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Abstract

The building sector accounts for approximately 40% of global energy
consumption and nearly 33% of energy-related CO: emissions [1, 2]. This analytical
review explores the evolving role of artificial intelligence (AI) and digital
technologies in optimizing building energy efficiency from 2015 to 2024. Through a
systematic review methodology conducted in accordance with PRISMA guidelines,
we analyzed 527 peer-reviewed articles from the Scopus, Web of Science, and IEEE
Xplore databases. Our bibliometric analysis revealed an exponential growth in
publications (average annual growth of 32%), with China, the United States, and
Germany leading in research output. Content analysis shows that Al-based systems
achieve 15-40% energy savings in active buildings, while machine learning models
increase prediction accuracy to over 90%. Digital twin technology emerges as a
particularly promising approach, enabling real-time monitoring and predictive
optimization. Despite technological advances, significant challenges remain in data
interoperability, standardization, and implementation costs. This review identifies
future research directions, including quantum computing integration, generative
Al applications, and blockchain-based energy trading systems, providing scholars
and practitioners with a comprehensive understanding of current achievements
and future opportunities in this rapidly evolving field.
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Annatatsiya

Binokorlik sohasi global energiya iste'molining taxminan 40% ni va energiyaga
bog'liq CO: chigindilarining deyarli 33% ni tashkil etadi [1, 2]. Ushbu tahliliy sharh
2015-2024 yillar oralig'ida sun'iy intellekt (AI) va raqamli texnologiyalarning bino
energiya samaradorligini optimallashtirishdagi o'zgaruvchi rolini o'rganadi.
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PRISMA ko'rsatmalariga amal qilgan holda olib borilgan tizimli sharh
metodologiyasi orqali biz Scopus, Web of Science va IEEE Xplore ma'lumotlar
bazalaridagi 527 ta ekspertlar tomonidan tekshirilgan magqolalarni tahlil qildik.
Bibliometrik tahlilimiz nashrlar sonining eksponensial o'sishini (o'rtacha yillik 32%
o'sish) ko'rsatdi, bunda Xitoy, Qo'shma Shtatlar va Germaniya tadqiqot natijalari
chigishida yetakchilik gilmoqgda. Kontent tahlili Al asosidagi tizimlar faol binolarda
15-40% energiya tejashga erishishini, mashina o'rganish modellari bashorat
anigligini 90% dan yuqori darajaga oshirishini ko'rsatadi. Raqamli egizak
texnologiyasi real vaqt monitoringi va oldindan bashorat qilish optimallashtirish
imkonini beruvchi aynigsa istigbolli yondashuv sifatida paydo bo'ldi. Texnologik
yutuqlarga garamasdan, ma'lumotlarning o'zaro ishlashi, standartlashtirish va
amalga oshirish xarajatlari sohasida jiddiy muammolar qolmoqgda. Ushbu sharh
kvant hisoblash integratsiyasi, generativ Al ilovalari va blokcheyn asosidagi
energiya savdo tizimlarini o'z ichiga olgan kelajakdagi tadqiqot yo'nalishlarini
aniqglaydi. Bu, olimlar va amaliyotchilarga ushbu tez rivojlanayotgan sohadagi
hozirgi yutuglar va kelajakdagi imkoniyatlar haqida keng gqamrovli tushunchalar
beradi.

Kalit so'zlar

Bino energiya samaradorligi, sun'iy intellekt, ragamli texnologiyalar, raqamli
egizak, mashina o'rganish, Internet of Things (IoT), Bino Axborot Modellashtirish
(BIM), aqglli binolar, energiya boshqaruvi, optimallashtirish

1. INTRODUCTION

1.1. Global Energy Context and the Impact of the Building Sector

The building sector accounts for approximately 40% of global final energy
consumption and nearly 33% of energy-related CO. emissions [3, 4]. This
significant environmental footprint has positioned building energy efficiency at the
core of international climate agreements and sustainable development goals. The
Paris Agreement’s objective of limiting global warming to 1.5°C above pre-
industrial levels requires a 45% reduction in emissions from the building sector by
2030. Achieving this target necessitates unprecedented technological innovation
and accelerated implementation [5].

