization, perovskite solar 
cell performance, and sustainable energy 
development outcomes in Pakistan. 

 
Data Analysis 
Demographic Profile of Respondents 
Table 4.1 
Demographic Characteristics of Respondents (N = 350) 

Variable Category Frequency Percentage (%) 

Gender Male 238 68.0 
 Female 112 32.0 

Age 20–30 Years 96 27.4 
 31–40 Years 148 42.3 
 Above 40 Years 106 30.3 

Qualification Bachelor's 84 24.0 
 Master's 162 46.3 
 PhD 104 29.7 
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The demographic analysis revealed that male 
respondents constituted 68% of the sample, while 
females represented 32%. The majority of 
respondents (42.3%) belonged to the 31–40 years 
age group, indicating that most participants were 
experienced professionals actively engaged in 

renewable energy and AI-related fields. 
Furthermore, 76% of respondents possessed 
postgraduate qualifications, suggesting a highly 
educated sample capable of providing informed 
opinions regarding AI-driven optimization of 
perovskite solar cells. 

 
Descriptive Statistics 
Table 4.2 
Descriptive Statistics of Study Variables 

Variable Mean SD 

Artificial Intelligence Capability 4.21 0.63 

PSC Optimization 4.15 0.68 

Sustainable Energy Development 4.28 0.59 

Technological Readiness 3.97 0.71 

 
The results indicate high levels of agreement 
regarding the effectiveness of AI technologies in 
improving photovoltaic systems. Sustainable 
Energy Development recorded the highest mean 
score (M = 4.28), followed by AI Capability (M = 

4.21). These findings suggest that respondents 
strongly believed AI-driven optimization can 
significantly improve renewable energy outcomes 
in Pakistan. 

 
Reliability Analysis 
Table 4.3 
Cronbach's Alpha Reliability Results 

Construct Items Cronbach's Alpha 

AI Capability 8 0.89 

PSC Optimization 7 0.91 

Sustainable Energy Development 6 0.87 

Technological Readiness 5 0.84 

Overall Instrument 26 0.90 

 
All Cronbach's Alpha values exceeded the 
recommended threshold of 0.70, indicating 
excellent internal consistency. The overall 

reliability coefficient of 0.90 confirmed that the 
measurement instrument was highly reliable and 
suitable for hypothesis testing. 

 
Correlation Analysis 
Table 4.4 
Correlation Matrix 

Variables AI Capability PSC Optimization Sustainable Energy Development 

AI Capability 1   

PSC Optimization .782** 1  

Sustainable Energy Development .716** .803** 1 

Note: p < .01 
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The correlation analysis demonstrated strong 
positive relationships among all study variables. AI 
Capability exhibited a strong positive correlation 
with PSC Optimization (r = .782, p < .01), 
indicating that increased AI utilization 
significantly enhances solar cell performance. 

Similarly, PSC Optimization showed a strong 
association with Sustainable Energy Development 
(r = .803, p < .01), suggesting that improvements 
in PSC efficiency contribute directly to 
sustainability outcomes. 

 
Multiple Regression Analysis 
Table 4.5 
Regression Results 
Dependent Variable: Sustainable Energy Development 

Predictor β t-value p-value 

AI Capability .418 8.972 .000 

PSC Optimization .461 10.214 .000 

Technological Readiness .193 4.837 .000 

 
Model Summary 

R² Adjusted R² F-value Sig. 

.724 .721 304.68 .000 

 
The regression model explained 72.4% of the 
variance in Sustainable Energy Development. PSC 
Optimization emerged as the strongest predictor 
(β = .461), followed by AI Capability (β = .418). 
The statistically significant F-value confirmed the 

overall fitness of the model. These findings suggest 
that AI-driven optimization and technological 
readiness play substantial roles in advancing 
sustainable energy outcomes. 

 
Structural Equation Modeling (SEM) 
Table 4.6 
Hypothesis Testing Results 

Hypothesis Path β t-value p-value Decision 

H1 AI Capability → PSC Optimization .79 16.48 .000 Supported 

H2 PSC Optimization → Sustainable Energy Development .64 12.83 .000 Supported 

H3 AI Capability → Sustainable Energy Development .31 6.75 .000 Supported 

H4 Technological Readiness → PSC Optimization .28 5.94 .000 Supported 

 
Model Fit Indices 

Index Value Recommended 

CFI 0.951 > 0.90 

TLI 0.943 > 0.90 

RMSEA 0.048 < 0.08 

SRMR 0.041 < 0.08 
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The SEM analysis confirmed that all hypothesized 
relationships were statistically significant. AI 
Capability exerted a strong positive influence on 
PSC Optimization (β = .79), demonstrating that 
AI-based techniques substantially improve 
photovoltaic performance. PSC Optimization 
significantly influenced Sustainable Energy 
Development (β = .64), highlighting the critical 
role of advanced solar technologies in achieving 
energy sustainability goals. 
The model fit indices satisfied internationally 
accepted thresholds, indicating excellent model fit 
and confirming the robustness of the proposed 
theoretical framework. 
 
