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Abstract
The built environment contributes approximately 40% of global energy consumption and 36% of carbon dioxide emissions, with mechanical and electrical (M&E) systems representing the largest operational energy consumers. While AI-enabled Digital Twin technologies demonstrate proven energy savings of 10-38% in academic literature, practical adoption in post-construction building management remains limited, particularly in public-sector contexts. This research investigates how API-driven AI and Digital Twin technologies can enhance sustainability in post-construction M&E systems within the Further Education sector in South Wales.
A convergent parallel mixed-methods design combined quantitative survey research (n=87 built environment professionals) with qualitative semi-structured interviews (n=6 FE sector stakeholders). Analysis was guided by a three-domain conceptual framework addressing Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment, interpreted through established technology adoption theories including Technology Acceptance Model (TAM), Unified Theory of Acceptance and Use of Technology (UTAUT), and Diffusion of Innovations (DOI).
Findings reveal that only 6.9% of respondents reported full AI-Digital Twin integration, with 40.2% describing partial implementation. Predictive maintenance benefits received strongest endorsement (94.3% agreement), supported by qualitative accounts of verified energy savings including 18% reduction in gas consumption. Adoption is constrained by interconnected barriers: budget limitations (92% rating as moderate barrier or higher), legacy system incompatibility, cybersecurity concerns, and skills gaps. A moderate-strong positive correlation between technology familiarity and barrier perception, suggests increased understanding leads to more realistic assessment of implementation challenges.
The research concludes that while perceived usefulness is well-established, perceived ease of use and facilitating conditions remain constrained by structural factors including short-term funding cycles and fragmented legacy infrastructure. Recommendations include phased digital retrofit strategies, open-protocol procurement, and sector-specific implementation guidance. 
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[bookmark: _Toc220152159]Chapter 1 – Introduction
[bookmark: _Toc220152160]1.1 Background and Context
The built environment accounts for approximately 40% of global energy consumption and 36% of carbon dioxide emissions, positioning buildings as a critical domain for climate action (International Energy Agency, 2023). Within this sector, mechanical and electrical (M&E) systems, encompassing heating, ventilation, air conditioning (HVAC), lighting, and power distribution, represent the largest operational energy consumers, typically accounting for 60-70% of total building energy use (Carbon Trust, 2019; CIBSE, 2023). As governments and industries pursue Net-Zero carbon targets, optimising the performance of M&E systems in existing buildings has emerged as an urgent priority with substantial environmental and economic implications.
The UK's Climate Change Committee emphasises that approximately 80% of 2050's buildings already exist, positioning post-construction management as essential to national decarbonisation. Röck et al. (2020) confirm that operational carbon remains the dominant contributor to whole-life emissions in existing buildings, reinforcing this imperative. 
Recent technological advances have positioned Artificial Intelligence (AI) and Digital Twin technologies as transformative tools for building operations and maintenance. A Digital Twin creates a real-time digital replica of physical building systems by integrating data from Internet of Things (IoT) sensors, Building Information Models (BIM), and Building Management Systems (BMS). When enhanced with AI algorithms, including machine learning for predictive analytics, deep reinforcement learning for system optimisation, and anomaly detection for fault identification, these systems can autonomously adjust settings based on environmental conditions, occupancy patterns, and historical trends (Boje et al., 2020; Bolton et al., 2018). The Centre for Digital Built Britain's Gemini Principles establish that true Digital Twins require bidirectional data flow between physical and virtual representations, distinguishing them from passive BIM models and enabling predictive rather than merely descriptive analysis.

Figure 1.1 illustrates this technological evolution, depicting the progression from traditional buildings with manual controls, through automated and smart building stages, toward fully integrated Digital Twin-enabled systems representing the 'system of systems' approach that this research investigates.
[image: digital twin evolution.system of systems.2022 - digital twin evolution.system of systems.2022]
[bookmark: _Toc220152004][bookmark: _Toc223075547][bookmark: _Toc223079106]Figure 1.1: Evolution from Traditional Buildings to Integrated Digital Twin Systems
Source: Sensative, 2022