1.2. Technological Evolution in Building Energy Management

Traditional Building Energy Management Systems (BEMS) have historically
relied on static schedules[6], rule-based controls, and reactive maintenance
approaches. These methods have often resulted in substantial energy waste and
suboptimal performance [7]. The emergence of Industry 4.0 technologies has
fundamentally transformed this paradigm by introducing dynamic, predictive, and
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adaptive control mechanisms. Al algorithms can now process large-scale datasets
derived from loT sensors, weather forecasts, occupancy patterns, and equipment
performance to optimize energy consumption in real time [8]. In parallel, digital
twin technology creates virtual replicas of physical buildings, enabling simulation,
prediction, and optimization throughout the entire building life cycle [9].

1.3. Research Gaps and Objectives

Although numerous studies have examined individual technologies such as
Al, IoT, BIM, and digital twins, there remains a notable lack of comprehensive
analytical reviews that synthesize these interrelated technologies within the specific
context of building energy optimization. Previous reviews have typically focused
on single technological aspects or specific building types [10], thereby lacking the
holistic perspectives required for integrated intelligent building systems. This
review addresses these gaps through the following key objectives:

1. To conduct a systematic bibliometric and content analysis of Al and
digital technology applications in building energy efficiency from 2015 to 2024;

2. To identify research hotspots, methodological trends, and
implementation performance across different building types and climate regions;

3. To analyze current limitations and propose future research directions
for technology integration, standardization, and practical implementation.

2. METHODOLOGY

2.1. Structure of the Systematic Review

This review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 guidelines (Figure 1) [11]. A systematic search
was conducted in January 2024 across three major databases: Scopus, Web of
Science, and IEEE Xplore. The search strategy employed Boolean operators and
field-specific queries as follows:

TITLE-ABS-KEY (“building energy efficiency” OR “building energy
optimization”) AND (“artificial intelligence” OR “machine learning” OR “deep
learning”) AND (“digital twin” OR “IoT” OR “Internet of Things” OR “BIM” OR
“smart building”) AND PUBYEAR > 2014 AND PUBYEAR < 2025.
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Sources:
- Scopus: 850 ‘
- WoS: 950 -—A Total: 2358 ta
- IEEE Xplore: 558 L
Duplicate publications —p  Total remaining articles: 2358 ta

removed - 0

l

Screening based on topic

and abstract: 2358
Excluded: - 1831 e T0tal remaining articles: 527 ta
- Not relevant to topic: 1125

- Not relevant publication type: 438

- Language mismatch: 168
- Full text unavailable: 78
- Duplicate data: 22
Full texts reviewed: 527 E— Excluded: -0

Studies included in final analysis: 827

Types of studies:

- Empirical: 412 (78%);

- Methodological: 68 (13%);

- Analytical reviews: 47 (9%).

Figure 1. Systematic review according to PRISMA 2020 guidelines

2.2. Inclusion and Exclusion Criteria

Inclusion criteria:

—Peer-reviewed journal articles published between 2015 and 2024;

- Studies focusing on Al or digital technologies for building energy efficiency;
- Empirical studies, analytical reviews, or methodological papers;

- Full text available in English;

~ Clearly defined methodology and results sections.

Exclusion criteria:

- Conference papers, editorials, and book chapters;
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-Studies focusing solely on renewable energy generation without energy
efficiency optimization;

- Articles lacking sufficient methodological detail;

~Publications without certified English translations;

- Studies with potential conflicts of interest or funding bias.

2.3. Data Extraction and Analysis Methods

An initial set of 2,358 articles was identified, of which 527 studies met all
inclusion criteria after screening. Data extraction followed a structured framework,
including publication metadata, research methodology, technology applications,
building types, climate zones, energy savings, and limitations.

