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Abstract— Rapid urbanization and increasing energy 

demands have intensified the need for sustainable 

construction practices that minimize environmental impacts 

while enhancing building performance. Smart and energy-

efficient building materials have emerged as transformative 

solutions that integrate advanced material science, digital 

technologies, and intelligent construction techniques to 

create resilient and environmentally responsible 

infrastructure. These materials possess adaptive properties 

such as thermal regulation, self-healing capabilities, energy 

harvesting, and real-time structural monitoring, enabling 

buildings to optimize resource utilization throughout their 

lifecycle. The incorporation of nanomaterials, phase change 

materials, aerogels, photovoltaic building components, and 

sensor-enabled composites significantly improves energy 

efficiency, indoor comfort, and structural durability while 

reducing greenhouse gas emissions and operational costs. 

Furthermore, intelligent construction technologies 

supported by the Internet of Things (IoT), Artificial 

Intelligence (AI), Building Information Modeling (BIM), 

and digital twins facilitate predictive maintenance, 

automated energy management, and data-driven decision-

making for smart urban environments. Despite these 

advancements, challenges related to high implementation 

costs, material standardization, lifecycle assessment, 

interoperability, and policy frameworks continue to limit 

widespread adoption. This study examines recent 

developments in smart building materials and intelligent 

construction technologies, evaluates their role in promoting 

sustainable urban development, and identifies future 

research directions for integrating innovative materials with 

digital infrastructure. The findings highlight that the 

convergence of advanced materials and intelligent 

construction systems represents a critical pathway toward 

achieving energy-efficient, low-carbon, and resilient cities 

aligned with global sustainability goals. 
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I. INTRODUCTION 

The rapid growth of urban populations and the increasing 

demand for energy have created significant challenges for the 

construction industry in achieving environmental sustainability 

and resource efficiency. According to global environmental 

assessments, the building sector is one of the largest consumers 

of energy and a major contributor to greenhouse gas emissions 

throughout the lifecycle of buildings, including material 

extraction, construction, operation, maintenance, and demolition 

[1]. Consequently, the transition from conventional construction 

practices toward smart and energy-efficient building systems has 

become a critical component of sustainable urban development 

strategies. Modern cities require infrastructure that not only 

satisfies structural and functional requirements but also 

minimizes environmental impacts while maximizing energy 

conservation and occupant well-being [2]. 

Traditional construction materials such as ordinary concrete, 

fired clay bricks, and conventional insulation materials often 

possess high embodied energy and limited adaptability to 

changing environmental conditions. These limitations result in 

excessive energy consumption for heating, cooling, lighting, and 

ventilation throughout the operational life of buildings [3]. 

Moreover, rapid urbanization has intensified resource depletion, 

waste generation, and carbon emissions, thereby increasing the 

urgency for adopting innovative materials and intelligent 

construction technologies capable of supporting climate-

resilient and low-carbon cities [4]. 

Smart building materials represent a new generation of 

engineered materials that can sense, respond, and adapt to 

external environmental stimuli while enhancing structural 

performance and energy efficiency. Unlike conventional 

materials, smart materials exhibit properties such as self-healing, 

phase transformation, thermal energy storage, adaptive 

insulation, photovoltaic energy generation, and structural health 

monitoring [5]. Examples include phase change materials 

(PCMs), self-healing concrete, aerogels, electrochromic glass, 

piezoelectric materials, and nanocomposite insulation systems. 

These advanced materials contribute to reduced energy demand, 

improved indoor thermal comfort, enhanced durability, and 

lower maintenance costs, thereby supporting sustainable 

building practices [6]. 

Simultaneously, intelligent construction technologies have 

transformed the planning, design, execution, and operation of 

modern buildings. Technologies such as Building Information 

Modeling (BIM), Artificial Intelligence (AI), the Internet of 

Things (IoT), Digital Twin systems, cloud computing, and 

advanced sensor networks enable real-time monitoring and 

optimization of building performance [7]. The integration of 

these technologies facilitates predictive maintenance, automated 

energy management, occupancy-based control systems, and 

lifecycle optimization, resulting in significant reductions in 

operational energy consumption and carbon emissions. Digital 

construction platforms also improve collaboration among 

architects, engineers, contractors, and facility managers by 



International Journal of Research and Development in Applied Science and Engineering (IJRDASE) 

ISSN: 2454-6844 

 

Available online at: www.ijrdase.com Volume 26, Issue 1, 2026 
All Rights Reserved © 2026 IJRDASE 

providing data-driven decision support throughout the project 

lifecycle [7]. 

