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The growing adoption of artificial intelligence (Al) in buildings has created new
opportunities to improve energy efficiency, intelligent control, and carbon
emissions reduction. However, the existing literature has largely focused on
algorithm development and predictive accuracy, while the relationship between
algorithmic performance, system integration, and practical deployment in low-
carbon buildings remains insufficiently addressed in a systematic manner. This
study aims to identify research trends, application domains, prevailing methods,
and existing research gaps, and to develop an integrated framework for the
widespread application of Al in low-carbon buildings. Accordingly, 128 studies
published between January 2015 and June 2025 were examined by combining
systematic review, bibliometric analysis, content analysis, and critical analysis.
Quantitative findings showed that energy prediction, with 42 studies (32.8%) ,
and optimization and control, with 36 studies (28.1%) , were the dominant
application domains. Machine learning, with 48 studies (37.5%), accounted for
the largest share among the identified method families. Regarding validation
approaches, 47 studies (36.7%) were primarily simulation-based, while 35
studies (27.3%) relied on real building data. Qualitative findings indicated that
data quality, model generalizability, system integration, implementation
feasibility, security and privacy, and economic considerations were among the
major challenges. The novelty of this study lies in integrating bibliometric,
content-based, and critical evidence into a five-layer integrated framework
linking building infrastructure, data, Al, intelligent decision-making, and
performance evaluation. Furthermore, preliminary expert-based evaluation
indicated the conceptual acceptability and comprehensiveness of the proposed
framework; however, its effectiveness and practical implementability at scale
require field validation and long-term operational studies.
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Introduction

Buildings account for nearly one-third of global energy consumption and remain one of the largest
contributors to greenhouse gas emissions, making them a strategic priority for achieving carbon
neutrality. Although Artificial Intelligence (Al) has demonstrated considerable potential for improving
building energy performance, existing studies are largely fragmented, algorithm-oriented, and
insufficiently validated under real operating conditions. Consequently, the transition from research
outcomes to practical implementation remains limited. This study systematically reviews the current
state of Al applications in building energy management, identifies the principal research gaps, and
proposes an integrated framework to support the deployment of Al for intelligent low-carbon buildings.
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Materials and Methods

A systematic literature review was conducted in accordance with the PRISMA framework. Following a
comprehensive screening process, 128 peer-reviewed articles published between 2015 and 2025 were
selected for detailed analysis. The reviewed studies were examined with respect to Al techniques,
application domains, building types, data sources, validation approaches, and reported energy and carbon
performance. Bibliometric and qualitative analyses were combined to identify research trends, thematic
evolution, and knowledge gaps. Based on the synthesized evidence, an integrated conceptual framework
was developed and subsequently evaluated by 25 experts in building energy management, artificial
intelligence, and architectural engineering using a five-point Likert-scale questionnaire.

Results

The review demonstrates that Al research has rapidly evolved from energy prediction toward
intelligent optimization, autonomous control, integrated energy management, and carbon reduction.
Publications increased markedly after 2022, reflecting growing interest in Al-enabled decarbonization
of the built environment. Machine learning remains the dominant analytical approach, while deep
learning, reinforcement learning, and hybrid methods are increasingly employed to address complex
operational challenges. Energy prediction and optimization constitute the primary application areas,
whereas carbon management, intelligent fault diagnosis, and integrated building operation are
emerging research directions.

Despite these advances, the analysis reveals five persistent barriers that hinder large-scale
implementation: limited model transferability across buildings and climates, inadequate incorporation of
occupant behavior, insufficient lifecycle economic evaluation, reliance on simulation rather than long-
term operational data, and the absence of integrated assessment considering energy efficiency, carbon
emissions, cybersecurity, and privacy. These findings indicate that current research predominantly
optimizes isolated algorithms rather than the overall performance of intelligent building ecosystems.

To address these limitations, this study proposes a novel five-layer conceptual framework
integrating physical building systems, digital infrastructure, Al analytics, intelligent decision-making,
and performance governance within a unified architecture. Unlike previous review studies that
primarily emphasize algorithms or individual applications, the proposed framework establishes
systematic interactions among building systems, data infrastructure, intelligent control, sustainability
assessment, cybersecurity, privacy protection, and continuous feedback mechanisms. Expert
evaluation confirmed strong agreement regarding the framework's comprehensiveness, integration
capability, practical applicability, sustainability contribution, and governance requirements,
demonstrating its scientific robustness and implementation feasibility.

Discussion and Conclusion

The findings confirm that the effectiveness of Al in intelligent buildings depends not only on
predictive accuracy but also on data quality, interoperability, operational conditions, occupant
interaction, governance, and digital infrastructure. Furthermore, the review identifies an emerging
research challenge: the environmental impacts of Al itself, including computational energy demand
and the carbon footprint of digital infrastructures, which remain largely neglected in existing studies
and highlight the importance of Green Al for future intelligent building research.

The proposed framework directly addresses the identified research gaps by integrating energy
optimization, carbon reduction, lifecycle economic assessment, cybersecurity, privacy preservation,
and adaptive learning into a single decision-support architecture. Through continuous feedback and
periodic model updating, the framework enhances long-term adaptability and supports scalable
deployment across diverse building environments. Overall, this research shifts the focus from
algorithm-centric optimization toward a holistic socio-technical perspective in which Al functions as
an integral component of intelligent building ecosystems. The proposed framework provides a
practical roadmap for researchers, practitioners, and policymakers to accelerate the adoption of Al-
enabled low-carbon buildings while identifying priorities for future research, including standardized
operational datasets, transfer and federated learning, occupant-centric modeling, comprehensive
economic assessment, and Green Al-driven sustainable digital infrastructure.
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