Application Programming Interfaces (APIs) provide the standardised protocols enabling disparate building systems to exchange data. Practical deployment faces significant challenges in existing buildings where legacy infrastructure and proprietary control systems create substantial interoperability barriers (Volk, Stengel and Schultmann, 2014). Understanding adoption requires attention to technical capabilities, organisational readiness, policy frameworks, a socio-technical perspective essential for digital transformation (Boje et al., 2020).
[bookmark: _Toc220152161]1.2 Sectoral Context: Further Education in South Wales
This research focuses specifically on the Further Education (FE) sector in South Wales, a context that exemplifies the challenges facing public-sector building portfolios seeking to adopt digital technologies for sustainability improvement. Welsh FE institutions manage substantial estates comprising buildings of varying ages, conditions, and technical specifications, many constructed before contemporary energy efficiency standards and digital infrastructure requirements were established. The Association of Colleges (2023) reports that FE institutions face pressures in managing ageing building stock while meeting growing expectations for sustainability performance.
The sector operates under distinctive constraints: public-sector procurement requirements misaligned with agile technology deployment, annual budget cycles creating uncertainty for multi-year investments, and Welsh Government Net-Zero commitments generating pressure while resources remain constrained. These tensions make the FE sector particularly instructive for examining AI and Digital Twin adoption challenges.
The FE sector has received limited attention in the academic literature on building digitalisation, which has predominantly focused on commercial office buildings, healthcare facilities, and higher education institutions with greater capital investment capacity. This research addresses that gap by examining technology adoption patterns, barriers, and enablers within a sector managing significant building stock under characteristic public-sector constraints. The findings may transfer to comparable contexts including local authorities, NHS estates, and other publicly funded building portfolios.
[bookmark: _Toc220152162]1.3 Problem Statement
Despite growing interest in AI and Digital Twin technologies for building performance optimisation, their adoption within post-construction M&E systems remains limited, particularly in public-sector contexts. A systematic review of recent literature (2022–2025) conducted for this research reveals a significant implementation gap: while AI-enhanced Digital Twins demonstrate proven energy savings of 10-38% in reported studies, only three of ten reviewed papers provided technical details on API integration, indicating this remains an underreported and under-researched aspect of the field (Cespedes-Cubides and Jradi, 2024).
The literature identifies interconnected barriers: technical challenges including incompatible legacy systems, absent BIM models, and fragmented sensor networks (Volk, Stengel and Schultmann, 2014; Deng, Menassa and Kamat, 2021); organisational barriers including skills shortages, cultural resistance, and cybersecurity concerns (Pärn, Edwards and Sing, 2017; Matarneh et al., 2019); and structural constraints including short-term funding models and procurement frameworks favouring lowest-cost solutions.
Technology adoption theories, including Davis's (1989) Technology Acceptance Model, Venkatesh et al.'s (2003) Unified Theory of Acceptance and Use of Technology, and Rogers's (2003) Diffusion of Innovations, provide frameworks for understanding these barriers, yet their application to Digital Twin adoption in existing building contexts remains limited. Critically, existing research focuses on conceptual frameworks, simulation studies, or new-build implementations, with limited empirical investigation of practitioner perspectives and real-world deployment experiences in existing building contexts. There is therefore a need to understand how industry professionals perceive these technologies, what barriers they encounter in practice, and whether implementations deliver measurable sustainability benefits in operational settings.
[bookmark: _Toc220152163]1.4 Research Aim
The aim of this research is to investigate how API-driven AI and Digital Twin technologies can enhance sustainability in post-construction mechanical and electrical systems, with particular focus on the Further Education sector in South Wales. The study examines industry awareness, adoption patterns, perceived benefits and barriers, and organisational readiness, generating practice-informed insights to support more effective digital transformation strategies for sustainable building operations.
[bookmark: _Toc220152164]1.5 Research Objectives
To achieve the research aim, six objectives were established:
1. [bookmark: _Ref223075693]To assess industry awareness and familiarity with AI, Digital Twins, and API-based data integration in post-construction M&E contexts.
1. [bookmark: _Ref223075701]To examine the extent to which AI and Digital Twin technologies have been adopted within existing building operations.
1. To identify the perceived sustainability and operational benefits associated with these technologies.
1. To explore the key technical, organisational, and structural barriers limiting adoption, particularly in retrofit environments.
1. To investigate how industry professionals perceive organisational readiness for AI and Digital Twin implementation.
1. To develop practice-informed insights that can support more effective post-construction sustainability strategies within the FE sector and comparable contexts.


[bookmark: _Toc220152165]1.6 Research Questions
The study addresses the following research questions:
1. What is the current level of awareness and familiarity with AI, Digital Twin, and API-driven technologies among professionals involved in post-construction M&E systems?
1. To what extent have AI and Digital Twin technologies been adopted in the management and operation of existing buildings?
1. What sustainability and operational benefits are perceived to result from the use of AI and Digital Twin technologies in post-construction M&E systems?
1. What are the main technical, organisational, and structural barriers preventing wider adoption of these technologies in existing buildings?
1. How ready are organisations to adopt AI and Digital Twin solutions within post-construction M&E contexts?

[bookmark: _Toc220151980][bookmark: _Toc223077211][bookmark: _Toc223079107]Table 1.1: Research Questions and Objectives Alignment
	RQ
	Research Question
	Aligned Objectives