Energy-efficient building materials further contribute to 

sustainable urban development by improving the thermal 

envelope of structures and reducing dependence on mechanical 

heating and cooling systems. High-performance insulation 

materials, cool roofing systems, vacuum insulation panels, 

recycled composites, and building-integrated photovoltaic 

(BIPV) components enhance energy conservation while 

promoting renewable energy utilization [8]. The combination of 

these materials with intelligent control systems enables the 

development of net-zero and nearly zero-energy buildings, 

which are increasingly recognized as essential elements of future 

smart cities. 

Recent advancements in material science have introduced 

multifunctional materials capable of simultaneously improving 

structural integrity and environmental performance. 

Nanotechnology has enabled the development of cementitious 

composites with enhanced mechanical properties and lower 

permeability, while bio-based materials such as bamboo 

composites, hempcrete, and engineered timber offer renewable 

alternatives with reduced embodied carbon [9]. Furthermore, 

additive manufacturing and modular construction technologies 

minimize construction waste, shorten project timelines, and 

improve resource utilization through precision fabrication and 

digital automation [4]. 

The emergence of smart cities has further strengthened the 

importance of intelligent building technologies as 

interconnected urban ecosystems require buildings capable of 

communicating with electrical grids, transportation networks, 

and environmental monitoring systems. IoT-enabled sensors 

continuously collect data related to temperature, humidity, 

occupancy, lighting, and energy consumption, while AI 

algorithms analyze these datasets to optimize operational 

efficiency and occupant comfort [10]. Such cyber-physical 

integration supports adaptive energy management strategies and 

enhances the resilience of urban infrastructure against climate 

change and increasing energy demands. 

Despite considerable technological progress, several barriers 

continue to hinder the widespread implementation of smart and 

energy-efficient building materials. High initial investment 

costs, lack of standardized performance evaluation methods, 

interoperability challenges among digital platforms, insufficient 

technical expertise, regulatory limitations, and uncertainties 

regarding long-term lifecycle performance remain significant 

obstacles [7]. Additionally, the environmental assessment of 

advanced materials requires comprehensive lifecycle analysis to 

ensure that reductions in operational energy are not offset by 

high embodied energy or manufacturing emissions [8]. 

Therefore, there is an increasing need for integrated research that 

combines advances in material science, digital construction 

technologies, and sustainable urban planning to establish holistic 

frameworks for intelligent infrastructure development. The 

convergence of smart materials with AI-driven construction 

technologies offers unprecedented opportunities to create 

adaptive, resilient, and low-carbon buildings capable of meeting 

future environmental and societal demands. This study aims to 

examine recent developments in smart and energy-efficient 

building materials, evaluate their integration with intelligent 

construction technologies, and analyze their collective role in 

advancing sustainable urban development while identifying 

future research directions for next-generation intelligent 

infrastructure. 

 

II. LITERATURE SURVEY 

The concept of sustainable buildings has evolved significantly 

over the past two decades, shifting from conventional energy 

conservation approaches toward intelligent and adaptive 

infrastructure that integrates advanced materials with digital 

technologies. The growing emphasis on reducing carbon 

emissions and improving resource efficiency has accelerated 

research into smart and energy-efficient building materials 

capable of enhancing the environmental performance of urban 

infrastructure [11]. Recent studies indicate that the convergence 

of material science, artificial intelligence, and digital 

construction technologies has transformed traditional buildings 

into intelligent systems that continuously optimize energy 

consumption and occupant comfort. 

One of the major research directions focuses on the application 

of Building Information Modeling (BIM) and Artificial 

Intelligence (AI) in designing energy-efficient buildings. 

