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Abstract: The integration of adaptive facade systems with artificial intelligence (AI) offers a transformative pathway to enhance 

energy efficiency and sustainability in the built environment. However, widespread retrofitting adoption remains constrained 

by high costs, technical complexities, and scalability issues. This systematic review, initially identifying 126 studies, refined its 

selection to 63 high-quality sources, categorizing findings into cost, adaptability, and scalability. Results highlight significant 

energy efficiency gains from adaptive facades but reveal barriers such as the lack of cost-effective materials, modular designs, 

and scalable retrofitting strategies. Additionally, simplified AI techniques (e.g., rule-based and heuristic models), which offer low-

cost, computationally efficient solutions, remain underutilized in retrofitting. 

This study proposes modular, scalable frameworks to overcome financial and technical barriers, offering actionable 

recommendations for policymakers, industry stakeholders, and researchers. By addressing key constraints, this research 

supports global sustainability goals, particularly in energy efficiency, urban resilience, and climate action. 
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1.Introduction 

The push for sustainable urban development necessitates innovative solutions to improve building energy efficiency, as the 

sector accounts for 40% of global energy consumption [1]. Adaptive facade systems have emerged as a transformative 

technology, dynamically optimizing thermal comfort, daylight utilization, and energy performance by regulating solar radiation, 

ventilation, and heat gain [2]. Despite their proven benefits, adoption in retrofitting projects remains limited due to high costs, 

technological complexity, and integration challenges with existing building envelopes [3]. Current research primarily focuses 

on new construction, leaving retrofitting underexplored, as projects face structural compatibility issues and a lack of standardized 

frameworks. 

One promising solution is artificial intelligence (AI) integration, which enhances real-time optimization of facade elements 

like shading, ventilation, and glazing to reduce energy consumption [4]. However, most AI applications rely on resource-intensive 

machine learning models, making them impractical for retrofitting. In contrast, simplified AI approaches (e.g., rule-based and 

heuristic models) offer cost-effective, low-computation alternatives but remain underutilized, highlighting a critical research gap. 

 

Research Aim & Objectives 

This systematic review evaluates adaptive facade technologies and their integration with simplified AI for retrofitting 

applications, categorizing solutions by cost, adaptability, and scalability. The study identifies challenges, research gaps, and 

opportunities to develop modular, scalable, and cost-effective strategies, contributing to energy-efficient retrofitting and global 

sustainability goals. 

 

2. Methodology 

This systematic review follows rigorous academic standards to ensure credibility, reliability, and comprehensiveness in 

evaluating adaptive facade systems and their integration with simplified AI for sustainable retrofitting. The study adheres to 

the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework, with the selection process 

illustrated in Figure 1 (PRISMA Flow Diagram). 
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Study Selection Process 

A total of 126 studies were initially retrieved from leading academic databases and industry reports. After systematic 

screening based on predefined inclusion and exclusion criteria, 63 studies were selected for final analysis. 

 

Sources of Articles 

To ensure comprehensive coverage, searches were conducted across four major databases: 

• Scopus – Engineering and sustainability research 

• Web of Science – High-impact journals and citation tracking 

• IEEE Xplore – AI applications and facade technologies 

• Google Scholar – Supplementary grey literature and niche studies. 

 

Selection Criteria 

Inclusion Criteria: 

• Time Frame: 2014–2024 to cover recent advancements 

• Topical Relevance: Studies on adaptive facade technologies, sustainable retrofitting, or simplified AI applications 

• Language: English 

• Publication Type: Peer-reviewed journals, conference papers, and industry reports 

Exclusion Criteria: 

• Studies solely on new construction (not retrofitting) 

• Papers lacking empirical validation or case studies 

• Articles with insufficient methodological detail 

• Duplicate studies from multiple databases. 

 

Keyword Strategy & Search Strings 

Boolean operators (AND, OR) and truncation techniques ensured precision in literature retrieval. Example search strings: 

"adaptive facades AND sustainable retrofitting", "energy efficiency AND buildings AND AI" and "simplified artificial intelligence 

AND modular facade design". 

 

Data Extraction & Thematic Analysis 

Selected studies were categorized into three key themes: 

• Cost: Financial barriers, including installation, maintenance, and modular design solutions. 

• Adaptability: The ability of facade systems to adjust to climate, architecture, and user needs. 

• Scalability: Challenges in retrofitting across diverse urban environments, with emphasis on modular and plug-and-play 

solutions. 

 

PRISMA Flow Diagram 

To enhance transparency, Figure 1 outlines the study selection process: 

• Initial search: 126 studies 

• Title & abstract screening: 86 studies 

• Full-text eligibility assessment: 63 studies included. 
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Figure 1: PRISMA Flow Diagram 

 

This PRISMA-aligned methodology ensures a structured, transparent, and rigorous review, offering data-driven 

insights into adaptive facade technologies and AI-driven retrofitting solutions. 

 

3. Existing Adaptive Facade Systems 

Overview of Key Technologies 

Adaptive facade systems enhance energy efficiency and occupant comfort by dynamically responding to environmental 

conditions [5]. These technologies integrate advanced materials, control systems, and intelligent designs, playing a crucial role 

in sustainable retrofitting efforts. 