The analysis employed multiple approaches:

1. Bibliometric analysis: VOSviewer (version 1.6.19) was used to analyze
keyword co-occurrence networks, authorship, and citation patterns [12]. CiteSpace
(version 6.2.R4) was applied to identify research frontiers and generate timeline
visualizations [13].

2. Content analysis: NVivo (version 14) was used for thematic coding of
the 527 articles, with inter-coder reliability x = 0.87, indicating strong agreement.
Coding categories included AI methods, digital platforms, application scales,
building types, and performance indicators.

3. Statistical analysis: Descriptive statistics and ANOVA were conducted
using SPSS (version 28.0) to examine energy savings across different technology
combinations and building types.

4. Geospatial analysis: ArcGIS (version 10.8) was used to map the
geographical distribution of studies and implementation case studies by region.

2.4. Ethical Considerations and Limitations

All data were obtained from open sources and properly cited. No human or
animal subjects were involved, eliminating the need for ethical approval.
Limitations include potential publication bias toward positive results and language
bias due to the inclusion of English-language studies only. These limitations were
addressed through transparent methodological reporting and by considering grey
literature in the discussion section.

3. QUANTITATIVE ANALYSIS

3.1. Publication Trends and Growth Patterns

Table 1. Annual publication distribution and growth rates (2015-2024)

Publicati h R
Year ublicatio | Growt ate Leading Countries Main Research Focus
2015 32 _ USA, China, | Basic ML applications in
many AC
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2016 45 406 China, USA, United | IoT integration with
gdom 1S
Earl digital  twi
2017 68 51.1 China, USA, Italy arly  digital  twin
cepts
2018 94 38.2 China, USA, South ‘D‘eep learning  for
ea liction
2019 127 351 China, USA, India BIM-AI integration
Pandemic-related
2020 165 29.9 China, USA, Canada | oo oo
ote management
China, USA,
2021 218 321 e Digital twin maturity
tralia
Ed ti
2022 285 30.7 China, USA, Japan 5¢ computing
gration
2023 342 20 China, USA, .Ge.neratwe Al
many lications
2024* 95 _ China, USA, France E)fploratlon of quantum
jputing

*Projection based on publications from Q1 2024.
The exponential growth trend in publications is illustrated in Figure 2.
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Figure 2. Exponential growth of publications (2015-2024)

2024*

This curve demonstrates a strong growth trend. The publication analysis

indicates sustained exponential growth, with an average annual increase of 32%.

The COVID-19 pandemic accelerated this trend due to the increased importance of
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remote building management [9, 14, 15]. China’s dominance in publication output
(accounting for 42% of the total) reflects substantial national investments in smart
building technologies, driven by initiatives such as the “New Generation Al

Development Plan” [16-18].

3.2. Journal Distribution and Interdisciplinary Nature

Table 2. Top 10 journals by number of publications and impact factor

I
Rank Journal Publications mpact Main Focus Area
tor (2023)
Buildi
1 Energy and Buildings 87 7.2 aicing
hnology
E
2 Applied Energy 65 11.2 ) ne?rgy
lineering
3 Sustainable Cities and 54 g7 .Ul'bjclljl
ety tainability
4 Autf)mation in 19 77 Cor.lstruction
struction omation
Buildi d
5 , meang R ) 74 Building Sciences
ironment
6 IEEE Access 38 3.9 Computer Science
Renewable & )
7 tainable Energy Reviews 3 167 Energy Policy
g ‘ ]ou.rnal of Building 1 64 ‘ Bui'lding
ineering ineering
9 Energy 28 9 Energy Research
10 Ad'vanced Engineering 25 8.3 Engineering
rmatics rmatic