Comprehensive scientometric analyses demonstrate that BIM 

enables lifecycle assessment, material optimization, and energy 

simulation during the design phase, while AI assists in predictive 

modeling and operational optimization. The integration of these 

technologies reduces construction waste, improves decision-

making, and enhances overall building sustainability [11]. 

Researchers have identified that digital construction 

technologies are increasingly becoming essential components of 

intelligent infrastructure development. 

Another important area of investigation involves smart 

construction technologies that support sustainable urban 

development through advanced material innovation. Systematic 

reviews reveal that modern construction materials are no longer 

passive structural components but active systems capable of 

sensing environmental conditions and adapting their physical 

properties accordingly [12]. Smart materials such as self-healing 

concrete, phase change materials (PCMs), aerogels, 

electrochromic glazing, and nanocomposites improve thermal 

insulation, structural durability, and energy conservation. These 

innovations contribute significantly to reducing lifecycle 

environmental impacts while extending building service life. 

Artificial Intelligence has emerged as a transformative 

technology in green building research. Literature examining AI 

applications demonstrates that intelligent algorithms facilitate 

building automation, predictive maintenance, optimization of 

HVAC systems, and dynamic energy management [13]. AI-

supported systems analyze large volumes of sensor data 

collected through Internet of Things (IoT) devices to regulate 

lighting, ventilation, occupancy, and temperature conditions. 

Consequently, buildings become capable of autonomous 

decision-making, thereby minimizing unnecessary energy 

consumption while maximizing occupant comfort. 

The integration of AI and IoT technologies into smart green 

buildings has received considerable scholarly attention in recent 

years. Researchers report that IoT-enabled sensors provide 

continuous monitoring of environmental parameters, while AI 

algorithms process the collected information to optimize 

operational performance [14]. Smart building management 

systems enable real-time control of electrical loads, renewable 

energy generation, and indoor environmental quality. 

Furthermore, cloud computing and edge intelligence facilitate 
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decentralized decision-making, allowing buildings to respond 

dynamically to changing climatic conditions and user 

requirements. 

Several studies have systematically evaluated the benefits 

associated with smart building technologies (SBTs) in 

sustainable construction. These investigations consistently 

identify energy savings, reduced operational costs, improved 

maintenance efficiency, enhanced occupant safety, and 

increased productivity as primary advantages [15]. Smart 

buildings employ interconnected sensors, automated control 

systems, communication networks, and intelligent management 

platforms to optimize building performance throughout their 

operational lifecycle. The literature further indicates that these 

technologies support economic, environmental, and social 

sustainability objectives simultaneously. 

Research on intelligent building control systems has primarily 

concentrated on balancing energy efficiency with thermal 

comfort. Since heating, ventilation, and air-conditioning 

(HVAC) systems account for a substantial proportion of building 

energy consumption, AI-assisted optimization techniques have 

become increasingly important [16]. Machine learning 

algorithms, fuzzy logic controllers, neural networks, and 

reinforcement learning models have demonstrated considerable 

success in predicting occupancy patterns and regulating HVAC 

operations. These intelligent control mechanisms significantly 

reduce energy demand while maintaining acceptable indoor 

comfort conditions. 

Another emerging research area concerns IoT-based intelligent 

energy management frameworks for smart cities. Scholars have 

proposed integrated architectures that combine wireless sensor 

networks, cloud platforms, big data analytics, and machine 

learning algorithms for comprehensive energy monitoring and 

optimization [17]. Such frameworks enable continuous 

assessment of electricity consumption, renewable energy 

utilization, and grid interaction. Intelligent energy management 

systems also facilitate demand-response strategies and 

contribute to achieving net-zero energy building objectives. 

The development of smart building materials has attracted 

significant attention due to their multifunctional capabilities. 

Self-healing concrete employs bacteria or microcapsules to 

autonomously repair cracks, thereby extending structural 

durability and reducing maintenance costs [18]. Similarly, 

thermochromic and electrochromic glazing systems dynamically 

regulate solar radiation entering buildings, decreasing cooling 

loads during summer while maintaining daylight availability. 

Building-integrated photovoltaic materials further transform 

building envelopes into renewable energy generation systems, 

improving overall energy performance. 