 

Key Adaptive Facade Technologies 

Despite their benefits, adaptive facade systems face challenges in high costs and structural compatibility   

[6]; [7]. Table 1 summarizes the key categories of adaptive facade technologies, their benefits, and challenges 

 

Table 1: key categories of adaptive facade technologies 

Technology Benefits Challenges References 

Smart Glazing (Electrochromic & 

Thermochromic Glass) 

Reduces cooling loads by 20–

30% through solar radiation 

control. 

High cost of installation and 

maintenance; structural 

modifications required. 

[6]; [7]; [8] 

Dynamic Shading Systems (Movable 

louvers, blinds, 

electrochromic/photochromic panels) 

Lowers cooling energy demand 

by 15–25%, reduces glare. 

Mechanical complexity, high 

maintenance, compatibility 

issues. 

[9]; [10] 

Phase-Change Materials (PCMs) Regulates indoor temperature, 

providing 10–15% energy 

savings. 

High production cost, 

durability concerns. 

[11] 

Thermochromic Coatings Passive thermal 

regulationthrough 

color/thermal property 

adjustments. 

Limited durability, high 

retrofitting cost. 

[12] 

Kinetic Facades Enhances shading, ventilation, 

daylightingthrough movable 

components. 

Complex installation, high 

initial investment. 

[13] 
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Adaptive facade technologies significantly improve energy efficiency, yet their high costs and structural complexityhinder large-

scale retrofitting adoption. 

 

Regional Trends in Adaptive Facades 

Adoption of adaptive facades varies by region due to policies, climate, and economic conditions: 

Europe: Leads in adaptive facade retrofitting, driven by strict energy regulations and incentives [14]. 

Asia: Focuses primarily on new constructions, with retrofitting limited by cost barriers [15]. 

North America: Integrates adaptive facades with smart building technologies, but residential retrofitting remains limited [16]. 

 

Adoption Challenges 

Despite advancements, several barriers restrict large-scale retrofitting adoption: 

High Installation and Maintenance Costs: 

• Advanced materials increase costs, e.g., electrochromic glazing costs up to 3× standard glazing [17]. 

• Specialized labor and maintenance further raise expenses. 

Structural Compatibility Issues: 

• Many older buildings lack the capacity for integrating dynamic shading or kinetic facades. 

• Retrofitting often requires extensive modifications, raising costs [18]. 

 

Case Studies and Best Practices 

Real-world implementations provide insights into the effectiveness, limitations, and scalability of adaptive facades.  

Table 2: Case Studies of Adaptive Facade Systems and Their Impact. 

Project Technology Outcome Challenges References 

Al Bahr Towers, 

Abu Dhabi 

Dynamic shading 

(mashrabiya screens) 

Reduced cooling energy by 50%. High installation costs, 

limiting retrofitting 

feasibility. 

[19] 

The Edge, 

Amsterdam 

Electrochromic 

glazing + AI controls 

Achieved EUI of 65 

kWh/m²/year (among the lowest 

globally). 

High retrofitting costs, 

infrastructure upgrades 

needed. 

[20] 

BIQ House, 

Hamburg 

Bio-adaptive algae-

filled panels 

Demonstrated potential for 

energy neutrality. 

Still experimental, not 

scalable for retrofitting. 

[21] 

Swire 

Properties, 

Hong Kong 

PCM-integrated 

facade retrofitting 

Reduced HVAC energy 

consumption by 15%. 

More practical than other 

adaptive systems 

but limited adoption. 

[22] 

While adaptive facade systems offer substantial energy savings, their high costs and structural constraints limit retrofitting 

adoption. 

Europe leads in retrofitting efforts, while Asia and North America focus more on new construction and commercial applications. 

Case studies demonstrate benefits (e.g., The Edge, Swire Properties) but also highlight feasibility limitations (e.g., Al Bahr Towers, 

BIQ House). 

To expand adoption, future efforts must prioritize cost-effective, modular, and scalable solutions, requiring: 

• Financial incentives and policy support. 

• Interdisciplinary research to develop simplified AI-driven facade technologies. 

• Standardized modular frameworks to lower costs and facilitate large-scale retrofitting. 

 

4. Role of AI in Adaptive Facades 

AI in Building Systems 

Artificial intelligence (AI) is transforming energy management by enabling adaptive facade systems to dynamically adjust glazing, 

shading, and ventilation based on sensor data, weather forecasts, and user preferences [23]. These AI-driven systems 

optimize energy performance, reduce waste, and enhance occupant comfort. However, most AI applications rely on 
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computationally intensive machine learning (ML) models, limiting their feasibility for retrofitting projects due to high costs and 

technical complexity [24]. 

Three primary AI methodologies are used in adaptive facade systems: 

• Machine Learning (ML) Algorithms: Predict thermal loads and dynamically optimize facade operations, achieving up 

to 25% energy savings. However, they require high computational power and large training datasets, making them 

impractical for retrofitting [24]. 

• Rule-Based Systems: Use predefined decision trees for cost-effective and easily integrable facade control but lack the 

adaptability of ML models [25]. 

• Optimization Algorithms: Identify energy-efficient configurations using methods like genetic algorithms, 

reducing cooling energy demand by 10–20%, yet they require specialized expertise and significant computational 

power [26]. 