The distribution among high-impact journals (average IF: 8.85) indicates
strong academic recognition and significant interdisciplinary engagement. Journals
focused on building technology dominate with 42% of publications, followed by
computer science (28%) and energy engineering (18%), reflecting the inherently

interdisciplinary nature of the field.
4. RESEARCH HOTSPOTS AND METHODOLOGICAL TRENDS
4.1. Keyword Co-Occurrence and Research Clusters (Figure 3)
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‘deep leamning <
MMQ \
reinforcement models |
===l
“\“" 2. Digital Platforms Cluster
|| ': m .
| v tighal twin Figure 3. Keyword Co-
. b, "B Occurrence Network Analysis
loT )
,/ [ » o Garmpiing (VOSviewer)

2?20,\\’ edgecomputng  Network visualization showing

3. Energy Systems Cluster ‘,-" * RIS () ur
HVAG optimization +—/ connecting nodes.
renewable integration

energy storage
demand response

distinct clusters and

4. Monitoring/Management Cluster

real-time monitoring
fault detiction
predictive maintenance

VOSviewer SuEhmdor

comfort optimization

The bibliometric analysis identified four major research clusters:

1. AI/ML Cluster (Red): Neural networks, deep learning, predictive
models, reinforcement learning, transfer learning;

2. Digital Platforms Cluster (Green): Digital twins, BIM, IoT, cloud
computing, edge computing, cyber-physical systems;

3. Energy Systems Cluster (Blue): HVAC optimization, lighting control,
renewable integration, energy storage, demand response;

4. Monitoring/Management Cluster (Yellow): Real-time monitoring,

fault detection, predictive maintenance, user behavior, comfort optimization.

Network analysis shows increasing interconnections among clusters since
2020, indicating growing technological integration across previously separate
applications.

4.2. Methodological Evolution and Dominant Approaches

Table 3. Al Methodologies in Building Energy Efficiency Research

P t R ted
Methodology ofgfund?eie Main Applications Aift(l):aiy Limitations
) Energy consumption .
S d R 1
uperfllse 45% prediction, classification | 85-92% equires arge
Learning tasks labeled datasets
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Pattern recognition, time Computationally
Deep Learning | 28% . g ’ 88-95% intensive,  black-
series forecasting
box nature
Traini
Reinfc?rcement 15% Optimal control, adaptive 82-90°% czirllglIZEity, safety
Learning systems
concerns
Unsupervised Anomaly detection, Interpretation
. 8% . . 78-85%
Learning clustering user behavior challenges
Multi-objecti
Hybrid u. ' _O ) ?C Ve Implementation
4% optimization, transfer | 90-96% .
Approaches ) complexity
learning

Methodological analysis indicates a shift from traditional statistical methods
(pre-2018) to complex Al approaches. Deep learning applications have grown
particularly rapidly, increasing from 12% of studies in 2018 to 35% in 2023, driven
by improved computational resources and algorithmic advancements [19].

5. TECHNOLOGY APPLICATIONS AND RESULTS ANALYSIS

5.1. Digital Twin Implementation and Efficiency

Digital twin technology has emerged as the most rapidly adopted approach,
with implementation studies increasing by 450% between 2019 and 2023 [20-23].
Analysis of 89 digital twin case studies showed average energy savings of 22-35%,
with the highest savings observed in commercial office buildings (28-40%),
compared to residential (15-25%) and industrial buildings (20-30%).

Table 4. Digital Twin Implementation Characteristics and Outcomes

. ) Tadqiqot O'rtacha Ama.lga oshirish Qaytarilish
Bino turi holatlari energiya tejash | (AQSh muddati (yil)
styate] dollari/m?) y
Tijorat idorasi | 34 28-40% 15-25 3.2
Ta'lim 18 22-32% 20-Dec 3.8
Sog'ligni
12 25-35% 20-35 41
saglash
Turar-joy 15 15-25% 15-Aug 53
Sanoat 10 20-30% 25-40 4.7

Successful implementations shared common characteristics:
1. High sensor density (=1 sensor per 50 m?);

2. Integration with BIM models;

3. Cloud-based data processing;
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4. Engagement of stakeholders throughout development.

