
MSc Thesis P5

Po Au Xu (Kai)

January 13, 2025

Management in the Built Environment

ARTIFICIAL INTELLIGENCE IN 

BUILDING RETROFITTING
D E F I C I E N C I E S ,  C A P A B I L I T I E S  A N D  S T R A T E G I E S



Introduction



ConclusionEmpirical researchTheoretical research Research design & methodIntroduction

Problem statement

T H E  B U I L T  E N V I R O N M E N T

40%
g l o b a l  e n e r g y  a n d  G H G  e m i s s i o n s  

IEA, 2021
Janda et al., 2021

Boland et al.,2022
Ohene et al., 2022



Problem statement

United Nations, n.d
Attia, 2018

World Green Building Council, 2022
Petkov et al., 2023

World Green Building Council
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Problem statement

New building

Max Fordham LLP, n.d
Ruparathna et al. 2016

IEA, 2022.
Petkov et al., 2023

Existing building
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Problem statement

Existing building

Max Fordham LLP, n.d
Ruparathna et al. 2016

IEA, 2022.
Petkov et al., 2023
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Problem statement

what’s new...?
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Artificial Intelligence (AI)
emerges as a transformative force

Mora-Esperanza, 2004
Conway, 2018 
Viriato, 2019

Abioye et al., 2021
Tekouabou et al. 2023



How can AI integrate decarbonization strategies in building retrofitting to achieve net-zero 

building objectives in design and construction management?

Main research question
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1.  What is the concept of building retrofitting and its role in decarbonization strategies to achieve 

net-zero building objectives?

2.   What is the current state of AI-driven techniques in sustainable building design?

3.  What is the role of AI in decarbonization strategies to achieve net-zero building objectives?

4.   How can design and construction management utilize AI in decarbonization strategies?

Sub-research questions
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Theoretical research



1

Literature topics
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Literature topics
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Decarbonization to Net Zero

UK Green Building Council, 2019
Marin et al., 2024; Pastore et al., 2023

World Green Building Council, 2024
Hill et al., n.d
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Hypothesis 1
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“AI can optimize data-driven coordination in net-zero building objectives.” 
AI could support the overarching strategic approach needed to achieve net-zero carbon emissions through 
optimization, monitoring, and facilitation across diverse steps. This goes beyond simple decision-making by 
coordinating and balancing a multifaceted series of goals and actions to align with net-zero objectives.



Building retrofitting 

Energy efficiency improvements
 
Operation carbon reduction

Embodied carbon reduction
 
Renewable energy integration
 
Smart building technologies
 
Water efficiency measures

Building Council, 2022 
UK Green Building Council, 2022 

Hassan et al., 2023 
Hill et al., n.d
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Hypothesis 2
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“Machine learning (a subset of AI) can analyze and enhance the retrofit techniques and design measures more 
effectively than traditional approaches.” 
Machine learning, as introduced in the following chapter 2.3, could be strategically integrated in retrofit techniques to 
address both embodied carbon and operational carbon, to learn from existing or previously applied strategies to refine 
and develop improved applications for new projects.



Artificial Intelligence

Atske, 2022
Hassan et al., 2023

Smolic, 2023
Rocha et al., 2024

Keserer, 2024
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Artificial Intelligence

data-driven decision-making

involves physical automation

mimic human brain function

facilitates language understanding

optimization problems through evolutionary principles

(complex) data-driven decision-making

Conway, 2018
Viriato, 2019
Smolic, 2023

Giudici et al., 2024
Keserer, 2024
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Capabilities

Artificial Intelligence 

Conway, 2018
Viriato, 2019
Smolic, 2023

Giudici et al., 2024
Keserer, 2024
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- Real-time monitoring and data analytics
- Predictive analytics and forecasting
- Intelligent control and optimization
- Machine learning for continuous
   improvement
- Benchmarking and targeting
- Fault detection and diagnostics
- Data decision support
- Compliance with regulations

Techniques in 
Sustainable 
Building Design and 
Management

• Design
• Building Energy Performance
• Automation and Robots
• Smart Buildings
• Material Database



Turrin et al., 2011
Begg & Hassan, 2006
Häkkinen et al. 2015

Nagy et al., 2017
Hamidavi et al., 2018

Delgado et al., 2019
Viriato, 2019

Roberts et al. 2020
Von Platten et al., 2020

Abioye et al., 2021
Farzaneh et al., 2021

Adel et al., 2022
Son et al., 2023

Mousavi et al., 2023
Naeem et al., 2023

Tekouabou et al., 2023
Hassan et al., 2023

Monika, 2023
Seagraves, 2023

Rodríguez-Gracia et al., 2023

AI - Retrofit Technique 
Table
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Hypothesis 3
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“AI (subsets) can reduce operational carbon emissions by optimizing energy efficiency.” 
The ability of AI subsets to evaluate building performance in real-time enables precise predictions and adjustments. AI 
can ensure energy is used efficiently, minimizing waste and reducing operational carbon emissions. 