Despite their effectiveness, ML and optimization algorithms remain expensive and complex, posing challenges for 

their application in retrofitting projects. 

Potential of Simplified AI for Retrofitting 

Simplified AI approaches, such as rule-based systems and basic optimization models, provide a cost-effectivealternative 

to advanced AI methods. They offer faster deployment, require lower computational power, and significantly reduce costs, 

making them ideal for retrofitting applications. 

• Faster Deployment: Rule-based systems need minimal computational infrastructure, facilitating quick 

integration into existing buildings. A case study in an Asian mid-rise office building found that rule-based AI reduced 

project timelines by 30% compared to ML models [27]. 

• Lower Computational Needs: Unlike ML models that require extensive data training, simplified AI algorithms operate 

with minimal inputs. A European apartment retrofitting study showed that basic optimization modelsdelivered 15% 

energy savings while cutting computational costs by 50% [28]. 

• Cost-Effectiveness: Simplified AI eliminates the need for expensive hardware/software, lowering both initial 

investment and long-term maintenance costs. This is particularly beneficial for retrofitting older buildings with limited 

budgets [29]. 

Research Gaps in AI for Retrofitting 

Despite its potential, several gaps hinder AI’s real-world application in retrofitting projects. 

• Limited Focus on Simplified AI: Most studies focus on ML and optimization models, with only 15% of reviewed 

articles addressing simplified AI approaches [30]. 

• Lack of Real-World Applications: Only 10% of reviewed studies provide empirical validation of simplified AI 

in retrofitted buildings, making its scalability and cost-effectiveness unclear [31]. 

• Integration Challenges in Older Buildings: Existing research overlooks AI integration with legacy HVAC and sensor 

networks, making retrofitting more difficult [32]. 

• Underexplored Hybrid AI Models: Combining rule-based systems with optimization techniques could balance 

efficiency and cost, yet this remains understudied [33]. 

AI-driven adaptive facades optimize energy performance, but the high computational demands of ML models hinder their use in 

retrofitting. Simplified AI techniques offer a practical and cost-effective alternative, requiring less computational power and 
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lower costs. However, research must expand beyond ML, focusing on real-world testing, integration with existing building 

infrastructure, and the development of hybrid AI approaches to bridge the gap between performance and affordability. 

5. Thematic Analysis Results 

The thematic analysis categorizes the reviewed literature into three primary barriers cost, adaptability, and scalability which 

significantly impact the feasibility of adaptive facades in retrofitting. Table 3 summarizes key themes and findings. 

Table 3: Thematic Analysis Coding Summary 

Theme Key Barrier Findings References 

Cost High Material Costs Electrochromic glazing costs 3–5× more than conventional 

glazing. 

[7]; [4]; [34] 

 
Financial Barriers 55% of studies highlight cost as a major challenge in retrofitting. [35]; [1]; [36] 

 
Lack of Affordable 

Solutions 

Only 20% propose modular, cost-effective retrofitting options. [37]; [2]; [38] 

Adaptability Climate Constraints Adaptive facades optimized for hot climates struggle in cold 

regions. 

[39]; [40] 

 
Design Rigidity 35% of studies cite architectural constraints in retrofitting. [3]; [5]; [41] 

Scalability Customization Barriers Most adaptive facades are highly specialized, limiting mass 

adoption. 

[42]; [20] 

 
Lack of Modular Solutions Only 15% discuss standardized plug-and-play retrofitting 

options. 

[43]; [17]; 

[44] 

Key Findings 

• Cost: High upfront costs, particularly for materials like electrochromic glazing, remain a major limitation. Prefabricated 

modular facades, though promising, require further cost reduction strategies. 

• Adaptability: Climate-specific designs reduce effectiveness in diverse environments, while rigid structures limit 

retrofitting feasibility. AI-driven solutions could improve adaptability. 

• Scalability: Most adaptive facades are bespoke, making large-scale retrofitting impractical. Modular, standardized 

frameworks are needed for broader adoption. 

Regional Trends 

Europe leads adoption due to strong policies and incentives. Asia focuses on new constructions rather than retrofitting. North 

America integrates facades with smart buildings but faces cost barriers. Emerging Regions require affordable, scalable solutions, 

with simplified AI offering potential.  

By addressing these barriers, adaptive facades can become a viable, scalable retrofitting strategy, supporting global sustainability 

goals. 

6. Challenges and Research Gaps in Retrofitting Adaptive Facades 

Retrofitting adaptive facades into existing buildings presents financial, technical, and policy challenges that limit widespread 

adoption despite their energy efficiency potential. High upfront costs, structural complexities, and regulatory barriers remain key 

obstacles, while research gaps in cost-effective, modular, and AI-driven solutions present opportunities for innovation. Table 

4 summarizes key challenges and opportunities. 

Table 4: Challenges and Research Opportunities in Retrofitting Adaptive Facades 

Category Key Barrier Findings References 
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Financial High Material & Installation 

Costs 

55% of studies cite high costs as the main challenge. [45] 

 
Expensive Components Electrochromic glazing costs 3–5× more than standard glazing. [39] 

Technical Structural & HVAC 

Incompatibility 

Retrofitting adaptive facades requires integration with 

outdated systems. 