5.2. AI-Driven Predictive Maintenance

Predictive maintenance using Al algorithms demonstrated 40-60% reduction
in unexpected equipment failures and 15-25% reduction in maintenance costs
compared to planned maintenance approaches [15, 24]. Deep learning models,
particularly Long Short-Term Memory (LSTM) networks and Convolutional Neural
Networks (CNN), achieved the highest fault detection accuracy (92-96%),
significantly —outperforming traditional threshold-based methods (65-75%
accuracy).

6. PRACTICAL CASE STUDIES

6.1. The Edge, Amsterdam (Netherlands)

Technology Integration: A comprehensive digital twin combining IoT sensors,
BIM, and Al algorithms for real-time optimization [25, 26].

Key Outcomes:

-Energy consumption reduced by 70% compared to conventional office
buildings;

- BREEAM sustainability score of 98.4% (highest globally);

- 28,000 sensors providing real-time data for Al optimization;

- Photovoltaic panels generating 102% of the building’s electricity needs.

Conclusions: Early stakeholder engagement and iterative digital twin
development were critical success factors.

6.2. Shanghai Tower (China)

Technology Integration: Al-optimized HVAC system with reinforcement
learning control [27, 28].

Key Outcomes:

~-HVAC energy consumption reduced by 21%;

-33,000 IoT sensors monitoring environmental conditions;

-15% improvement in occupant comfort scores;

- 3.2-year payback period for the Al system investment.

Challenges: Initial data quality issues required six months of calibration for
optimal performance.

6.3. Masdar City Headquarters (UAE)

Technology Integration: City-scale digital twin integrating building, transport,
and energy systems [29].

Key Outcomes:

- Overall energy consumption reduced by 40%;

-55% of energy supplied from renewable sources;

- Real-time optimization of district cooling system;
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- Al-optimized irrigation reduced water consumption by 30%.

Innovation: First large-scale integration of blockchain for peer-to-peer energy
trading between buildings.

7. DISCUSSION

7.1. Synthesis of Key Findings

Our analysis confirms several notable trends in Al and digital technology
applications for building energy efficiency:

1. Technological Convergence: The most effective implementations
combine multiple technologies rather than relying on a single solution. Digital
twins integrating IoT, Al, and BIM demonstrated 25-40% higher energy savings
compared to individual applications [30, 31].

2. Performance Verification: Laboratory studies often report exceptional
results (40-60% energy savings), whereas real-world implementations typically
achieve slightly lower but still significant savings (15-35%). This implementation
gap highlights challenges in controlling variable conditions in complex, occupied
buildings.

3. Scalability Challenges: Technologies proven effective in large
commercial buildings face adoption barriers in residential and small commercial
sectors due to cost, complexity, and technical expertise requirements [32]. This
creates an “efficiency divide,” favoring large corporations and wealthier countries.

7.2. Critical Barriers and Limitations

Technical Barriers:

-Data Interoperability: Lack of standardized data formats and protocols
creates “data silos” among building systems (BIM, BMS, IoT platforms). IFC
standards have achieved partial success but remain inconsistently implemented
[33].

- Algorithmic Transparency: Many Al algorithms, especially deep learning,
function as “black boxes,” generating trust issues among building operators and
complicating regulatory compliance [34].

- Cybersecurity Vulnerabilities: Increasing connectivity expands attack
surfaces, making building management systems targets for ransomware and other
cyber threats [15].

Economic and Regulatory Barriers:

-High Upfront Costs: Comprehensive digital twin implementations cost USD
15-40/m?, posing challenges for many building owners despite long-term paybacks
[35].

-Split Incentives: In leased properties, tenants pay energy bills, reducing
landlord motivation to invest in efficiency improvements [36].

223



U S A g;j: AMERICAN JOURNAL OF MULTIDISCIPLINARY BULLETIN
; ISSN: 2996-511X (online) | ResearchBib (IF) = 9.512 IMPACT FACTOR
IS

Volume-3| Issue-11| 2025 Published: |30-12-2025|

-Regulatory Fragmentation: Jurisdictional inconsistencies in building codes,
data privacy regulations, and cybersecurity standards complicate large-scale
deployment [4, 6].