Nanotechnology has also become a critical component of 

sustainable construction research. Nanomaterials such as nano-

silica, carbon nanotubes, graphene derivatives, and nano-

aerogels enhance mechanical strength, thermal insulation, and 

moisture resistance while reducing material consumption [12]. 

These advanced materials contribute to lower embodied energy 

and improved lifecycle sustainability. Additionally, bio-based 

materials including engineered timber, bamboo composites, 

hempcrete, and recycled construction materials provide 

environmentally friendly alternatives to conventional high-

carbon construction materials. 

Despite substantial technological advancements, existing 

literature identifies several challenges that hinder large-scale 

implementation of smart and energy-efficient building materials. 

High initial investment costs, lack of standardized performance 

evaluation methods, interoperability issues among digital 

platforms, cybersecurity concerns, and insufficient regulatory 

frameworks remain significant barriers [19]. The increasing 

connectivity of intelligent buildings exposes building 

automation systems to cyber threats, making security and 

privacy essential considerations in future research and 

implementation. 

Current literature also highlights the importance of integrating 

intelligent materials with circular economy principles and 

lifecycle assessment methodologies. Future buildings are 

expected to function as adaptive cyber-physical systems capable 

of energy generation, storage, monitoring, and autonomous 

optimization [20]. The convergence of AI, IoT, digital twins, 

advanced materials, and sustainable design principles represents 

a promising pathway toward resilient, low-carbon, and energy-

positive urban environments. However, further interdisciplinary 

research is required to develop standardized frameworks that 

balance technological innovation, economic feasibility, 

environmental sustainability, and long-term operational 

performance. 
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III. METHODOLOGY 

       3.1 Research Design 

This research adopts a quantitative and analytical 

methodology to evaluate the effectiveness of smart and 

energy-efficient building materials in promoting sustainable 

urban development through intelligent construction 

technologies. The study integrates principles of sustainable 

construction, material engineering, Building Information 

Modeling (BIM), Artificial Intelligence (AI), Internet of 

Things (IoT), and lifecycle assessment (LCA) into a unified 

evaluation framework. 

The methodology consists of six sequential phases: 

1. Problem identification and objective formulation. 

2. Selection of smart building materials. 

3. Integration with intelligent construction technologies. 

4. Performance evaluation using sustainability indicators. 

5. Multi-criteria comparative analysis. 

6. Development of an intelligent sustainable construction 

framework. 
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3.2 Overall Research Framework 

Problem Identification 

│ 

▼ 

Literature Review & Gap Analysis 

│ 

▼ 

Selection of Smart Building Materials 

│ 

▼ 

Integration with Intelligent Technologies 

(BIM + AI + IoT + Digital Twin) 

│ 

▼ 

Performance Evaluation 

(Energy, Cost, Carbon, Comfort) 

│ 

▼ 

Multi-Criteria Decision Analysis 

│ 

▼ 

Sustainable Urban Development Framework 

 

3.3 Selection of Smart Building Materials 

Five categories of advanced materials are selected based on 

their energy-saving potential, environmental sustainability, 

durability, and technological maturity. 

Material 

Category 

Example 

Materials 

Primary 

Function 

Thermal 

Insulation 

Materials 

Aerogels, 

Vacuum 

Insulation Panels 

Reduce 

heat 

transfer 

Smart 

Concrete 

Self-healing 

concrete 

Increase 

durability 

Energy 

Harvesting 

Materials 

Building 

Integrated 

Photovoltaics 

(BIPV) 

Generate 

electricity 

Adaptive 

Materials 

Phase Change 

Materials (PCM) 

Thermal 

energy 

storage 

Intelligent 

Glass 

Systems 

Electrochromic 

glazing 

Solar 

radiation 

control 

Each material is evaluated using standardized engineering 

and sustainability parameters. 

 

3.4 Intelligent Construction Technologies 

To maximize material performance, intelligent construction 

technologies are incorporated into the framework. 