[46] 

 
Lack of Sensor Networks Existing buildings lack real-time AI infrastructure. [47] 

Policy Lack of Incentives Few tax benefits or subsidies support facade retrofitting. [4] 
 

Regulatory Gaps Policies prioritize new construction over retrofitting. [48] 

Research 

Gaps 

Modular, Scalable Systems Prefabrication could reduce costs by 20–30%. [49] 

 
Simplified AI for Facade 

Control 

Rule-based AI can enhance real-time adaptability at lower 

costs. 

[50] 

 
Alternative Materials Low-cost composites offer potential cost savings. [51] 

Key Challenges in Retrofitting Adaptive Facades 

Financial barriers remain the most significant challenge, with 55% of studies emphasizing high upfront costs. Advanced materials, 

such as electrochromic glazing, increase expenses, making retrofitting unaffordable in developing regions where costs exceed 

local budgets by 25–40% [39]. The lack of cost-effective modular solutionsfurther exacerbates financial constraints [52]. 

Technical constraints include structural limitations in older buildings that cannot support dynamic shading or kinetic facade 

components [46]. Retrofitting often requires seamless integration with outdated HVAC and lighting systems, which are frequently 

incompatible with modern facade technologies [53]. Additionally, the absence of sensor networks limits AI-driven facade 

optimization, reducing real-time adaptability in existing buildings [47]. 

Policy barriers hinder retrofitting adoption, as few tax incentives exist to support adaptive facades, discouraging property owners 

from investing in retrofitting [4]. Regulatory frameworks focus primarily on new construction, leaving retrofitting initiatives 

underfunded [48]. The lack of standardization in modular facade designs further complicates large-scale implementation [54]. 

To address these challenges, modular and scalable systems are essential, as prefabricated facade components could reduce 

installation costs by 20–30% [49]. Simplified AI, such as rule-based models, offers a low-cost solution for real-time facade 

adaptability without high computational requirements [50]. Exploring biodegradable and low-cost materials as alternatives to 

expensive glazing technologies could further improve affordability [51]. 

7. Discussion 

 

This section discusses the broader implications of adaptive facade systems for research, practice, and sustainability. Overcoming 

financial, technical, and scalability challenges will enable their transition from niche innovations to mainstream retrofitting 

solutions, significantly advancing energy efficiency, urban resilience, and climate action. 

 

Implications for Research and Practice 

The successful deployment of adaptive facades requires interdisciplinary collaboration across architecture, engineering, and AI. 

Around 60% of the reviewed studies highlight the need for expertise in computational optimization, material science, and 

structural mechanics to enhance adaptability and cost-effectiveness [55]. Bio-inspired facade systems, such as plant-based self-

regulating shading, demonstrate new pathways for sustainable innovation [56]. 

Addressing financial and scalability barriers remains crucial. Modular and prefabricated facades could lower installation costs 

by 20–30% and reduce project timelines, while simplified AI models requiring minimal computational infrastructure provide a 

practical solution for cost-effective scaling [57]; [58]. To accelerate adoption, industry stakeholders should focus on standardizing 

modular, plug-and-play facade componentsadaptable across different climates and building typologies. 
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Alignment with Global Sustainability Goals 

Adaptive facades significantly contribute to energy efficiency, urban sustainability, and climate mitigation, aligning with key UN 

Sustainable Development Goals (SDG 7, 11, and 13). Studies indicate that adaptive facades can: 

• Reduce building energy consumption by 20–30%. 

• Lower reliance on air conditioning by 40%. 

• Cut carbon emissions by 25% in large-scale retrofitting projects  [59]; [60]. 

Beyond energy efficiency, these solutions enhance urban livability, particularly in high-density environments, by 

improving daylighting, ventilation, and occupant comfort [50]. However, policy interventions, financial incentives, and the 

standardization of modular facade designs are necessary to scale adoption. 

Emerging Trends and Global Impact 

The rise of hybrid AI-driven facades, which combine rule-based control with optimization models, presents a balanced approach 

to cost and performance, making them particularly suitable for retrofitting applications [61]. Additionally, bio-adaptive facades, 

such as algae-based energy-generating systems, are gaining traction, particularly in regions focused on renewable energy 

integration [62]. 

However, regional disparities persist: 

• Europe leads in adoption due to strong policy incentives. 

• Asia and North America are integrating adaptive facades into retrofitting initiatives. 

• Resource-constrained regions lack affordable and scalable solutions, necessitating low-cost modular designs and 

financial support [63]. 

By addressing cost, adaptability, and scalability constraints, adaptive facades can transition from specialized applications 

to mainstream retrofitting solutions, playing a crucial role in achieving global energy efficiency and climate action targets. 

Conclusion  

Adaptive facades present a transformative approach to enhancing energy efficiency, occupant comfort, and sustainability in 

retrofitting projects. By dynamically adjusting to environmental changes, they offer an effective pathway to reduce carbon 

emissions and urban energy consumption. However, high costs, integration complexities, and limited modular solutions continue 

to hinder widespread adoption. 

This review identifies modular designs, simplified AI, and policy-driven incentives as key enablers for scalable retrofitting. Studies 

highlight that prefabricated adaptive facades can cut costs by 20–30% while rule-based AI models can improve energy efficiency 

without high computational demands. To transition adaptive facades from niche innovations to mainstream 

applications, collaborative efforts among researchers, industry stakeholders, and policymakers are essential. 

