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environmental sustainability by analyzing how Al-based resource efficiency, Al-
related energy consumption, and Al-enabled environmental monitoring influence the
reduction of construction and demolition waste (CDW). Addressing a gap in the
literature regarding the lack of an integrated empirical model, this research develops
and tests a comprehensive framework using Partial Least Squares Structural Equation
Modeling (PLS-SEM).

Method: Data were collected using a structured questionnaire rated on a five-point
Likert scale, completed by 233 experts from municipal waste management
organizations, licensed CDW contractors, and engineering firms in Isfahan, Iran. The
measurement model was evaluated for reliability and validity, and the structural model
was assessed through path coefficients, significance values, and predictive metrics.
Four hypotheses were tested to capture both the positive and negative pathways
through which Al affects environmental performance.

Results: The findings showed that Al-based resource efficiency significantly improved
CDW reduction (B = 0.48, p < 0.001), while Al-driven environmental monitoring
exerted the strongest positive effect (B = 0.52, p < 0.001). Conversely, Al-related
energy consumption negatively affected sustainability outcomes (B = —0.28, p < 0.05),
emphasizing the environmental cost of high computational demand. Integration of Al
into industrial processes also contributed to reduced resource depletion (B = 0.45, p <
0.001), confirming the robustness of the model.

Conclusions: According to the results, Al has considerable potential to enhance
environmental sustainability through improved resource management and real-time
environmental monitoring; however, its high energy consumption poses a major
challenge to achieving net environmental gains. Developing energy-efficient Al
models and integrating renewable energy sources into Al operations are essential steps
toward balancing benefits and costs. The proposed model offers a unified empirical
foundation for policymakers and practitioners to support responsible and sustainable
Al adoption in CDW management.
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Introduction

Artificial intelligence (Al) has emerged as a transformative technology capable of reshaping resource management,

monitoring systems, and overall environmental performance across multiple industries. In the context of construction

and demolition waste (CDW)—one of the largest waste streams in cities across developing countries—Al offers

significant potential to enhance sustainability through predictive analytics, real-time monitoring, and process

optimization. However, despite its advantages, Al also introduces environmental challenges, primarily due to its

substantial energy requirements, especially during model training and continuous system operation. This dual nature of

Al necessitates a comprehensive empirical examination of both its positive and negative impacts on sustainability.

A systematic review of prior studies reveals that most research has examined Al applications in a fragmented manner—

focusing on isolated components such as intelligent sorting, waste prediction, or environmental monitoring—while

lacking an integrated framework that simultaneously evaluates resource efficiency, energy consumption, and

monitoring capabilities. Moreover, in the Iranian context and specifically within urban CDW management systems,

empirical evidence is extremely limited.

Addressing this gap, the present study develops and empirically tests a unified structural model explaining how three

key Al-related constructs—resource efficiency, Al-related energy consumption, and Al-enabled environmental

monitoring—affect CDW reduction and environmental sustainability. Drawing upon the literature, the following

hypotheses were formulated:

o HI: Al-based resource efficiency positively influences CDW reduction and environmental sustainability.

o H2: Al-related energy consumption negatively affects environmental sustainability due to high computational
energy demands.

o H3: Al-enabled environmental monitoring positively affects CDW reduction by providing accurate real-time data
for environmental decision-making.

o H4: Integration of Al into industrial processes positively reduces resource depletion and operational waste
generation.

Method

This study adopted a quantitative, applied, descriptive—correlational design, consistent with the research objective of
analyzing causal relationships among latent variables. The methodological approach followed Partial Least Squares
Structural Equation Modeling (PLS-SEM), a suitable method for predictive models, complex constructs, and datasets
involving latent variables.

- Population and Sampling

The study was conducted in Isfahan, Iran, a major industrial city with substantial construction activity and high CDW
generation. The statistical population consisted of experts from three organizational groups, including the Municipal
Waste Management Organization, licensed CDW collection and recycling contractors, and engineering and consulting
firms active in demolition and construction projects. From 300 collected questionnaires, 233 valid responses were
retained for analysis.