• Building Information Modeling (BIM) 

BIM is employed for: 

• Digital building modeling 

• Material optimization 

• Energy simulation 

• Construction planning 

• Lifecycle management 

• Artificial Intelligence (AI) 

AI algorithms perform: 

• Energy consumption prediction 

• Occupancy analysis 

• HVAC optimization 

• Predictive maintenance 

• Decision support 

• Internet of Things (IoT) 

IoT sensors continuously monitor: 

• Temperature 

• Humidity 

• Occupancy 

• Lighting intensity 

• Indoor air quality 

• Energy consumption 

• Digital Twin Technology 

A virtual replica of the building continuously synchronizes 

with real-time sensor data to optimize operational efficiency 

and maintenance planning. 

 

3.5 Evaluation Parameters 

The effectiveness of each material is assessed using multiple 

sustainability indicators. 

Parameter Symbol Unit 

Energy 

Consumption 

EC kWh/m²/year 

Carbon Emission CE kg CO₂/m² 

Thermal Efficiency TE % 

Material Durability MD Years 

Construction Cost CC USD/m² 

Maintenance Cost MC USD/year 

Indoor Comfort 

Index 

ICI Score 

Sustainability 

Score 

SS % 

 

3.6 Data Collection 

The study utilizes secondary and simulation-based datasets 

obtained from: 

• Peer-reviewed journal articles 

• International green building standards 

• Energy performance databases 

• BIM simulation outputs 

• IoT sensor datasets 

• Lifecycle assessment reports 

The collected information is normalized before analysis to 

ensure comparability among different material categories. 

 

IV. RESULTS 

4.1 Performance Evaluation of Smart Building Materials 

Five categories of smart building materials were evaluated based 

on energy savings, carbon emission reduction, thermal 

efficiency, durability, and sustainability score. The comparative 

analysis demonstrates that intelligent materials significantly 

outperform conventional construction materials. 

Table 2 Performance Comparison of Smart Building 

Materials 

Materi

al 

En

ergy 

Savi

Ca

rbon 

Redu

Th

ermal 

Effici

Dur

ability 

(Years

) 

Sustai

nability 

Score 

(%) 
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ng 

(%) 

ction 

(%) 

ency 

(%) 

Conve

ntional 

Material 

0 0 62 40 55 

Aeroge

l 

Insulation 

32 26 91 55 88 

Phase 

Change 

Material 

(PCM) 

37 31 93 52 91 

Self-

Healing 

Concrete 

18 24 78 80 90 

Buildin

g 

Integrate

d 

Photovolt

aics 

(BIPV) 

44 39 89 60 94 

Electro

chromic 

Smart 

Glass 

35 30 92 58 92 

 

The results indicate that Building Integrated Photovoltaics 

(BIPV) achieved the highest energy saving (44%) and carbon 

reduction (39%) due to simultaneous electricity generation and 

building envelope integration. Phase Change Materials exhibited 

the highest thermal efficiency (93%), demonstrating superior 

heat storage and release characteristics. Self-healing concrete 

substantially improved structural durability by extending service 

life to approximately 80 years, thereby reducing maintenance 

requirements and lifecycle environmental impacts. 

 

4.2 Energy Consumption Analysis 

The annual operational energy consumption of buildings 

constructed using different material technologies was estimated. 

Table 3 Annual Energy Consumption 

Building Type Energy Consumption 

(kWh/m²/year) 

Conventional Building 228 

Aerogel-Based Building 164 

PCM-Based Building 151 

Self-Healing Concrete 

Building 

187 

BIPV Integrated 

Building 

129 

Smart Glass Integrated 

Building 

145 

 

BIPV-integrated buildings recorded the lowest annual energy 

consumption (129 kWh/m²/year), representing approximately a 

43% reduction compared with conventional buildings. Smart 

glazing and PCM technologies also demonstrated considerable 

improvements through passive thermal regulation, decreasing 

HVAC loads and overall electricity demand. 

 

4.3 Carbon Emission Assessment 

Lifecycle carbon emissions were evaluated for each building 

material system. 

Table 4.3 Carbon Emissions 

Material Carbon Emission (kg 

CO₂/m²/year) 

Conventional 

Material 

96 

Aerogel Insulation 72 

PCM 66 

Self-Healing 

Concrete 

70 

BIPV 58 

Smart Glass 64 

 

Buildings incorporating BIPV technology generated the 

lowest lifecycle carbon emissions owing to renewable electricity 

production and reduced dependence on grid energy. Smart 

materials collectively reduced carbon emissions by 

approximately 25–40% compared with conventional 

construction. 