	RQ1
	Awareness and familiarity with AI, Digital Twins, and APIs
	Objective 1

	RQ2
	Extent of adoption in existing buildings
	Objective 2

	RQ3
	Perceived sustainability and operational benefits
	Objective 3

	RQ4
	Technical, organisational, and structural barriers
	Objective 4

	RQ5
	Organisational readiness for adoption
	Objectives 5, 6



[bookmark: _Toc220152166]1.7 Significance of the Study
This research contributes to knowledge and practice in several important ways. Academically, the study addresses a recognised gap in the literature by providing empirical evidence on AI and Digital Twin adoption in post-construction contexts, an area where existing research has predominantly focused on conceptual frameworks, simulation studies, and new-build applications. By examining practitioner perspectives and implementation experiences, the research extends understanding beyond technical capability to encompass the organisational, cultural, and structural factors shaping real-world deployment, responding to calls for socio-technical approaches to building digitalisation (Boje et al., 2020).
The focus on the Further Education sector provides insights into public-sector technology adoption that may transfer to comparable contexts including local authorities, NHS estates, and other publicly funded building portfolios operating under similar constraints. The mixed-methods approach, combining quantitative survey research (n=87) with qualitative interviews (n=6), generates both quantifiable patterns suitable for benchmarking and rich contextual understanding of how barriers manifest and might be addressed in practice (Creswell and Creswell, 2023; Bryman, 2021).
For practitioners, the findings offer evidence-based insights to inform digital transformation strategies, procurement decisions, and workforce development priorities. For policymakers, the research illuminates the gap between policy ambition and operational reality, highlighting were targeted interventions, such as skills funding, interoperability standards, or procurement guidance, might accelerate sustainable building technology adoption. The emphasis on API integration and interoperability addresses a critical but underreported technical dimension with direct practical implications for system specification and vendor selection.
[bookmark: _Toc220152167]1.8 Scope and Delimitations
The research scope encompasses AI and Digital Twin technologies applied to post-construction M&E systems in existing buildings, with primary data collection focused on the Further Education sector and related built environment professionals in South Wales. The study examines perceptions, experiences, and readiness rather than conducting technical performance measurement of specific Digital Twin implementations.
Several delimitations frame the investigation. The research focuses on operational-stage building management rather than design-phase or construction-phase applications of Digital Twin technology. While the literature review encompasses international sources, primary data collection targets UK practitioners with emphasis on the Welsh context. The study examines M&E systems holistically rather than conducting detailed analysis of specific subsystems such as HVAC or lighting in isolation. These boundaries enable focused investigation of the research questions within the constraints of an MSc dissertation while generating findings with broader transferability.
[bookmark: _Toc220152168]1.9 Research Methodology Overview
A convergent parallel mixed-methods approach was adopted, combining quantitative survey research with qualitative semi-structured interviews to address the research questions from complementary perspectives (Creswell and Creswell, 2023). This design reflects a pragmatist philosophical position that prioritises practical problem-solving and recognises that both quantitative measurement and qualitative interpretation contribute valuable knowledge (Saunders, Lewis, and Thornhill, 2023). The quantitative strand captured industry-wide patterns in technology familiarity, adoption status, perceived benefits and barriers, and organisational readiness through a structured questionnaire administered to 87 built environment professionals. The qualitative strand explored contextual factors, implementation experiences, and explanatory mechanisms through in-depth interviews with six purposively selected stakeholders from the FE sector in South Wales.
Data collection and analysis were guided by a three-domain conceptual framework addressing Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment. This framework, developed from the literature review, recognises that successful AI-Digital Twin implementation depends on the interaction of technical infrastructure, organisational factors, and policy environments, reflecting socio-technical systems theory which posits that performance depends on joint optimisation of social and technical subsystems (Boje et al., 2020). Quantitative data were analysed using descriptive statistics and correlation analysis, while qualitative data underwent thematic analysis following Braun and Clarke's (2022) framework. Integration occurred at the interpretation stage through systematic triangulation identifying convergence, divergence, and complementarity between research strands. Full methodological details are presented in Chapter 3.
[bookmark: _Toc220152169]1.10 Dissertation Structure
The dissertation is organised into six chapters. Following this introduction, Chapter 2 presents a comprehensive literature review examining AI and Digital Twin technologies in building operations, sustainability drivers, implementation barriers, technology adoption theories, and the three-domain conceptual framework guiding the research. Chapter 3 details the research methodology, including philosophical positioning, research design, data collection instruments, sampling strategies, analytical procedures, and ethical considerations.
Chapter 4 presents findings from both quantitative and qualitative research strands, integrating statistical analysis of survey data with thematic analysis of interview responses through systematic triangulation. Chapter 5 discusses the findings in relation to the literature and technology adoption frameworks, examining implications for theory, practice, and policy while acknowledging limitations and identifying directions for future research. Chapter 6 concludes the dissertation by summarising key findings, articulating contributions to knowledge and practice, and offering recommendations for stakeholders seeking to advance sustainable building operations through digital technologies.

[bookmark: _Toc220151981][bookmark: _Toc223077212][bookmark: _Toc223079108]Table 1.2: Dissertation Structure Overview
	Chapter
	Title
	Content Focus

	1
	Introduction
	Background, problem statement, aims, objectives, research questions, significance, methodology overview

	2
	Literature Review
	AI, Digital Twins, sustainability drivers, technology adoption theory, barriers, three-domain conceptual framework

