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Background and Objective: The residential sector is one of the key
areas for intervention to achieve urban sustainability due to its
continuous energy consumption, extensive reliance on heating and
cooling systems, and substantial contribution to carbon emissions.
However, reducing energy consumption in residential complexes often
conflicts with objectives such as ensuring residents’ thermal comfort,
lowering costs, managing energy loads, and reducing carbon emissions.
Therefore, conventional design and decision-making approaches based
on trial and error are inadequate for addressing the complexities of
sustainable housing design, as they cannot simultaneously account for
multiple variables and the nonlinear relationships among them.

Methodology: This study aims to map the knowledge structure, conceptual
evolution, thematic clusters, and research gaps in this field. A bibliometric and
scientometric approach was adopted. Data were retrieved from the Web of
Science (WoS) and Lens databases. Following the screening and removal of
duplicate and irrelevant documents, 167 English-language research and review
articles published between 2021 and 2026 were included in the analysis. Data
analysis was conducted using VOSviewer and Bibliometrix and involved
examining co-authorship networks, keyword co-occurrence, temporal trends in
publication output and citations, source analysis, Bradford’s law, Lotka’s law,
multiple correspondence analysis, and other bibliometric techniques.

Results and findings: The findings indicate that energy efficiency and
energy consumption remain at the conceptual core of the literature;
however, research has rapidly moved toward integrating artificial
intelligence, machine learning, evolutionary algorithms, energy
management, renewable energy, and multi-objective optimization. As
the most prominent emerging topic, multi-objective optimization
provides a framework for balancing energy consumption, carbon
emissions, thermal comfort, and grid performance. Nevertheless,
limited field validation, insufficient attention to actual occupant
behavior and building life-cycle carbon emissions, fragmented
scientific collaboration networks, and limited model interpretability
constitute the major research gaps in this field. Therefore, the future
development of this research domain lies in the development of
transparent, data-driven, and context-sensitive decision-support
platforms capable of simultaneously optimizing environmental
objectives and residential quality in the design of residential complexes.
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EXTENDED ABSTRACT

Introduction

The residential sector plays a critical role in
achieving urban sustainability due to its
substantial energy consumption, dependence on
heating and cooling systems, and contribution to
carbon emissions throughout building operation
and the life cycle of construction materials.
Designing sustainable residential complexes
requires balancing multiple, often conflicting
objectives, including reducing energy
consumption, improving thermal comfort,
minimizing carbon emissions, controlling costs,
and managing energy demand. Conventional
design approaches based on trial and error are
often inadequate for addressing these complex
interactions because they cannot efficiently
evaluate numerous design variables and their
nonlinear relationships.

Recent advances in artificial intelligence (Al),
machine learning, and evolutionary algorithms
have created new opportunities for data-driven
building performance prediction and multi-
objective design optimization. These approaches
can support the evaluation of alternative design
scenarios and identify trade-offs among
competing performance criteria. Nevertheless, the
growing body of research remains conceptually
and  methodologically  diverse, and the
relationships  between established research
themes, emerging computational methods, and
practical architectural applications require further
clarification.

Against this background, this study investigates
the temporal evolution, intellectual structure,
thematic clusters, and methodological gaps in
global research on Al- and evolutionary
algorithm-based multi-objective optimization for
residential building design. Particular attention is
given to the integration of energy efficiency,
thermal comfort, carbon reduction, and intelligent
energy  management. By  mapping the
development and interconnections of research
themes, the study seeks to identify emerging
priorities and establish a knowledge-based
foundation for future research and the
development of reliable, context-sensitive
decision-support ~ systems  for  sustainable
residential design.

Methodology

This study employed a bibliometric and
scientometric approach to examine the structure
and evolution of scientific knowledge concerning
Al-based and evolutionary multi-objective
optimization in residential building design.

Publications were retrieved from the Web of
Science (Wo0S) and Lens databases through
searches conducted on August 9, 2026. The
search strategy covered titles, abstracts, and
keywords using combinations of terms related to
residential  buildings, artificial intelligence,
machine learning, evolutionary algorithms, multi-
objective optimization, energy consumption,
thermal comfort, and carbon emissions.

The dataset was restricted to English-language
research and review articles published between
2021 and 2026. Following the removal of
duplicate and irrelevant records, 167 publications
were retained for analysis. The data were
analyzed using VOSviewer and Bibliometrix in R
to investigate the intellectual, conceptual, and
collaborative structures of the research field.

The analytical procedures included co-authorship
network analysis, keyword co-occurrence
mapping, temporal analysis of publication output
and citations, examination of source productivity
and influence, Bradford’s law of scattering,
Lotka’s law of author productivity, thematic
mapping, multiple correspondence analysis
(MCA), and hierarchical clustering of keyword
co-occurrences. These complementary techniques
were used to identify influential research
contributors and publication sources, characterize
the relationships among major research themes,
and trace the emergence of new topics over time.
The methodological framework enabled an
integrated assessment of the field’s development,
moving beyond publication counts to examine
conceptual transitions, thematic = maturity,
scientific collaboration patterns, and gaps
between computational advances and their
practical application in sustainable residential
design.