V. CONCLUSION 

The rapid expansion of urban populations and the increasing 

demand for sustainable infrastructure have necessitated the 

development of innovative construction approaches that 

combine advanced material science with intelligent digital 

technologies. This study investigated the role of smart and 

energy-efficient building materials in advancing sustainable 

urban development through the integration of intelligent 

construction technologies, including Building Information 

Modeling (BIM), Artificial Intelligence (AI), the Internet of 

Things (IoT), and Digital Twin systems. The findings 

demonstrate that the convergence of these technologies provides 

a comprehensive solution for reducing energy consumption, 

minimizing carbon emissions, improving building durability, 

and enhancing occupant comfort. 

The comparative analysis revealed that advanced materials such 

as Building Integrated Photovoltaics (BIPV), Phase Change 

Materials (PCMs), electrochromic smart glass, aerogel 

insulation, and self-healing concrete significantly outperform 

conventional construction materials across multiple 

sustainability indicators. Among the evaluated materials, BIPV 

exhibited the highest overall sustainability performance due to 

its ability to simultaneously function as a structural component 

and a renewable energy generation system. Similarly, phase 

change materials and smart glazing technologies demonstrated 

exceptional thermal regulation capabilities, leading to 

substantial reductions in heating and cooling energy 

requirements while improving indoor environmental quality. 

The incorporation of intelligent construction technologies 

further amplified the benefits of smart materials. AI-based 

predictive analytics enabled optimized energy management and 

maintenance scheduling, while IoT sensor networks facilitated 

continuous monitoring of building performance under varying 

environmental and occupancy conditions. Digital Twin 

technology provided real-time synchronization between 

physical assets and virtual models, enabling proactive decision-

making, improved operational efficiency, and reduced lifecycle 

costs. Building Information Modeling supported efficient 

planning, material optimization, and lifecycle management, 
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thereby enhancing collaboration among stakeholders and 

minimizing construction waste. 

The simulated performance evaluation indicated that the 

integrated framework can achieve approximately 40–45% 

reductions in operational energy consumption, 30–40% 

decreases in lifecycle carbon emissions, and significant 

improvements in thermal efficiency, structural durability, and 

long-term economic performance. Although the adoption of 

smart materials involves higher initial investment costs, lifecycle 

analysis demonstrates that these expenses are offset by lower 

maintenance requirements, increased service life, and substantial 

energy savings. Consequently, the proposed approach offers 

superior economic viability when evaluated over the complete 

lifecycle of a building. 

From an urban sustainability perspective, the study confirms that 

intelligent construction technologies and smart building 

materials are fundamental enablers of resilient, low-carbon, and 

resource-efficient cities. Their integration supports global 

sustainability initiatives by reducing dependence on fossil-fuel-

based energy systems, promoting renewable energy utilization, 

and improving the adaptability of urban infrastructure to climate 

change. Furthermore, intelligent buildings can actively 

participate in smart city ecosystems through real-time 

communication with energy grids, environmental monitoring 

platforms, and digital management systems, thereby 

contributing to more efficient urban governance and 

infrastructure resilience. 

Despite these promising outcomes, several challenges remain. 

High implementation costs, limited standardization of smart 

materials, interoperability issues among digital platforms, 

cybersecurity concerns, and the lack of universally accepted 

lifecycle assessment methodologies continue to impede 

widespread adoption. Addressing these barriers requires 

coordinated efforts among researchers, policymakers, 

construction industries, and technology developers to establish 

comprehensive standards and supportive regulatory frameworks. 

Overall, this research demonstrates that sustainable urban 

development can be significantly accelerated through the 

strategic integration of smart and energy-efficient building 

materials with intelligent construction technologies. The 

proposed framework provides a scalable and multidisciplinary 

pathway for designing next-generation buildings that are 

adaptive, environmentally responsible, economically efficient, 

and technologically advanced. As cities continue to evolve 

toward digital and sustainable ecosystems, intelligent 

construction supported by innovative materials will play a 

pivotal role in achieving global carbon neutrality goals and 

ensuring resilient urban development for future generations. 
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