By overcoming cost, scalability, and regulatory barriers, adaptive facades can become a cornerstone of sustainable urban 

development, aligning with global climate action and energy efficiency goals. Future advancements should prioritize cost 

reduction, AI optimization, and policy integration to make adaptive facades a widely accessible solution for energy-efficient 

retrofitting worldwide. 

 

Future Directions 

To accelerate the adoption of adaptive facades, future efforts should focus on cost reduction, AI integration, and policy support: 

1. Cost-Effective Modular Facades: Prefabrication and lightweight, biodegradable materials could lower installation 

complexity and costs by 20–30%. Standardizing plug-and-play facade modules would facilitate broader adoption across 

various climates and building types. 

2. AI-Driven Optimization: Simplified AI models, such as rule-based and hybrid algorithms, offer a low-cost alternative to 

energy-intensive machine learning models. These AI-driven facades can cut energy consumption by 15–

20% while reducing computational costs by 50%. Further research should validate their performance across different 

climates and occupancy patterns. 

3. Policy and Market Integration: Expanding subsidies, tax credits, and green certifications could incentivize adaptive 

facade adoption. Successful programs like the Green Retrofit Fund (North America) and the Facade Retrofit Initiative 
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(Europe)demonstrate that regulatory incentives can drive large-scale implementation. Strengthening industry-

academic partnerships can also accelerate commercialization. 

By addressing these technological, financial, and policy barriers, adaptive facades can transition from experimental projects to 

mainstream retrofitting solutions, significantly contributing to climate resilience, energy efficiency, and urban sustainability. 

References  

 

[1]  Turner, J., Daniel, E. I., & Chinyio, E., "The application for innovative methods and materials for greater sustainability in 

residential buildings in the uk: “a bibliometric review”," Discover Sustainability, 5(1), pp. 00329. 

https://doi.org/10.1007/s43621-024-00329-9, 2024.  

[2]  Wang, H., Wen, W., Zhang, Z., & Gao, N., "Construction of building energy consumption prediction model based on multi-

optimization model.," Buildings, 13(7), p. 1677. https://doi.org/10.3390/buildings13071677, 2023.  

[3]  Khatri, L. D., Anakin, C., Noah, A., Prashansa, S., & Tasnim, A. L., "Double skin façades and iot: a review of their role in 

building energy conservation and natural ventilation," Urban Planning and Construction, 2(1), p. 140. 

https://doi.org/10.55121/upc.v2i1.140, 2024.  

[4]  Böke, J., Knaack, U., & Hemmerling, M., "utomated adaptive façade functions in practice - case studies on office buildings," 

Automation in Construction, 113, p. 103113. https://doi.org/10.1016/j.autcon.2020.103113, 2020.  

[5]  Aydın, D. & Mıhlayanlar, E., "A case study on the impact of building envelope on energy efficiency in high-rise residential 

buildings.," Architecture, Civil Engineering, Environment, 13(1), pp. 5-18. https://doi.org/10.21307/acee-2020-001, 2020.  

[6]  Zeng, K., Xue, C., Wu, J., & Wen, W., "Development of advanced solid-state thermochromic materials for responsive smart 

window applications.," Polymers, 16(16), p. 2385. https://doi.org/10.3390/polym16162385, 2024.  

[7]  Cannavale, A., Ayr, U., Fiorito, F., & Martellotta, F. , "Smart electrochromic windows to enhance building energy efficiency 

and visual comfort.," Energies, 13(6), p. 1449. https://doi.org/10.3390/en13061449, 2020.  

[8]  Bharadwaj, B., Pattanayak, S. K., & Ashworth, P., "Space matters: reducing energy disparity in nepal through spatially 

equitable renewable energy subsidies.," Environmental Research Communications, 4(10), pp. 101005. 

https://doi.org/10.1088/2515-7620/ac9458, 2022.  

[9]  Cillari, G., Fantozzi, F., & Franco, A., "Passive solar solutions for buildings: criteria and guidelines for a synergistic design.," 

Applied Sciences, 11(1), p. 376. https://doi.org/10.3390/app11010376, 2021.  

[10]  Priore, Y. D., Jusselme, T., & Habert, G., "Embodied net-zero compatible buildings? they already exist!," Journal of Physics: 

Conference Series, 2600(15), pp. 152012. https://doi.org/10.1088/1742-6596/2600/15/152012, 2023.  

[11]  malayeri, A., Bazoovarz, A., Abdolkhani, S., & Khaki, R. , "A new method of energy saving potential of phase change 

materials.," International Journal of Smart Energy Technology and Environmental Engineering, 2(2), pp. 130-143. 

https://doi.org/10.61186/setee.2.2.130, 2023.  

[12]  Sánchez, E. C. & Vilà, D. M., "Thermochromic materials as passive roof technology: their impact on building energy 

performance," Energies, 15(6), p. 2161. https://doi.org/10.3390/en15062161, 2022.  

[13]  Özdemir, H. & Çakmak, B. Y., "Evaluation of daylight and glare quality of office spaces with flat and dynamic shading 

system facades in hot arid climate," Journal of Daylighting, 9(2), pp. 197-208. https://doi.org/10.15627/jd.2022.15, 2022.  