	3
	Methodology
	Philosophy, mixed-methods design, instruments, sampling, thematic analysis, triangulation, ethics

	4
	Findings
	Quantitative results, qualitative themes, triangulated analysis across three domains

	5
	Discussion
	Interpretation through adoption frameworks, implications for theory/practice/policy, limitations

	6
	Conclusion
	Summary, contributions to knowledge, recommendations for stakeholders




[bookmark: _Toc220152170]Chapter 2 – Literature Review
[bookmark: _Toc220152171]2.1 Introduction
[bookmark: _Toc220152172]Theoretical and empirical foundations for investigating AI-enabled Digital Twins in post-construction building management are established through synthesis of literature across three interconnected domains: Technological Capability, encompassing Digital Twin architecture, AI integration, and API connectivity; Human and Organisational Readiness, addressing skills, change management, and stakeholder engagement; and Policy and Governance Alignment, examining regulatory frameworks, data standards, and cybersecurity. This three-domain conceptual framework provides the analytical lens through which primary research findings will subsequently be interpreted.
The chapter proceeds thematically, first examining the sustainability imperative driving Digital Twin adoption before analysing technological components, human factors, and policy considerations. The review culminates in identification of specific research gaps, particularly regarding API integration in Further Education sector buildings where implementation guidance remains notably absent. A systematic review conducted through the Elicit platform synthesises ten peer-reviewed studies published between 2022 and 2025 examining AI-enhanced Digital Twin applications in operational buildings.
2.2 Sustainable Post-Construction Management
The operational phase of buildings represents the most significant opportunity for sustainability improvement, as buildings consume the majority of their lifetime energy during decades of occupation rather than during construction (International Energy Agency, 2023). Röck et al. (2020) demonstrate that while embodied carbon receives increasing attention in new construction, operational carbon remains the dominant contributor to whole-life emissions in existing buildings, reinforcing the imperative for post-construction performance optimisation. This understanding has shifted sustainability discourse from construction-phase efficiency toward whole-life carbon assessment and operational optimisation, recognising that even energy-efficient new buildings contribute minimally to emission reductions if existing stock remains unaddressed.
Research consistently identifies a substantial gap between designed and actual building performance, though interpretations of its causes vary considerably. Menezes et al. (2012) documented buildings consuming two to five times their predicted energy, attributing this primarily to occupant behaviour and system degradation. This interpretation arguably underestimates the role of inadequate commissioning processes and poor operational handover, factors that could be addressed through improved project delivery rather than post-occupancy intervention. De Wilde (2014) advanced understanding by developing a comprehensive framework identifying feedback mechanism failures, yet this analysis arguably underemphasises the organisational factors that prevent facilities management teams from acting on available performance data, a limitation identified given the subsequent evidence from Boje et al. (2020) on socio-technical interdependencies. The persistence of this performance gap despite advances in building simulation raises a fundamental question: whether the gap reflects primarily technical limitations amenable to technological solutions, or systemic industry failures requiring structural rather than technological intervention. This tension between technological optimism and systemic critique runs throughout Digital Twin discourse and warrants critical examination.
M&E systems represent the primary energy consumers within commercial buildings, with HVAC, lighting, and power infrastructure accounting for 60-70% of total consumption (International Energy Agency, 2023). The UK's Climate Change Committee emphasises that meeting Net Zero targets requires transforming existing building stock rather than focusing exclusively on new construction, as 80% of 2050's buildings already exist. Ibn-Mohammed et al. (2013) reinforce that for existing buildings where embodied carbon is already committed; operational carbon reduction represents the primary available sustainability lever. This reality positions post-construction management as essential to national decarbonisation strategies, with relevance for public sector buildings including Further Education colleges that combine substantial M&E demands with constrained budgets for wholesale system replacement.
The UK Green Building Council (2023) advocates for operational performance disclosure as a mechanism for driving improvement, yet current Energy Performance Certificates focus on theoretical rather than actual performance, creating misalignment between regulatory metrics and sustainability outcomes. The Carbon Trust (2019) identifies Further Education as a sector with significant potential for energy efficiency improvements, noting that colleges typically exhibit higher energy intensities than comparable commercial buildings due to extended operating hours, diverse space types, and legacy building stock. This sectoral context establishes the practical relevance of investigating Digital Twin applications for FE building sustainability.
[bookmark: _Toc220152173]2.3 Building Information Modelling and Digital Twin Evolution