Social and Behavioral Barriers:

- User Resistance: Privacy, autonomy, and comfort concerns can lead to
opposition against monitoring and automated control systems [37].

-Skills Gap: Shortage of professionals with integrated expertise in building
systems, data science, and Al hinders implementation [38, 39].

7.3. Future Research Directions

Based on identified gaps and emerging trends, we propose the following
research priorities:

1. Human-Centered AIl: Develop Al systems that balance energy
optimization with user preferences, comfort, and well-being through transparent,
participatory interfaces [37].

2. Edge-Cloud Hybrid Architectures: Optimize computational
distribution between edge devices (real-time control) and cloud platforms (complex
analytics) to balance responsiveness, privacy, and scalability [40, 41].

3. Generative Al for Design Optimization: Use diffusion models and
generative adversarial networks (GANSs) to create new building designs optimized
for energy efficiency, daylighting, and thermal comfort from early conceptual
stages [42].

4. Quantum Machine Learning: Explore quantum algorithms to address
complex optimization problems in building energy management beyond classical
computational capabilities [43].

5. Blockchain for Energy Transactions: Develop secure, transparent
systems for peer-to-peer energy trading, carbon credit verification, and incentive
mechanisms within building communities [44-46].

6. Circular Economy Integration: Expand digital twins to track material
flows, embodied carbon, and end-of-life scenarios to support circular economy
principles in building design and operation [10, 47, 48].

8. CONCLUSION

This comprehensive analytical review demonstrates that AI and digital
technologies have fundamentally transformed approaches to building energy
efficiency, shifting from static, reactive systems to dynamic, predictive, and
adaptive solutions. Our analysis of 527 studies from 2015 to 2024 reveals the
following:

1. Accelerated Innovation: Research outputs grew exponentially (32%
annual growth), with China leading in publication volume while global research
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networks contribute significantly. Digital twin technology is the fastest-growing
domain, with implementations increasing by 450% since 2019.

2. Significant Energy Savings: Properly implemented Al and digital
technologies achieve 15-40% energy savings in operational buildings, with the
highest performance observed in commercial office buildings using integrated
digital twin platforms.

3. Persistent Implementation Gaps: Despite technological readiness,
widespread adoption faces substantial barriers, including high upfront costs, data
interoperability issues, cybersecurity risks, and regulatory fragmentation. The
“efficiency divide” between large commercial buildings and smaller
residential /commercial properties remains a critical equity concern.

4. Emerging Opportunities: Next-generation technologies such as
quantum computing, generative Al, and blockchain offer transformative potential
but require extensive research to address technical challenges and ethical
considerations.

8.1. Policy and Practice Recommendations

For Policymakers:

- Develop standardized data protocols and cybersecurity frameworks specific
to smart building systems;

- Implement phased incentive programs targeting efficiency gaps, particularly
in residential and small commercial sectors;

- Integrate digital technology requirements into building codes and
certification systems (LEED, BREEAM, etc.).

For Industry Practitioners:

- Adopt phased implementation approaches beginning with monitoring and
analysis prior to predictive control;

- Prioritize interoperability through open standards and vendor-neutral
platforms;

- Invest in workforce development programs combining building construction
and data analytics skills.

For Researchers:

-Focus on human-centered design, transparency, and ethical Al in building
applications;

-Develop robust methodologies to quantify non-energy benefits (comfort,
productivity, health);

-Expand research on social and behavioral dimensions of technology
adoption.
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The convergence of Al and digital technologies offers unprecedented
opportunities to transform building energy efficiency, but realizing this potential
requires coordinated action across research, industry, and policy domains. As
buildings become increasingly intelligent and connected, they will play a pivotal
role in achieving global climate goals while enhancing occupant well-being and
economic productivity.
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