[14]  Attia, S., Lioure, R., & Declaude, Q., "Future trends and main concepts of adaptive facade systems.," Energy Science & 

Engineering, 8(9), pp. 3255-3272. https://doi.org/10.1002/ese3.725, 2020.  

[15]  Stock, R., Vij, S., & Ishtiaque, A., "Powering and puzzling: climate change adaptation policies in bangladesh and india.," 

Environment, Development and Sustainability, 23(2), pp. 2314-2336. https://doi.org/10.1007/s10668-020-00676-3, 2020.  

[16]  Millward, A. A. & Blake, M., "When trees are not an option: perennial vines as a complementary strategy for mitigating 

the summer warming of an urban microclimate.," Buildings, 14(2), p. 416. https://doi.org/10.3390/buildings14020416, 

2024.  

[17]  Kamińska, P. & Michalak, H., "Multi-criteria analysis and design ideas of green façade systems as eco-friendly architectural 

solutions.," Civil and Environmental Engineering Reports, 33(4), pp. 23-41. https://doi.org/10.59440/ceer/178257, 2024.  

https://spast.org/index.php/techrep/index


  

SGS Engineering & Sciences, VOL. 1 NO .1 (2025): LGPR 
https://spast.org/index.php/techrep/index  

[18]  Chung-Camargo, K., González, J., Austin, M. C., Carpino, C., Mora, D., & Arcuri, N., "Advances in retrofitting strategies for 

energy efficiency in tropical climates: a systematic review and analysis.," Buildings, 14(6), p. 1633. 

https://doi.org/10.3390/buildings14061633, 2024.  

[19]  C. Karen, "Al Bahar Towers Responsive Facade / Aedas," 05 September 2012. [Online]. Available: 

https://www.archdaily.com/270592/al-bahar-towers-responsive-facade-aedas. 

[20]  Archi Daily, "The Edge / PLP Architecture," 22 April 2016. [Online]. Available: https://www.archdaily.com/785967/the-

edge-plp-architecture. 

[21]  Archi Tonic, "BIQ house Hamburg, Germany," 25 April 2013. [Online]. Available: 

https://www.architonic.com/en/project/arup-biq-house/5101636. 

[22]  Swire Properties, "Energy Performance Report 2023," 2023. [Online]. Available: 

https://sd.swireproperties.com/2022/en/performance-environment/energy. 

[23]  A. Chandratreya, "Ai-powered innovations in electrical engineering: enhancing efficiency, reliability, and sustainability.," 

Journal of Electrical Systems, 20(2), pp. 1580-1587. https://doi.org/10.52783/jes.1463, 2024.  

[24]  R. Khosromanesh, "Towards refining bio-inspired hydro-actuated building facades by emphasising the importance of 

hybrid adaptability," Sustainability, 16(3), p. 959. https://doi.org/10.3390/su16030959, 2024.  

[25]  Santos, G., Pinto, T., Vale, Z., Carvalho, R., Teixeira, B., & Ramos, C., "Upgrading bricks—the context-aware semantic rule-

based system for intelligent building energy and security management.," Energies, 14(15), p. 4541. 

https://doi.org/10.3390/en14154541, 2021.  

[26]  Wilson, A. J. & Radhamani, A. S., "Real time flood disaster monitoring based on energy efficient ensemble clustering 

mechanism in wireless sensor network.," Software: Practice and Experience, 52(1), pp. 254-276. 

https://doi.org/10.1002/spe.3019, 2021.  

[27]  Tuure, A. & Ilgın, H. E., "Space efficiency in finnish mid-rise timber apartment buildings.," Buildings, 13(8), p. 2094. 

https://doi.org/10.3390/buildings13082094, 2023.  

[28]  Ding, C., Xu, X., Niu, Y., Zhang, S., Huang, H., & Bao, W., "Active learning on a programmable photonic quantum 

processor.," Quantum Science and Technology, 8(3), pp. 035030. https://doi.org/10.1088/2058-9565/acdd92, 2023.  

[29]  Almeida, T. F. d., Morya, E., Rodrigues, A. C., & Dantas, A. F. O. d. A., "Development of a low-cost open-source 

measurement system for joint angle estimation.," Sensors, 21(19), p. 6477. https://doi.org/10.3390/s21196477, 2021.  

[30]  Coulentianos, M. J., Abbey, D., So, C. T., & Ward, W. O. C., "An expert view on data and modelling for planning domestic 

retrofit.," Buildings, 14(4), p. 887. https://doi.org/10.3390/buildings14040887, 2024.  

[31]  Doukari, O., Kassem, M., & Greenwood, D, "A distributed collaborative platform for multi-stakeholder multi-level 

management of renovation projects.," Journal of Information Technology in Construction, 29, pp. 219-246. 

https://doi.org/10.36680/j.itcon.2024.011, 2024.  

[32]  Kalaimani, R. K., Jain, M., Keshav, S., & Rosenberg, C., "On the interaction between personal comfort systems and 

centralized hvac systems in office buildings.," Advances in Building Energy Research, 14(1), pp. 129-157. 

https://doi.org/10.1080/17512549.2018.1505654, 2018.  