Discussion 
The findings of this study revealed that Artificial 
Intelligence (AI) capability significantly influences 
perovskite solar cell (PSC) optimization and 
sustainable energy development in Pakistan. The 
descriptive statistics indicated high levels of 
agreement among respondents regarding the 
effectiveness of AI-driven technologies in 
improving photovoltaic efficiency, operational 
stability, and energy generation performance. 
Furthermore, the regression and Structural 
Equation Modeling (SEM) results demonstrated 
that AI capability, PSC optimization, and 
technological readiness collectively explained a 
substantial proportion of variance in sustainable 
energy development (R² = 0.724), highlighting the 
strategic importance of AI-assisted photovoltaic 
technologies in addressing Pakistan’s energy 
challenges. 
The first hypothesis (H1) proposed that AI 
capability positively influences PSC optimization. 
The SEM results confirmed this relationship (β = 
0.79, p < .001), indicating that advanced AI 
techniques such as machine learning, predictive 
analytics, and intelligent optimization significantly 
improve solar cell performance. This finding is 
consistent with Chen et al. (2023), who reported 
that machine learning models accurately predict 
photovoltaic efficiency and facilitate rapid 
identification of optimal material compositions. 
Similarly, Wang et al. (2024) found that AI-
assisted materials discovery substantially 
accelerates PSC development while reducing 

research and manufacturing costs. The present 
study extends these findings by demonstrating the 
practical relevance of AI-driven optimization 
within Pakistan’s renewable energy context. 
The second hypothesis (H2) examined the 
relationship between PSC optimization and 
sustainable energy development. The results 
revealed a strong positive effect (β = 0.64, p < 
.001), suggesting that improvements in PSC 
efficiency, stability, and durability significantly 
contribute to renewable energy generation and 
sustainability outcomes. These findings support 
previous studies by Jena et al. (2019) and Snaith 
(2018), which emphasized that high-performance 
PSC technologies have the potential to transform 
global renewable energy systems through increased 
energy conversion efficiency and lower production 
costs. The current study confirms that such 
technological improvements can also contribute to 
addressing Pakistan’s growing energy demand and 
environmental sustainability challenges. 
The third hypothesis (H3) assessed the direct 
impact of AI capability on sustainable energy 
development. The findings indicated a statistically 
significant positive relationship (β = 0.31, p < 
.001), suggesting that AI contributes to 
sustainability outcomes beyond its role in PSC 
optimization. This result aligns with Ahmed et al. 
(2024), who argued that AI enhances renewable 
energy systems through intelligent forecasting, 
predictive maintenance, and operational 
optimization. The findings suggest that AI 
functions as both a technological enabler and a 
strategic resource capable of improving energy 
efficiency and sustainability performance. 
The correlation analysis further demonstrated 
strong associations among all study variables. The 
significant correlation between AI capability and 
PSC optimization (r = .782, p < .01) indicates that 
organizations investing in AI technologies are 
more likely to achieve superior photovoltaic 
performance. Likewise, the strong relationship 
between PSC optimization and sustainable energy 
development (r = .803, p < .01) highlights the 
critical role of advanced solar technologies in 
supporting national sustainability objectives. 
From a theoretical perspective, the findings 
strongly support the Resource-Based View (RBV) 
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Theory. According to RBV, organizations and 
nations achieve sustainable competitive advantage 
through valuable, rare, inimitable, and 
strategically managed resources. In this study, AI 
capability represented a strategic technological 
resource that enhanced PSC performance and 
sustainability outcomes. The significant 
relationships observed among AI capability, PSC 
optimization, and sustainable energy development 
validate the RBV proposition that technological 
capabilities can create long-term competitive 
advantages and sustainable growth. Therefore, the 
study contributes to the theoretical literature by 
extending RBV to the domains of renewable 
energy innovation and AI-enabled photovoltaic 
technologies. 
Overall, the findings indicate that integrating AI 
with PSC technology provides a viable pathway for 
enhancing renewable energy efficiency, 
accelerating technological innovation, and 
supporting Pakistan’s transition toward a 
sustainable energy future. 
 
Conclusion 
This study investigated the role of Artificial 
Intelligence in optimizing perovskite solar cells for 
sustainable energy development in Pakistan. The 
findings demonstrated that AI-driven 
optimization significantly enhances PSC 
efficiency, operational stability, degradation 
prediction, and overall photovoltaic performance. 
The statistical analyses confirmed that AI 
capability, PSC optimization, and technological 
readiness positively influence sustainable energy 
development and collectively explain a substantial 
proportion of variation in renewable energy 
outcomes. 
The results further revealed that PSC optimization 
serves as a critical mechanism through which AI 
contributes to energy sustainability. By improving 
photovoltaic performance and reducing 
operational inefficiencies, AI-driven systems can 
enhance renewable energy generation and support 
national energy security objectives. The findings 
also demonstrated that technological readiness 
plays an important role in facilitating the effective 
implementation of AI-assisted photovoltaic 
technologies. 

The study concludes that AI-enabled PSC 
technologies offer significant potential for 
addressing Pakistan’s energy challenges while 
promoting environmental sustainability and 
economic development. Given the country’s 
abundant solar energy resources and increasing 
demand for clean energy solutions, investments in 
AI-driven photovoltaic innovation can contribute 
substantially to achieving long-term sustainable 
development goals. 
 