- Instrument Development

The primary instrument was a 26-item Likert-scale questionnaire covering four constructs, including Al-based resource
efficiency, Al-related energy consumption, Al-enabled environmental monitoring, and CDW reduction (dependent
variable). Items were adapted from validated international sources (e.g., Cha et al., 2020; Solano Meza et al., 2023;
Kumar, 2025) and refined through expert reviews of seven specialists to establish content validity, using CVR and CVI
indices based on Lawshe’s method.

- Measurement Model Evaluation
Convergent validity was assessed via factor loadings (>0.70) and Average Variance Extracted (AVE >0.50). All
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constructs satisfied these thresholds, confirming adequate convergent validity, Discriminant validity was verified via
Fornell-Larcker criteria, showing each construct was empirically distinct from others.

- Structural Model Evaluation
The structural model was examined using path coefficients, t-values, p-values, and goodness-of-fit indices. Both direct
and indirect effects were tested to assess the mediating role of Al-related constructs on CDW reduction.

Results

The results of the PLS-SEM analysis provided strong empirical support for the proposed conceptual model. Both the
measurement and structural models demonstrated suitable reliability, validity, and explanatory power. Convergent and
discriminant validity were confirmed for all constructs, and path coefficients were significant at conventional
thresholds.

The analysis showed that Al-based resource efficiency has a significant and positive effect on reducing construction and
demolition waste (CDW) (B = 0.48, p < 0.001). This finding supported the notion that Al could improve operational
efficiency by optimizing resource allocation, reducing rework, and enhancing recycling processes, ultimately
contributing to lower waste generation.

In contrast, Al-related energy consumption exerted a significant negative effect on environmental sustainability (B =
—0.28, p < 0.05), which confirmed the high computational demands of Al systems, particularly during model training
and continuous operation, could offset some of the environmental benefits achieved through Al-driven optimization.
The results further revealed that Al-enabled environmental monitoring had the strongest positive effect on CDW
reduction (B = 0.52, p < 0.001). Technologies such as machine vision, real-time sensors, and Al-l0T systems were
found to enhance monitoring accuracy, facilitate early detection of waste mismanagement, and support data-driven
interventions in construction sites and recycling. Finally, integration of Al into industrial processes demonstrated a
significant positive impact on reducing resource depletion (B = 0.45, p < 0.001). This indicated that Al-driven process
optimization improved operational efficiency by minimizing material losses, preventing unnecessary energy
consumption, and enhancing the accuracy of industrial processes. Collectively, these findings highlighted the
remarkable potential of Al to improve environmental sustainability, provided that the negative implications of its
energy consumption were properly managed.

Conclusions

This study demonstrates that artificial intelligence can play a pivotal role in enhancing environmental sustainability,
particularly within the field of construction and demolition waste management. The findings confirm that Al-based
resource efficiency, Al-enabled environmental monitoring, and optimization of industrial processes contribute
significantly to reducing waste generation and improving environmental performance. These benefits underline AI’s
value as a transformative tool capable of supporting urban sustainability strategies and advancing more efficient
resource utilization across the construction sector.

However, the study also highlights the challenges associated with the high energy demand of Al systems, which
emerges as a critical barrier to achieving net environmental gains. The negative effect of energy consumption
emphasizes the importance of adopting energy-efficient Al models, optimizing system architectures, and integrating
renewable energy sources into Al operations. Without addressing this issue, the environmental advantages of Al could
be partially offset by its substantial energy footprint.

To maximize AI’s sustainability benefits, several practical recommendations are proposed. Governments and regulatory
bodies should incentivize the development and adoption of low-energy Al technologies by offering tax benefits,
subsidies, and support for innovation. Expanding the use of Al in environmental and industrial monitoring through
public—private partnerships can further improve decision-making and resource management. Updating regulatory
frameworks to ensure responsible Al deployment—with emphasis on transparency, ethical standards, and
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accountability—is also essential. Additionally, sustained investment in Al-enabled sustainability infrastructure,
including renewable energy integration and intelligent monitoring systems, is crucial. Overall, the study provides a
comprehensive empirical foundation illustrating both the opportunities and constraints of Al in environmental
sustainability. By addressing the challenges associated with energy consumption and promoting responsible, data-
driven implementation, Al can serve as a major driver in achieving long-term sustainability goals.
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