[33]  Elmousalami, H. H.  "Comparison of artificial intelligence techniques for project conceptual cost prediction: a case study 

and comparative analysis.," IEEE Transactions on Engineering Management, 68(1), pp. 183-196. 

https://doi.org/10.1109/tem.2020.2972078, 2021.  

[34]  Baracani, M., Favoino, F., Fantucci, S., Serra, V., Perino, M., Introna, M., & Wondraczek, L., "Experimental assessment of 

the energy performance of microfluidic glazing components: the first results of a monitoring campaign carried out in an 

outdoor test facility.," Energy, 280, p. 128052. https://doi.org/10.1016/j.energy.2023.128052, 2023.  

[35]  Hedge, A. & McKee, C., "Employee reactions to electrochromic glass windows in a financial office building.," Proceedings 

of the Human Factors and Ergonomics Society Annual Meeting, 64(1), pp. 531-535. 

https://doi.org/10.1177/1071181320641120, 2020.  

https://spast.org/index.php/techrep/index


  

SGS Engineering & Sciences, VOL. 1 NO .1 (2025): LGPR 
https://spast.org/index.php/techrep/index  

[36]  Bleyl, J. W., Bareit, M., Casas, M. A., Chatterjee, S., Coolen, J., Hulshoff, A., & Ürge-Vorsatz, D., "Office building deep energy 

retrofit: life cycle cost benefit analyses using cash flow analysis and multiple benefits on project level.," Energy Efficiency, 

12(1), pp. 261-279. https://doi.org/10.1007/s12053-018-9707-8, 2018.  

[37]  Mühlich, M., Gonzalez, E., Born, L., Körner, A., Schwill, L., Gresser, G. T., & Knippers, J., "Deformation behavior of 

elastomer-glass fiber-reinforced plastics in dependence of pneumatic actuation.," Biomimetics, 6(3), p. 43. 

https://doi.org/10.3390/biomimetics6030043, 2021.  

[38]  Hosseinalipour, S. M., Al-Taee, A. A. H., & Asiaei, S., "Improving energy consumption for dynamic intake and exhaust 

façades: a new setup design: part b.," Building Services Engineering Research and Technology, 45(5), pp. 613-639. 

https://doi.org/10.1177/01436244241264273, 2024.  

[39]  Tennakoon, T., Chan, Y. H., Chan, K., Wu, C., Chao, C. Y., & Fu, S. C., "Energy performance and comfort analysis of three 

glazing materials with distinct thermochromic responses as roller shade alternative in cooling- and heating-dominated 

climates," Buildings, 14(4), p. 1157. https://doi.org/10.3390/buildings14041157, 2024.  

[40]  Juaristi, M., Favoino, F., Gómez-Acebo, T., & Monge-Barrio, A. , "Adaptive opaque façades and their potential to reduce 

thermal energy use in residential buildings: a simulation-based evaluation.," Journal of Building Physics, 45(5), pp. 675-

720. https://doi.org/10.1177/17442591211045418, 2021.  

[41]  Mangkuto, R. A., Koerniawan, M. D., Apriliyanthi, S. R., Lubis, I. H., Atthaillah, A., Hensen, J. J., & Paramita, B., "Design 

optimisation of fixed and adaptive shading devices on four façade orientations of a high-rise office building in the tropics.," 

Buildings, 12(1), p. 25. https://doi.org/10.3390/buildings12010025, 2021.  

[42]  Paiho, S., Ojanen, T., Pinto-Seppä, I., & Paavola, M., "Critical performance aspects of retrofitting apartment buildings using 

a multifunctional façade system.," Buildings, 9(8), p. 184. https://doi.org/10.3390/buildings9080184, 2019.  

[43]  Sun, F., Zhang, J., Yang, R., Liu, S., Ma, J., Lin, X., & Cui, J., "Study on microclimate and thermal comfort in small urban 

green spaces in tokyo, japan—a case study of chuo ward," Sustainability, 15(24), p. 16555. 

https://doi.org/10.3390/su152416555, 2023.  

[44]  Ogunleye, A., Kehinde, A. D., Mishra, A. K., & Ogundeji, A. A., "Impacts of farmers' participation in social capital networks 

on climate change adaptation strategies adoption in nigeria," Heliyon, 7(12), p. e08624. 

https://doi.org/10.1016/j.heliyon.2021.e08624, 2021.  

[45]  Karakoç, E. & Çağdaş, G., "Adaptive architecture based on environmental performance: an advanced intelligent façade 

(aif) module.," Gazi University Journal of Science, 34(3), pp. 630-650. https://doi.org/10.35378/gujs.725902, 2021.  

[46]  Piselli, C., Guastaveglia, A., Romanelli, J., Cotana, F., & Pisello, A. L., "Facility energy management application of hbim for 

historical low-carbon communities: design, modelling and operation control of geothermal energy retrofit in a real italian 

case study.," Energies, 13(23), p. 6338. https://doi.org/10.3390/en13236338, 2020.  

[47]  Park, S., Lee, S., Jang, H., Yoon, G., Choi, M., Kang, B., & Park, S., "Smart fire safety management system (sfsms) connected 

with energy management for sustainable service in smart building infrastructures.," Buildings, 13(12), p. 3018. 

https://doi.org/10.3390/buildings13123018, 2023.  