Digital Twin technology evolved from static Building Information Modelling toward dynamic, sensor-connected representations. Eastman et al. (2018) define BIM as “a modelling technology and associated set of processes to produce, communicate, and analyse building models.” Succar (2009) conceptualised BIM maturity through staged progression from object-based modelling toward network-based integration, a framework that Digital Twin discourse extends.
Bolton et al. (2018) established the Gemini Principles, defining Digital Twins as requiring bidirectional data flow between physical and virtual representations, distinguishing them from passive BIM models that provide only geometric and specification data. Sepasgozar (2021) clarifies that many implementations claiming Digital Twin status represent 'Digital Shadows' (one-way data flow) with limited predictive capability.
Implementation maturity varies substantially across the building sector. Zhang et al. (2024) identified strong correlation between Digital Twin maturity levels and measurable sustainability outcomes, noting that organisations achieving higher maturity demonstrate superior energy performance and maintenance efficiency. Their research also revealed that most existing buildings remain at early maturity stages, characterised by fragmented data systems and limited integration between BIM assets and operational technologies. Volk, Stengel, and Schultmann (2014) conducted a comprehensive review of BIM for existing buildings, identifying challenges including incomplete geometric documentation, heterogeneous system landscapes, and the cost-benefit uncertainty of retrospective model creation. These challenges prove particularly pronounced in older building stock where original construction predated digital documentation practices, creating a baseline deficit that implementations must overcome before achieving advanced capabilities.
The challenge of implementing Digital Twins in existing buildings differs fundamentally from new construction scenarios. Cespedes-Cubides and Jradi (2024) identified an 'interactivity gap' affecting buildings constructed before 2001, where absence of BIM models necessitates extensive retrofitting before Digital Twin deployment becomes feasible. Their systematic review noted that existing buildings frequently lack the digital infrastructure assumed by contemporary Digital Twin platforms, creating implementation barriers that research has insufficiently addressed. Deng, Menassa and Kamat (2021) trace the evolution from BIM to Digital Twins in the AEC-FM industry, noting that while conceptual frameworks abound, practical guidance for retrofit implementation remains underdeveloped. Buildings retaining original legacy systems require either wholesale replacement or complex middleware solutions to achieve sensor connectivity, significantly increasing implementation costs and complexity.
[bookmark: _Toc220152174]2.4 M&E Systems Optimisation and Predictive Maintenance
Mechanical and Electrical systems present opportunities for AI-enhanced optimisation due to their continuous operation, measurable outputs, and significant energy consumption. Traditional reactive maintenance approaches address failures after occurrence, incurring both repair costs and associated productivity losses. Atkin and Brooks (2021) characterise facilities management evolution from reactive through planned to predictive paradigms, noting that each transition requires enhanced information systems enabling increasingly sophisticated analysis. Preventive maintenance improves upon reactive approaches through scheduled interventions but risks unnecessary servicing of adequately functioning equipment while potentially missing failures that occur between scheduled inspections. Predictive maintenance represents a change in thinking, using sensor data and analytical models to forecast component failures before occurrence, enabling precisely timed interventions that maximise equipment lifespan while minimising unplanned downtime.
The systematic review conducted through Elicit revealed consistent evidence for AI-enhanced Digital Twin effectiveness in M&E optimisation. Boukaf et al. (2024) confirm digital twins as effective tools for building energy consumption forecasting through machine learning integration published between 2022 and 2025, implementations demonstrated energy efficiency improvements ranging from 10% to 38%, with variation reflecting differences in building characteristics, system scope, and implementation maturity. This range aligns with broader literature on smart building performance; Minoli, Sohraby and Occhiogrosso (2017) report similar variation in IoT-enabled building optimisation outcomes, attributing differences to baseline efficiency, system integration depth, and operational commitment to using generated insights. The systematic review protocol, including search strategy and inclusion criteria, is detailed in Appendix D.
Hosamo et al. (2022) documented predictive maintenance frameworks achieving significant annual savings through early fault detection in air handling units, demonstrating the financial case for AI-enhanced monitoring alongside environmental benefits. Renganayagalu et al. (2024) reported 20% energy consumption reduction in a Norwegian office building constructed in 1947 but equipped with 62 IoT sensors providing comprehensive environmental monitoring across four floors over a ten-month validation period. This case proves particularly instructive for existing building contexts, demonstrating that substantial performance improvements remain achievable even in aged building stock when appropriate sensor infrastructure and analytical capabilities are deployed.
[bookmark: _Toc220151982][bookmark: _Toc223077213][bookmark: _Toc223079109]Table 2.1: Systematic Review – Quantified Outcomes from AI-Enhanced Digital Twin Studies (2022–2025)
	Study
	Building Context
	AI/ML Method
	Energy Outcome
	Performance Metrics / IEQ
	API / Integration Details