Hypothesis 4
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“AI (subsets) can minimize embodied carbon emissions by reducing them throughout the retrofit design and 
construction phases.” 
AI subsets can enhance material selection and construction processes, helping to identify low-carbon materials and 
optimize resource use to minimize waste. By simulating various design scenarios, AI can aid in choosing sustainable 
alternatives and efficient methods that align with carbon reduction goals, thus lowering the overall embodied carbon 
footprint in retrofitting projects.



Context: Design and Construction Management (DCM)

Vahidi & Greenwood, 2009
Silvius et al., 2012

Parsamehr et al., 2022
Shah et al., 2023

Russell et al., 2024
Advances in Construction and Project Management, n.d.

the planning, coordination, and control of a construction project from 
inception to completion, ensuring that it meets the client’s 
requirements and is delivered within the constraints of budget, time, 
quality, and resource

• Early Design Decision-making

• Project Planning and Scheduling

• Cost Estimation and Budgeting

• Risk Management and Safety
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Hypothesis 5
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“AI can optimize data-driven insights, enhance accuracy, and reduce human error in design and construction 
management practices.” 
AI can transform traditional design and construction management practices by providing data-driven insights, 
improving decision-making, and minimizing human error. In conventional processes, managing vast amounts of data 
and ensuring accuracy is challenging and prone to mistakes. With AI, these tasks are streamlined, allowing for faster 
and more accurate evaluations of project needs, potential risks, and resource allocations



AI can optimize data-driven coordination in net-zero building objectives. 

Machine learning can analyze and enhance the retrofit techniques and design measures more effectively than 
traditional approaches.

AI (subsets) can reduce operational carbon emissions by optimizing energy efficiency.

AI (subsets) can minimize embodied carbon emissions by reducing them throughout the retrofit design and 
construction phases.

AI can optimize data-driven insights, enhance accuracy, and reduce human error in design and construction 
management practices.

1

5 Research Hypothesis
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2

3

4

5

The research identifies a gap in traditional decarbonization strategies for building retrofitting, which often fail 
to fully optimize energy efficiency and minimize embodied carbon. Integrating AI-driven technologies offers a 
solution to these limitations, enabling data-driven decision-making, predictive insights, and real-time 
adjustments to achieve net-zero building objectives.



Conceptual model
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1.  What is the concept of building retrofitting and its role in decarbonization strategies to achieve 

net-zero building objectives?

2.   What is the current state of AI-driven techniques in sustainable building design?

3.  What is the role of AI in decarbonization strategies to achieve net-zero building objectives?

4.   How can design and construction management utilize AI in decarbonization strategies?

Sub-research questions
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How can AI integrate decarbonization strategies in building retrofitting to achieve net-zero 

building objectives in design and construction management?

main research questions



Research design & method



Methods and Instruments
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Case study

Case selection criteria:
1. Existing entire building: 
Project cases must be an existing entire building (excluding office fit-outs, apartments, or partial of the building).
 
2. Retrofit assessment towards net zero objectives: 
The cases involve projects where retrofit assessment towards net-zero building objectives has been conducted.
 
3. Impact based on data: 
The cases have documented analyses related to energy efficiency and carbon reduction. 
The retrofit measures and the impact of decarbonization are evident based on building assessment reports 
(environmental, technical, and/or financial investment).

2 case study: Building Retrofit Deficiencies 
10 documents and 5 semi-structured interviews)
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Semi-structured interviews 

Selection criteria:
1.Expertise in AI or digitalization and/or;

2.Expertise in retrofit/net zero building and/or;

3. In Design and Construction Management firm.

13 one-on-one interviews
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Closed coding (ATLAS.ti) for Case Studies
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Closed coding (ATLAS.ti) for One-on-one Interviews 
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Empirical research



SQ3: What is the role of AI in decarbonization strategies to achieve net-zero building objectives?

ConclusionEmpirical researchTheoretical research Research design & methodIntroduction



SQ3: What is the role of AI in decarbonization strategies to achieve net-zero building objectives?