Results and Discussion

The findings reveal that energy efficiency and
energy consumption remain the central concepts
in the research field, while the literature has
progressively  expanded toward artificial
intelligence, machine learning, evolutionary
algorithms, renewable energy, smart grids, and
multi-objective optimization. The keyword co-
occurrence analysis identified 11 thematic
clusters, encompassing intelligent building
modeling, energy management, residential
building performance, thermal comfort, carbon
reduction, predictive control, demand response,
building retrofitting, low-carbon technologies,
and performance simulation. These clusters
demonstrate the increasingly interdisciplinary
nature of research at the intersection of
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architecture, energy engineering, and
computational science.

Temporal analysis indicates a shift from an initial
emphasis on energy efficiency and consumption
toward integrated energy management and
renewable energy systems, followed by the
growing prominence of Al-assisted multi-
objective optimization. The increasing
significance of multi-objective optimization
reflects a methodological transition from single-
objective  energy  reduction toward the
simultaneous consideration of energy
performance, thermal comfort, carbon emissions,
costs, and grid-related objectives. Thematic
mapping further identifies energy efficiency,
residential buildings, thermal comfort, and
sustainability as foundational themes, while
energy management, load scheduling, and smart
grids function as important drivers of research
development.

The analysis also reveals limitations in the
maturity and  practical integration  of
computational methods. Specialized approaches,
including  reinforcement  learning,  model
predictive control, and artificial neural networks,
have developed within distinct research areas but
remain insufficiently integrated into architectural
design  workflows.  Scientific  collaboration
networks are relatively fragmented, with
knowledge production concentrated among a
limited number of recurring contributors.

Four major research gaps emerge: insufficient
field validation using real building-operation data;
inadequate representation of actual occupant
behavior; limited integration of embodied carbon
and whole-life-cycle environmental impacts; and
insufficient consideration of climatic, economic,
cultural, and physical context. Limited model
interpretability ~ further  constrains  practical
adoption. Collectively, these findings suggest that
future progress depends not merely on developing
more sophisticated algorithms, but on integrating
computational methods with empirical evidence,
transparent  decision-making, and context-
sensitive design requirements.

Conclusion

This study provides a bibliometric and
scientometric overview of the development,
intellectual structure, thematic organization, and
methodological gaps in research on Al- and
evolutionary  algorithm-based  multi-objective
optimization for sustainable residential building
design. The findings demonstrate that the field
has evolved from a predominantly energy-
efficiency-oriented perspective toward a more
integrated  framework in  which  energy
consumption, thermal comfort, carbon emissions,

renewable energy, and intelligent energy
management are increasingly interconnected.
Multi-objective  optimization  represents a
particularly important direction in this transition
because it enables the systematic evaluation of
competing design  objectives rather than
prioritizing energy reduction in isolation.
Nevertheless, the practical contribution of these
computational approaches remains constrained by
limited  empirical ~ validation,  simplified
representations of occupant behavior, insufficient
consideration  of  whole-life-cycle  carbon
emissions, fragmented scientific collaboration,
and limited model interpretability. Differences in
climatic, economic, and cultural conditions also
challenge the transferability of optimization
results across residential contexts.

Future research should prioritize  hybrid
frameworks that combine machine learning,
evolutionary algorithms, and computational
building simulations, supported by monitored
operational data and systematic field validation.
Incorporating  occupant behavior, life-cycle
environmental impacts, investment and operating
costs, indoor environmental quality, and
contextual ~ constraints  into  optimization
objectives could improve the practical relevance
of design recommendations. In addition,
transparent reporting, sensitivity and uncertainty
analysis, standardized datasets, and stronger
interdisciplinary collaboration are essential for
improving reproducibility and reliability.
Ultimately, the principal challenge is bridging the
gap between computational innovation and
architectural practice. Developing interpretable,
data-driven, and context-sensitive decision-
support  platforms could help architects,
engineers, and policymakers evaluate design
alternatives more effectively and advance
residential complexes that reconcile
environmental performance with occupants’
thermal comfort and quality of living.
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Figure 1. Stages of the Literature Search and Article Selection Process
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Figure 2. Co-authorship Network of Authors in the Field of Performance Optimization of Residential
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Figure 3. Density Map of Author Co-authorship in the Field of Performance Optimization of Residential
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Figure 5. Density Map of Keyword Co-occurrence in the Field of Performance Optimization of Residential
Complexes (Left)
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Table 2. Frequency Distribution and Temporal Dynamics of Trending Keywords (Trend Topics)

Term Frequenc Year (Q1) Year (Median) Year (Q3)
energy consumption g 2021 2021 2025
buildings 15 2021 2021 2021
energy efficiency 16 2021 2022 2022
energy management 8 2020 2022 2022
demand response 7 2022 2022 2022
renewable energy 7 2022 2023 2024
smart grid 7 2022 2023 2025
artificial intelligence 6 2023 2024 2024
multi-objective optimization 13 2022 2025 2025
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