	Amangeldy et al. (2025)
	Not specified; HVAC/IEQ focus
	Deep reinforcement learning; gradient boosting; neural networks
	10–35% HVAC demand reduction
	87–97% forecasting accuracy; 40% reduction in sick building complaints
	Not reported; interoperability issues with legacy BAS noted

	Renganayagalu et al. (2024)
	Office building (4 floors, built 1947); Halden, Norway; 62 IoT sensors; 10-month study
	Fully connected neural network (3 hidden layers, ReLU activation)
	20% energy consumption reduction
	RMSE 0.0028; minimal thermal comfort impact
	REST/proprietary APIs; NGSI-LD standard; FIWARE stack; MongoDB

	Cespedes-Cubides & Jradi (2024)
	Existing buildings (pre-2001); Europe; systematic review
	Machine learning (various); anomaly detection; optimisation
	15% energy reduction; 38% cost savings
	Only 3/10 studies reported API details
	Integration challenges with BMS and GIS; BIM reliance identified as barrier

	Boukaf, Fadli & Meskin (2024)
	Commercial, residential, mixed-use buildings; systematic review of 132 studies (2014–2024)
	LSTM; CNN; ANN; Random Forest; hybrid physics-data models
	Variable (review synthesis); optimised forecasting for HVAC and overall consumption
	48% of studies focused on overall energy forecasting; 14% HVAC; 19% thermal comfort
	Identifies BIM-IoT-cloud integration challenges; data interoperability barriers; legacy BMS compatibility issues

	Arsiwala et al. (2023)
	Residential building; Belfast, UK; IoT sensors for IAQ
	Stochastic Gradient Descent (SGD)
	Carbon emission prediction for retrofitting
	MSE reduced 43% (0.6 vs 1.049 baseline)
	REST API; Azure Digital Twin; Azure IoT Hub; DTDL/JSON syntax

	Hosamo et al. (2022)
	Educational building; Norway; AHU systems focus
	ML for fault detection; predictive maintenance
	Significant annual savings (thousands of dollars)
	Early fault identification; condition prediction
	Not reported; BIM-IoT-semantic technology integration noted

	Yitmen et al. (2025)
	Not specified; IEQ and energy efficiency focus
	AI-driven DT for IEQ; fault detection; maintenance conditioning
	Enhanced energy-efficiency performance
	Enhanced occupant comfort metrics
	Not reported

	Arowoiya et al. (2023)
	Existing buildings; thermal comfort focus
	ANN; deep neural networks; YOLOv4
	Not quantified
	Thermal comfort and energy consumption prediction
	Not reported; sensor adoption limitations noted

	Baduge et al. (2022)
	Not specified; AI/ML applications across building lifecycle
	Various AI/ML methods reviewed
	Not quantified
	Review of Construction 4.0 applications
	Not reported; model development challenges noted

	Zhang et al. (2024)
	Not specified; DTBA for sustainable development
	Predictive analytics (implied)
	Not quantified
	Energy and environmental management focus
	Not reported; data interoperability innovations needed


Source: Systematic review via Elicit (2025); n=10 studies.
Note: Only 3/10 studies (30%) provided technical API integration details, indicating significant underreporting in the field.

This systematic review evidence requires cautious interpretation. Several methodological limitations constrain generalisability: sample sizes were typically small (fewer than five buildings per study), study durations varied substantially from three to twenty-four months, and baseline conditions differed markedly across implementations. Critically, only three of ten studies provided adequate API integration technical details, representing a significant reporting gap that limits practical replication by practitioners seeking to implement similar solutions. Publication bias likely inflates reported savings, as unsuccessful implementations rarely reach peer-reviewed literature, a limitation acknowledged in broader technology evaluation research but insufficiently addressed in Digital Twin studies. The reported 10-38% savings range should therefore be interpreted as representing optimistic rather than typical outcomes, with real-world implementations likely achieving results toward the lower end of this range, particularly in existing buildings with legacy infrastructure constraints.
Multi-objective optimisation emerges as essential for sustainable M&E management, balancing energy efficiency against occupant comfort, equipment longevity, and operational costs. Amangeldy et al. (2025) demonstrated that deep reinforcement learning agents achieved 10–35% HVAC demand reductions while maintaining operative temperatures within ±0.5°C of setpoints and CO₂ levels below 800 ppm, aligning with ASHRAE Standards 55 and 62.1. This dual optimisation proves critical because energy savings achieved through comfort degradation represent false economies that increase occupant complaints and may affect productivity. The 40% reduction in sick building complaints documented in AI-enhanced buildings validates that properly configured systems improve rather than compromise occupant wellbeing.
The distinction between simulation-based and field-deployed results warrants critical examination. The systematic review synthesis noted that simulation studies consistently report higher energy savings than real-world implementations, with the Norwegian case providing higher confidence in its 20% reduction figure due to ten-month real-world validation compared to purely simulated projections. This simulation-to-field gap likely reflects idealised conditions in digital models that may not fully account for occupant behaviour variability, maintenance degradation of physical systems, and organisational constraints on system optimisation. Organisations planning implementations should therefore apply appropriate discount factors to simulation-based projections when developing business cases.
[bookmark: _Toc220152175]2.5 Artificial Intelligence and API Integration
The integration of Artificial Intelligence within Digital Twin frameworks enables transition from descriptive analytics toward predictive and prescriptive capabilities. Machine learning algorithms process sensor data streams to identify patterns invisible to traditional monitoring approaches, detecting anomalies indicative of impending equipment failures, optimising setpoints based on occupancy patterns, and forecasting energy demand to enable proactive load management. The systematic review identified three predominant AI approaches: supervised learning for prediction tasks achieving 87-97% accuracy, deep reinforcement learning for real-time optimisation reducing HVAC demand by 10-35%, and unsupervised learning for anomaly detection without predefined failure signatures.
Algorithm selection involves trade-offs between accuracy, computational requirements, and interpretability that organisations must navigate based on their specific contexts. Tang et al. (2019) review the integration of BIM and IoT devices, noting that successful implementations require careful consideration of data processing architectures that balance analytical sophistication against practical deployment constraints. Deep reinforcement learning excels at real-time HVAC optimisation but requires substantial computational resources potentially impractical for buildings with limited IT infrastructure. Supervised learners achieve lower computational overhead suitable for edge deployment in resource-constrained environments, as demonstrated by Renganayagalu et al. (2024) whose fully connected neural network achieved RMSE of 0.0028 using only 10 months of training data from 62 sensors.
Application Programming Interfaces provide the connectivity layer enabling data exchange between building systems, Digital Twin platforms, and AI analytics engines. Jia et al. (2019) examine IoT adoption for smart building development, emphasising that API design significantly influences system interoperability and scalability. APIs function as standardised communication protocols that allow disparate software systems to share data and functionality without requiring direct integration of their underlying codebases. In building contexts, APIs enable sensor networks to transmit data to cloud platforms, allow AI models to receive inputs and return predictions, and facilitate integration between legacy Building Management Systems and contemporary analytics tools.
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[bookmark: _Toc220152005][bookmark: _Toc223079110]Figure 2.1: Digital Twin Data Flow Architecture for M&E Systems 
Source: Author's compilation, 2025