What Experts Believe AI Can Realistically Do

What Experts Believe AI Cannot Yet Do

What Needs to Change for AI to Succeed

= 

8 AI Capabilities

Chapter 4: Case Studies Chapter 5: Experts Interviews

Analysis of two retrofit projects: Hotels and Campus Buildings.

Identifying deficiencies and challenges in achieving net-zero objectives.
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= 

Retrofit Deficiencies



Chapter 4 <=> Chapter 5

= 

AI Strategies in Retrofit Application

Chapter 6: Cross-case analysis
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Chapter 4: Case Study Projects

Project 1: Hotel Buildings Decarbonization

       Focus: Four hotels across Europe (Spain, Italy, Netherlands).
       Objective: Achieve A+ energy labels and BREEAM ‘Very Good’ certifications.
       Challenges: High carbon footprints, limited renewable energy integration.

Project 2: Campus Buildings Decarbonization

        Scope: Seven interconnected buildings (office, lab, data centers).
        Target: Carbon neutrality by 2030.
        Challenges: Aging infrastructure, shared energy systems, lack of metering.
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Chapter 4: Key Challenges Identified

Energy Efficiency & Installations
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Building Envelope Operational Deficiencies



Chapter 4: Key Challenges Identified
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Issues with renewable energy procurement and outdated systems.

Barriers to heat pumps and sub-metering due to costs and shared energy systems.

Energy Efficiency & Installations



Chapter 4: Key Challenges Identified

Building Envelope
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Minimal insulation in older buildings.

Limited data on structural conditions.



Chapter 4: Key Challenges Identified

Operational Deficiencies
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Incomplete or outdated data (e.g., post-COVID anomalies).

Over-reliance on assumptions.



Chapter 4: Summary of Deficiencies in Retrofit (Case studies)
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Chapter 5: AI Insights from Interviews
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Benchmarking & Targeting.

Predictive Analytics.

Real-Time Monitoring.

Data Decision Support.

Compliance with Regulations.

Fault Detection.

Intelligent Optimization.

Continuous Learning.



Chapter 5: AI Insights from Interviews

AI Can Do
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Energy Optimization:
• Real-time adjustments for HVAC, lighting.

Carbon Footprint Reduction:

• Identifying low-carbon materials and renewable energy sources.

Operational Efficiency:
• Reducing energy intensity (EUI) via AI-driven monitoring.



Chapter 5: AI Insights from Interviews

AI Can Not Yet Do
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Data Challenges:
• Incomplete or poor-quality data limits AI accuracy.
• Structuring legacy data is resource-intensive.

Stakeholder Skepticism:
• Trust issues with AI as a “black box.”

Technological Barriers:
• High implementation costs and lack of standardization.



Chapter 5: AI Insights from Interviews

Needs to Change for AI
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Focus on Measurable Objectives:
• Energy savings, carbon reduction, operational efficiency.

Enhance Data Infrastructure:
• Invest in real-time metering and structured datasets.

Stakeholder Collaboration:
• Build trust and align goals across project teams.

Gradual Implementation:
• Begin with simpler applications and scale over time.



1. Advocate for Industry-Wide Digitalization
• Standardize and structure data collection and sharing across projects.
• Integrate IoT devices and sensors for real-time data collection.
• Facilitate collaboration between stakeholders to aggregate data insights.

2. Adopt a Phased Implementation Approach
• Begin with simpler AI applications in new builds before tackling legacy structures.
• Gradually integrate AI tools, starting with data analytics and progressing to advanced optimization.
• Demonstrate incremental value to increase acceptance and reduce resistance.

3. Foster Supply Chain Collaboration
• Promote transparency and data sharing across suppliers, manufacturers, and contractors.
• Align AI applications with shared sustainability goals within the supply chain.

4. Strengthen Stakeholder Engagement
• Build trust by educating stakeholders on AI benefits and addressing skepticism.
• Ensure AI tools are transparent and provide measurable outcomes.
• Engage policymakers to support AI adoption with incentives and clear regulations.

5. Emphasize Measurement and Verification
• Establish clear metrics to validate AI’s impact on energy and carbon reduction.
• Implement a feedback loop for continuous improvement of AI tools.
• Ensure human oversight to verify AI outputs and mitigate errors or biases.
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Chapter 5: Further Recommendations by experts
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Chapter 5: Role of AI summary (Case studies)



SQ4: How can design and construction management utilize AI in decarbonization strategies?