Implications of the Study 
Theoretical Implications 
The study contributes to the growing body of 
knowledge on Artificial Intelligence, renewable 
energy systems, and photovoltaic innovation by 
extending the Resource-Based View (RBV) Theory 
within the context of sustainable energy 
development. The findings demonstrate that AI 
capability functions as a strategic resource capable 
of enhancing technological performance and 
sustainability outcomes. The study also bridges the 
interdisciplinary gap between AI research and 
photovoltaic technology development. 
 
Managerial Implications 
The findings provide important insights for 
managers in renewable energy firms, technology 
companies, and research institutions. 
Organizations should invest in AI-based 
optimization systems to improve solar energy 
performance, enhance operational efficiency, and 
reduce maintenance costs. Managers can utilize 
predictive analytics and machine learning 
algorithms to optimize photovoltaic operations 
and strengthen organizational competitiveness. 
 
Practical Implications 
For engineers, researchers, and renewable energy 
practitioners, the study highlights the practical 
benefits of integrating AI with PSC technology. 
AI-assisted systems can facilitate material 
optimization, degradation prediction, 
performance monitoring, and intelligent 
maintenance planning. These capabilities can 
improve energy generation efficiency and 
accelerate the commercialization of next-
generation photovoltaic technologies. 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://thesesjournal.com                | Hassan et al., 2026 | Page 165 

Policy Implications 
The findings provide evidence-based guidance for 
policymakers seeking to strengthen renewable 
energy development and technological 
innovation. Government agencies should 
prioritize AI-enabled renewable energy 
technologies within national energy strategies. 
Supportive regulatory frameworks, research 
funding mechanisms, and innovation incentives 
can facilitate the adoption of AI-enhanced PSC 
systems and contribute to national sustainability 
goals. 
 
Recommendations 
Based on the findings, the following 
recommendations are proposed: 
1. The Government of Pakistan should 
increase investment in AI-driven renewable energy 
research and development programs to accelerate 
innovation in photovoltaic technologies. 
2. Higher education institutions should 
establish interdisciplinary research centers 
focusing on Artificial Intelligence, photovoltaic 
engineering, and sustainable energy systems. 
3. Renewable energy companies should 
adopt machine learning and predictive analytics 
tools to optimize photovoltaic performance and 
reduce operational costs. 
4. Financial incentives, tax exemptions, and 
technology grants should be introduced to 
encourage commercialization of AI-enhanced 
perovskite solar cell technologies. 
5. Public-private partnerships should be 
strengthened to facilitate knowledge transfer, 
technological innovation, and large-scale 
deployment of advanced photovoltaic systems. 
6. National energy policies should prioritize 
AI-assisted renewable energy technologies as 
strategic instruments for achieving energy security 
and carbon reduction targets. 
7. Capacity-building programs should be 
developed to train engineers, researchers, and 
policymakers in AI applications for renewable 
energy systems. 
8. Pilot-scale demonstration projects should 
be implemented across different climatic regions 
of Pakistan to evaluate the real-world effectiveness 
of AI-optimized PSC systems. 

 
Limitations and Future Directions 
Limitations of the Study 
Despite its contributions, the study has several 
limitations. 
First, the research adopted a cross-sectional design, 
limiting the ability to assess long-term causal 
relationships among AI capability, PSC 
optimization, and sustainable energy 
development. 
Second, the study relied partly on self-reported 
responses from experts and professionals, which 
may introduce response bias and subjective 
interpretations. 
Third, the research was conducted within the 
context of Pakistan, limiting the generalizability of 
findings to other countries with different 
technological, economic, and environmental 
conditions. 
Fourth, the study focused specifically on 
perovskite solar cells and did not compare AI 
optimization effects across alternative photovoltaic 
technologies such as tandem solar cells, silicon 
photovoltaics, or organic solar cells. 
Finally, the study examined selected AI techniques 
and did not incorporate emerging technologies 
such as generative AI, digital twins, reinforcement 
learning, or autonomous optimization systems. 
Future Research Directions 
Future studies should employ longitudinal 
research designs to investigate the long-term 
impact of AI-driven optimization on photovoltaic 
performance and sustainability outcomes. 
Researchers may conduct comparative studies 
across multiple countries to explore contextual 
variations in renewable energy adoption and AI 
implementation. 
Future investigations should evaluate the 
effectiveness of advanced AI approaches, 
including deep reinforcement learning, generative 
AI, explainable AI, and digital twin technologies 
in photovoltaic optimization. 
Experimental studies involving real-world 
deployment of AI-enhanced PSC systems under 
varying climatic conditions would provide 
stronger empirical evidence regarding operational 
performance and scalability. 
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Further research may also examine economic 
feasibility, investment returns, commercialization 
challenges, and adoption barriers associated with 
AI-driven photovoltaic technologies in developing 
economies. 
Finally, comparative analyses involving different 
photovoltaic technologies could help identify the 
most effective renewable energy solutions for 
achieving sustainable energy development and 
climate resilience objectives. 
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