As noted in Section 2.4, the systematic review revealed a significant documentation gap in API integration reporting, with implementations employing REST APIs for system connectivity, NGSI-LD standards for data normalisation, and JSON formats for data exchange. Arsiwala et al. (2023) documented Azure Digital Twin deployment using REST API connectivity with DTDL language and JSON syntax for a residential building in Belfast, while Renganayagalu et al. (2024) demonstrated FIWARE technology stack implementation enabling standardised data exchange despite diverse sensor manufacturers. Metallidou, Psannis and Egyptiadou (2020) review IoT approaches to energy efficiency in smart buildings, confirming that interoperability challenges arising from proprietary protocols represent a primary barrier to scaling implementations beyond pilot projects.
This underreporting of API-level integration details represents a critical knowledge gap with practical consequences. Without documented integration architectures, organisations attempting Digital Twin implementation lack guidance on connecting legacy Building Management Systems with modern IoT devices and cloud analytics platforms. Boje et al. (2020) call for standardised Digital Twin frameworks that address interoperability challenges through open protocols and reference architectures, yet practical implementation guidance remains sparse. The research community's call for open high-fidelity benchmarks reflects recognition that comparing Digital Twin performance across buildings requires standardised metrics and datasets that current literature does not provide.
[bookmark: _Toc220152176]2.6 Technology Adoption Perspectives
Understanding Digital Twin adoption requires theoretical frameworks explaining how organisations evaluate and implement modern technologies. Davis (1989) introduced the Technology Acceptance Model (TAM), proposing that perceived usefulness and perceived ease of use determine technology adoption intentions. While developed for individual technology use, TAM's core constructs translate to organisational contexts where decision-makers assess whether Digital Twin investments will deliver sufficient value to justify implementation effort. The systematic review findings on energy savings (10-38%) address perceived usefulness directly.
Venkatesh et al. (2003) extended TAM through the Unified Theory of Acceptance and Use of Technology (UTAUT), incorporating performance expectancy, effort expectancy, social influence, and facilitating conditions as determinants of adoption. For Digital Twin implementation in FE contexts, facilitating conditions, including organisational infrastructure, technical support, and resource availability, may prove particularly influential given documented constraints on public sector IT investment and specialist staffing. Social influence manifests through peer institution adoption, professional body advocacy, and policy mandates that collectively shape perceptions of Digital Twin legitimacy and urgency.
Rogers (2003) provides complementary perspective through Diffusion of Innovations theory, characterising adoption patterns through innovator, early adopter, early majority, late majority, and laggard categories. Current Digital Twin adoption in existing buildings appears concentrated among innovators and early adopters, with the systematic review documenting primarily pilot implementations rather than mainstream deployment. Rogers identifies relative advantage, compatibility, complexity, trialability, and observability as innovation characteristics influencing diffusion rates, each applicable to Digital Twin assessment. The documented energy savings establish relative advantage, while interoperability challenges with legacy systems constrain compatibility, and limited case study documentation reduces observability for prospective adopters.
[bookmark: _Toc220152177]2.7 Policy and Regulatory Context
UK policy frameworks increasingly mandate operational performance monitoring, creating regulatory drivers for Digital Twin adoption. The UK Net Zero Strategy (2021) requires public sector organisations to demonstrate measurable progress toward carbon reduction targets, with building operations representing a significant component of organisational emissions. The Infrastructure and Projects Authority (2021) Transforming Infrastructure Performance roadmap explicitly identifies Digital Twins as enabling technologies for infrastructure optimisation, though building-specific implementation guidance remains underdeveloped. The Energy Performance of Buildings Directive establishes minimum standards applicable to existing buildings during major renovation, while ISO 19650 provides information management standards for building lifecycle data that increasingly inform procurement requirements.
The UK construction industry has historically struggled with innovation adoption, as documented in seminal policy reviews. Egan (1998) identified fragmentation, adversarial relationships, and insufficient investment in people and technology as systemic barriers to industry improvement. Construction 2025 (HM Government, 2013) established ambitions for 50% faster delivery, 50% lower emissions, and 50% improvement in exports, with digital technologies positioned as enablers. However, Ghaffarianhoseini et al. (2017) note that BIM adoption, a prerequisite for Digital Twin implementation, remains uneven across the sector, with smaller organisations and existing building portfolios particularly underserved by available guidance and tools.
Further Education institutions occupy a particular position within this regulatory landscape, subject to public sector carbon reduction mandates while operating buildings of varied age, condition, and technological capability. Welsh Government (2021) commitment to net-zero public sector by 2030 creates urgency for FE colleges to identify scalable solutions applicable across diverse campus estates. The Salix Finance mechanism provides capital funding for energy efficiency improvements in public buildings, yet funding criteria may not align with Digital Twin implementation pathways that deliver benefits through operational optimisation rather than physical asset replacement. The Wellbeing of Future Generations (Wales) Act 2015 provides additional policy context, requiring public bodies to consider long-term sustainability implications, though translating these frameworks into practical Digital Twin guidance remains underdeveloped.
Cybersecurity considerations increasingly influence Digital Twin implementation decisions as connected building systems create attack surfaces previously absent from isolated M&E infrastructure. The CIBSE (2023) guidance on embodied carbon calculation methodology acknowledges the growing importance of operational data management but provides limited direction on security architectures for building system connectivity. The systematic review identified cybersecurity as a significant adoption barrier, with legacy building automation systems demonstrating poor security postures due to original designs predating contemporary threat landscapes.
[bookmark: _Toc220152178]2.8 Human and Organisational Readiness
Technological capability alone proves insufficient for successful Digital Twin implementation; organisational factors including skills availability, leadership commitment, and change management capacity significantly influence outcomes. Boje et al. (2020) emphasised that technological success depends equally on human factors, noting that staff engagement and digital readiness determine whether sophisticated systems achieve intended benefits or remain underutilised. Kotter (2012) provides an established framework for organisational change management, identifying eight stages from establishing urgency through anchoring changes in culture. Digital Twin implementation represents significant organisational change requiring attention to each stage, yet building sector literature rarely engages with change management theory.
The digital skills gap represents a persistent barrier across the construction and facilities management sectors. Pärn, Edwards, and Sing (2017) examine BIM trajectory in facilities management, identifying skills deficits as constraining adoption despite recognised benefits. Matarneh et al. (2019) confirm that FM organisations frequently lack personnel capable of interpreting BIM data for operational decision-making, a challenge that intensifies for AI-enhanced Digital Twins requiring additional data science competencies. Training requirements extend beyond technical competencies to encompass data literacy enabling non-specialist stakeholders to engage meaningfully with Digital Twin insights for decision-making purposes.
Professional development pathways for existing facilities management staff require consideration alongside recruitment strategies. Kensek (2015) documents BIM guidelines informing facilities management databases, noting the importance of sustained engagement rather than one-time training interventions. Strategies addressing this talent challenge may include partnerships with universities and colleges for training programme development, use of managed service providers to supplement internal capabilities, and design of systems requiring minimal specialist intervention through automated operation and intuitive interfaces.
[bookmark: _Toc220152179]2.9 Conceptual Framework
The three-domain conceptual framework synthesises literature findings into an analytical structure for examining AI-enabled Digital Twin implementation in Further Education buildings. This framework draws on sociotechnical systems theory, which posits that organisational performance depends on joint optimisation of social and technical subsystems rather than independent optimisation of either one (Boje et al., 2020). Applying this perspective to Digital Twin implementation suggests that technological excellence without corresponding organisational capability yields suboptimal outcomes, while organisational readiness cannot compensate for inadequate technological infrastructure. The policy domain extends this dyadic relationship to include external environmental factors that shape the context within which sociotechnical systems operate.
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[bookmark: _Toc220152006][bookmark: _Toc223075548][bookmark: _Toc223079111]Figure 2.2: Three-Domain Conceptual Framework
Source: Synthesis from literature review, 2025