Early-Stage Design and Scenario Planning

Project Planning and Scheduling

Risk Management

Cost Estimation and Accuracy

Automate Routine Task

Procurement and Supply Chain Management

Quality Control and Assurance

Data Security & Privacy

People and Ethics (Human Intelligence)

Accountability 
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Strategic Planning and Coordination
• Aligns decarbonization goals with AI capabilities for optimal outcomes.
• Facilitates collaboration among stakeholders (designers, contractors, AI experts).

Data-Driven Decision Making
• Leverages AI tools to analyze energy performance, material use, and operational inefficiencies.
• Supports data-backed decisions to prioritize retrofit interventions.

Risk Management
• Identifies technical, financial, and regulatory risks.
• Uses AI for predictive analytics to mitigate risks proactively.

Compliance with Standards
• Ensures retrofit measures meet certifications like LEED and BREEAM.
• Adapts projects to evolving sustainability policies and regulations.

Chapter 5: Key Contributions of DCM with AI
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Limited access to structured and real-time data.

High upfront costs of integrating AI technologies.

Resistance to adopting AI within traditional construction practices.

Chapter 5: Challenges for DCM with AI
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1. Optimizing Project Design
• AI tools assist in:

⚬ Generating sustainable design alternatives.
⚬ Simulating energy performance and carbon impacts of various designs.

2. Enhancing Construction Processes
• Real-time monitoring and intelligent control systems reduce energy waste during construction.
• AI identifies opportunities for improving material efficiency and minimizing embodied carbon.

3. Improving Operational Efficiencies
• AI-backed systems like Building Management Systems (BMS) optimize energy use post-retrofit.
• Predictive maintenance ensures building systems operate efficiently and sustainably.

4. Promoting Stakeholder Collaboration
• DCM frameworks integrate AI insights to align stakeholder goals.
• Facilitates transparent communication using AI dashboards for progress tracking.

5. Scaling for Net-Zero Objectives
• Gradual implementation of AI solutions across building portfolios.
• Aligns with long-term decarbonization targets through continuous learning and adaptation.

Chapter 5: AI-Driven Strategies in DCM
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Chapter 6: Cross-case Analysis
Conceptual model



Chapter 6: Cross-case Analysis
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Real-Time Monitoring
and Data Analytics

Predictive Analytics
and Forecasting

Intelligent Control 
and Optim ization

Machine Learning for
Continuous Improvement

Benchmarking
and Targeting

Fault Detection
and Diagnostics

Data Decision 
Support

Compliance
with Regulations



Chapter 6: Cross-case Analysis
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2 expert panel (validate findings)

Expert Panel Participants Discussion Take away

1

1.AI consultant

2.Digitalization consultant

two frameworks are the same?

Risk and risk management of 

applying AI

Explain the different framework and how both are part of the AI methodology.

Human intelligence and accountability.

AI subset is sometimes unclear to define and apply to an specific AI capability (defining based on literature review).

2

1.Retrofit/ Net Zero consultant

2. Project manager

AIR0: Business case for AI to 

detec (CSF0)

DCM FRAIM => RIBA framework

Sustainable procurement

Risk management (priority)

Stakeholder engagement

AIR0: Make it clear of how to use the AIR0 matrix.

AIR0: Synergestic retrofit measure for integrating all the individual components

DCM FRAIM: Stakeholder engagement in people & ethics.

Not all the AI core components are connected to the iron triangle. Define the compont to the direct and intended outcome.

Validation
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Chapter 6: Hypothesis

• Hypothesis 1: AI optimizes data-driven integration in net-zero objectives.
Supported: AI's real-time monitoring and data analytics address data quality and availability issues, ensuring accurate benchmarking and continuous performance improvement.

• Hypothesis 2: Machine learning enhances retrofit techniques and measures.
Supported: Machine learning optimizes energy systems and building envelopes, reducing operational inefficiencies and improving carbon reduction outcomes.

• Hypothesis 3: AI reduces operational carbon by optimizing energy efficiency.
Supported: Intelligent control systems and fault detection tools enhance the performance of HVAC and lighting systems, directly reducing operational carbon.

• Hypothesis 4: AI minimizes embodied carbon through material optimization.
Partially Supported: While AI provides insights into material selection, its effectiveness is dependent on the availability of low-carbon material databases and the digitalization of industry.

• Hypothesis 5: AI enhances decision-making accuracy in design and construction management.
Supported: Scenario modeling and data decision support tools enable stakeholders to make informed decisions, improving project outcomes.
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Conclusion



Main RQ: How can AI integrate decarbonization strategies in building retrofitting to achieve net-zero building objectives 
in design and construction management?
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Key Conclusions
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SQ1: Concept of Building Retrofitting
• Retrofitting reduces carbon emissions and operational inefficiencies through insulation, 

renewable energy integration, and advanced HVAC systems.