[48]  Milovanović, N., Simões, R., Tankova, T., Silva, L. C., Craveiro, H. D., Costa, R., & Silva, L. S. d., "Novel hybrid modular 

construction system ‐ structural behaviour of isolated sub‐frames.," Ce/Papers, 6(3-4), pp. 914-918. 

https://doi.org/10.1002/cepa.2595, 2023.  

[49]  Anatolijs, B., Aleksandrs, Z., Arturs, P., "Modular retrofitting approach for residential buildings," in NSB 2023 - Book of 

Technical Papers: 13th Nordic Symposium on Building Physics, Aalborg, Department of the Built Environment, Aalborg 

University, 2023, p. 4. 

[50]  Jayakumari, S. D. S., Samarasinghalage, T. I., Yang, R., Liu, C., Yang, S., Marschall, M.,& Williams, N., "Energy and daylighting 

performance of kinetic building-integrated photovoltaics (bipv) façade.," Sustainability, 16(22), p. 9739. 

https://doi.org/10.3390/su16229739, 2024.  

[51]  Niazy, D., Metwally, E. A., Rifat, M., Awad, M. I., & Elsabbagh, A., "A conceptual design of circular adaptive façade module 

for reuse.," Scientific Reports, 13(1), pp. 47593. https://doi.org/10.1038/s41598-023-47593-9, 2023.  

https://spast.org/index.php/techrep/index


  

SGS Engineering & Sciences, VOL. 1 NO .1 (2025): LGPR 
https://spast.org/index.php/techrep/index  

[52]  Yu, Z., Geng, Y., He, Q., Oates, L., Sudmant, A., Gouldson, A.,& Bleischwitz, R., "Supportive governance for city-scale low 

carbon building retrofits: a case study from shanghai.," Climate Policy, 21(7), pp. 884-896. 

https://doi.org/10.1080/14693062.2021.1948383, 2021.  

[53]  Asim, N., Badiei, M., Mohammad, M., Razali, H., Rajabi, A., Haw, L. C., & Ghazali, M. J., "Sustainability of heating, 

ventilation and air-conditioning (hvac) systems in buildings—an overview.," International Journal of Environmental 

Research and Public Health, 19(2), p. 1016. https://doi.org/10.3390/ijerph19021016, 2022.  

[54]  Ebekozien, A., Abdul‐Aziz, A., & Jaafar, M., "State policy in low-cost housing provision in southeast asian developing 

countries: a systematic review.," Property Management, 39(3), pp. 392-407. https://doi.org/10.1108/pm-05-2020-0034, 

2020.  

[55]  Zhang, H., Wang, L., & Ji, G., "The synergy of building massing and facade - an evo-devo approach for performance-based 

design optimization combining facade design with building massing.," CAADRIA Proceedings., p. 451. 

https://doi.org/10.52842/conf.caadria.2021.1.451, 2021.  

[56]  Butt, A. N. & Dimitrijević, B., "Multidisciplinary and transdisciplinary collaboration in nature-based design of sustainable 

architecture and urbanism.," Sustainability, 14(16), p. 10339. https://doi.org/10.3390/su141610339, 2022.  

[57]  Lupíšek, A., Sojková, K., Volf, M., & Hejtmánek, P., "Potential for energy savings in czech residential building stock by 

application of a prefabricated mass retrofitting system.," IOP Conference Series: Earth and Environmental Science, 323(1), 

pp. 012173. https://doi.org/10.1088/1755-1315/323/1/012173, 2019.  

[58]  Akavova, A., Temirkhanova, Z., & Lorsanova, Z., "Adaptive learning and artificial intelligence in the educational space.," 

E3S Web of Conferences, 451, p. 06011. https://doi.org/10.1051/e3sconf/202345106011, 2023.  

[59]  Volpe, A. "Building optimization: the adaptive façade," Advanced Materials Research, 1149, pp. 64-75. 

https://doi.org/10.4028/www.scientific.net/amr.1149.64, 2018.  

[60]  Blandini, L., Eisenbarth, C., Haase, W., Jeong, M., Voigt, M. P., Roth, D., & Matheou, M., "Adaptive textile façade systems 

– the experimental works at d1244.," Civil Engineering, p. 113125. https://doi.org/10.5772/intechopen.113125, 2024.  

[61]  Faragalla, A. M. A. & Asadi, S., "Biomimetic design for adaptive building façades: a paradigm shift towards environmentally 

conscious architecture.," Energies, 15(15), p. 5390. https://doi.org/10.3390/en15155390, 2022.  

[62]  Okuyelu, O. M. & Adaji, O. O., "Ai-driven real-time quality monitoring and process optimization for enhanced 

manufacturing performance.," Journal of Advances in Mathematics and Computer Science, 39(4), pp. 81-89. 

https://doi.org/10.9734/jamcs/2024/v39i41883, 2024.  

[63]  Jeffs, L., Jamieson, T., Saragosa, M., Mukerji, G., Jain, A. K., Man, R., & Bhatia, R. S., "Uptake and scalability of a peritoneal 

dialysis virtual care solution: qualitative study.," JMIR Human Factors, 6(2), p. e9720. 

https://doi.org/10.2196/humanfactors.9720, 2019.  

 
 

https://spast.org/index.php/techrep/index