SQ2: AI in current Sustainable Design
• AI tools like machine learning and neural networks enable energy modeling, predictive 

maintenance, and decision-making optimization.

SQ3: Role of AI in Decarbonization
• AI unifies fragmented data, models energy scenarios, and supports low-carbon material 

selection.

SQ4: Design and Construction Management
• AI enhances early-stage planning, risk assessment, and performance monitoring, aligning 

construction management with decarbonization goals.



Real-Time Monitoring
and Data Analytics

Predictive Analytics
and Forecasting

Intelligent Control 
and Optim ization

Machine Learning for
Continuous Improvement

Benchmarking
and Targeting

Fault Detection
and Diagnostics

Data Decision 
Support

Compliance
with Regulations

Embodied Carbon reduction:
• Insulation, window and door 

upgrade
• Materials and circular 

alternatives
• Waste reduction and recycling

Operational Carbon efficiency:
• Light upgrades

• HVAC system improvements
• Building Management Systems
• Renewable energy integration

Net Zero Building Objectives
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• Conclusion: AI as a Transformative Tool
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to address deficiencies in current retrofitting practices by optimizing energy performance, reducing embodied and operational carbon, and enhancing decision-making processes in design and construction management.





In an era where our climate evolves more rapidly than anticipated.
Where challenges arise and solutions are innovated.
We stand at a crossroads, a moment debated.
Seeking harmony with nature, a future unabated.

Po Au Xu





Appendix



Synthesis (AIR0)

Retrofit Technique
Operational carbon (heatpump)

=
AI capability

Data decision support
+ AI subset (Neural Networks)

analyzing the building’s thermal load, 
energy consumption, and user 

preferences

example 1
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AI capability
Data decision support

+ AI subset (Neural Networks)

analyzing the building’s thermal load, 
energy consumption, and user 

preferences

Retrofit Technique
Operational carbon (heatpump)

Synthesis SQ3 (AIR0)

=

PROJECT

TYPE

DECISIONS

VALIDATESYNERGY
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Synthesis SQ4 (DCM FRAIM)

Cost saving (Iron triangle)Risk Management

=
1.Risk assessment

2.Predictive Analytics for Risk Mitigation

3.Mitigation of Design-Related Risks 

AI Core component

example 1
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Synthesis (DCM FRAIM)

Carbon reduction (+Iron triangle)Early-stage design 
and scenario planning

=
1.AI scenario planning

2.Material selection and reuse

3.Client and stakeholder engagement 

AI Core component

example 2
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Discussion



Discussion

• Net-Zero Goals: carbon offsetting (step 5)

• Operational vs Embodied Carbon: financial constraints

• AI's Role: limitations such as fragmented data, outdated infrastructure, and financial constraints

• Robotics and Automation: traditional labor dominating 

• Data and Material Selection: incomplete databases and lack of integration with existing systems

• Regulatory Compliance: frequent changes

• Technological Gaps in Older Buildings: lacked infrastructure (sub-meters, sensors)



Limitations

• Selection of Case Study Projects and Interviewees: the initial phases of retrofitting projects, AI case studies not 
available, 

• Interview Participants Bias: graduation internship, not a broader field of construction management

• Rapid Evolution of AI technologies: current state of technologies, outdated study in the future

• Lack of Quantitative Data: exact metrics of energy savings or carbon reduction

• Technological Readiness: older buildings, technological infrastructure 



Recommendations



Recommendation

AI Methodology: Continuously update the AI framework to reflect advancements, focusing on integrating AI earlier in 
retrofitting for better carbon reductions. Expand AI application across different building types and regions to assess 
scalability.

New Buildings: Research should explore how AI can fully optimize energy efficiency and carbon reduction in new 
building designs, where fewer constraints exist compared to retrofits.

Stakeholder Involvement: Investigate the influence of stakeholders (developers, owners, policymakers) in AI-driven 
decarbonization strategies, focusing on their role in AI adoption for sustainability goals.

AI in Carbon Tracking: Explore the role of AI in carbon monitoring and offsetting, particularly when AI-powered systems 
will significantly influence decision-making and prioritize projects based on environmental and financial benefits.



AIR0 Guidelines & DCM FRAIM

ConclusionEmpirical researchTheoretical research Research design & methodIntroduction



Data management



Triangulation

Shention, 2004



Data Management Plan



Data Management Plan
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