[bookmark: _Toc220151983][bookmark: _Toc223077216][bookmark: _Toc223079112]Table 2.2: Three-Domain Conceptual Framework
	Domain
	Key Components
	Success Factors from Literature

	Technological Capability
	Digital Twin architecture; AI/ML algorithms; IoT sensor networks; API connectivity; Data infrastructure; Legacy system integration
	Standardised protocols (NGSI-LD, REST); Hybrid edge-cloud architecture; Open APIs; Sufficient sensor density; Interoperability frameworks

	Human & Organisational Readiness
	Digital skills; Data literacy; Leadership commitment; Change management capacity; Cross-functional governance
	Transparent communication; Inclusive design processes; Visible benefit demonstration; Sustained training programmes; Executive sponsorship

	Policy & Governance Alignment
	Net Zero mandates; ISO 19650 compliance; Funding mechanisms; Cybersecurity frameworks; Procurement requirements
	Sector-specific guidance; Aligned funding criteria; Security-by-design; Outcome-based procurement; Performance disclosure requirements



Source: Synthesis from literature review, 2025

The framework acknowledges that implementation success requires alignment across all three domains simultaneously. Sophisticated technological solutions fail without organisational capacity to operate them; willing organisations struggle without appropriate technological infrastructure; and both technological and organisational readiness prove insufficient without supportive policy environments providing funding, standards, and accountability mechanisms. This interdependency explains why Digital Twin adoption remains uneven despite demonstrated benefits, as organisations must achieve threshold capability across multiple dimensions rather than excelling in isolation. The framework provides the analytical structure through which primary research findings will be interpreted, enabling systematic assessment of which domains present the most significant barriers in Further Education contexts.
[bookmark: _Toc220152180]2.10 Research Gap and Chapter Summary
The literature review identifies a range of interconnected gaps that this dissertation addresses. First, API integration details remain critically underreported, with only three of ten systematic review studies providing technical connectivity information despite APIs constituting the essential infrastructure enabling system interoperability. This documentation gap leaves practitioners without guidance on the specific protocols, standards, and architectural patterns required to connect building systems with AI analytics platforms. Second, existing building implementation receives insufficient attention relative to new construction, despite the climate imperative to transform existing stock and the challenges older buildings present for Digital Twin deployment including absent BIM models, legacy equipment, and heterogeneous system landscapes.
Third, sector-specific guidance for Further Education contexts is notably absent, leaving institutions without tailored implementation pathways addressing their distinctive combination of: diverse building portfolios spanning multiple construction eras; constrained budgets limiting wholesale system replacement; public sector accountability requirements demanding rigorous benefit justification; and educational mission priorities that may relegate facilities investment to secondary status. The variation in reported energy savings (10-38%) reflects factors warranting investigation: simulation studies report higher reductions than field deployments suggesting implementation complexity; whole-building implementations outperform component-specific approaches indicating integration benefits; and buildings with modern infrastructure achieve better results than those requiring extensive retrofitting.
This dissertation addresses these gaps through mixed-methods investigation of South Wales Further Education institutions, examining technological readiness, organisational capacity, and stakeholder perceptions of AI-enabled Digital Twin implementation for M&E system sustainability. The three-domain conceptual framework provides the analytical structure for integrating quantitative survey findings with qualitative interview insights, enabling comprehensive assessment of implementation feasibility and identification of priority interventions. The literature establishes both the opportunity and complexity of AI-enabled Digital Twin implementation: evidence of 10-38% energy efficiency improvements provide compelling rationale for adoption, while documented implementation barriers explain limited uptake particularly in existing building contexts.
The Further Education sector represents a valuable research context combining public sector accountability requirements, diverse building portfolios, constrained resources, and potential for broader applicability to similar institutional settings. By investigating implementation readiness across technological, organisational, and policy dimensions, this research contributes both academic understanding of Digital Twin adoption barriers and practical guidance for institutions seeking to enhance sustainability through advanced building intelligence technologies. The following methodology chapter details the research design enabling rigorous investigation of these identified gaps.

[bookmark: _Toc220152181]Chapter 3 – Research Methodology
[bookmark: _Toc220152182]3.1 Introduction
[bookmark: _Toc220152183]A mixed-methods research design combining quantitative survey data (n=87) with qualitative interview insights (n=6) forms the methodological framework for investigating how API-driven AI and Digital Twin technologies can enhance sustainability in post-construction M&E systems within the Further Education sector in South Wales (Creswell and Creswell, 2023). 
The chapter proceeds through research philosophy and paradigmatic position, research design and strategy, quantitative and qualitative data collection methods, analysis procedures, quality assurance measures, ethical considerations, and methodological limitations. This structure ensures transparent justification of methodological choices while acknowledging their constraints.
3.2 Research Philosophy and Paradigmatic Position
Research philosophy encompasses the fundamental beliefs and assumptions that guide the research process, shaping decisions about ontology (the nature of reality), epistemology (what constitutes valid knowledge), and methodology (the appropriate means of generating knowledge) (Saunders, Lewis, and Thornhill, 2023). These philosophical underpinnings are not merely abstract considerations; they have practical implications for how research questions are framed, what data is collected, and how findings are interpreted (Bryman, 2021).
This research adopts a pragmatist philosophical position, prioritising practical problem-solving over adherence to a single epistemological tradition (Creswell and Creswell, 2023). Pragmatism recognises that the reality of technology adoption comprises both objective elements (implementation status, measured outcomes) and subjective dimensions (perceived readiness, experienced barriers), necessitating methodological pluralism (Saunders, Lewis, and Thornhill, 2023). A purely positivist approach would fail to capture organisational and cultural dimensions, while an exclusively interpretivist stance would limit capacity to establish generalisable patterns. Fellows and Liu (2021) emphasise that construction management research frequently requires such methodological flexibility.
The pragmatist position is not without critique. Purists argue that paradigm mixing, the combining of quantitative and qualitative approaches within a single study creates epistemological incoherence, meaning fundamental contradictions in the underlying assumptions about what counts as valid knowledge (Bryman, 2021).This study acknowledges this tension but contends that practical benefits, enabling both pattern identification and contextual understanding, outweigh abstract epistemological concerns in applied research contexts.
Nevertheless, the integration challenges inherent in convergent designs mean that findings from each strand should be weighted according to their respective methodological strengths: quantitative findings offer greater generalisability but less contextual depth, while qualitative findings provide richer explanation but more limited transferability.
[bookmark: _Toc220152184]3.3 Research Design and Strategy
[bookmark: _Toc220152185]3.3.1 Mixed-Methods Approach
Research design constitutes the plan for connecting conceptual research questions to pertinent and achievable empirical research, providing a framework for the collection and analysis of data (Bryman, 2021). This research employed a convergent parallel mixed-methods design, collecting quantitative and qualitative data concurrently before integrating findings during the interpretation phase (Creswell and Creswell, 2023). This design was selected for three principal reasons.
First, the research questions required both breadth of understanding (how widespread are adoption patterns and barrier perceptions?) and depth of explanation (why do these patterns exist and how do contextual factors shape them?). Second, the limited existing literature on post-construction Digital Twin deployment in educational buildings meant that neither purely deductive hypothesis testing nor purely inductive exploration would adequately address the research gap. Third, methodological triangulation enhances validity by enabling convergent findings to strengthen confidence in conclusions while divergent findings reveal important nuances requiring further analysis (Bryman, 2021).
The convergent design differs from sequential approaches in that neither strand takes methodological priority; instead, quantitative, and qualitative components carry equal weight and are integrated at the interpretation stage rather than one informing the design of the other. Robson and McCartan (2016) advocate for mixed methods in real-world research contexts where complex phenomena cannot be adequately captured through single methodological approaches. This approach is particularly appropriate for applied research where practical timelines constrain the feasibility of sequential data collection phases.
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[bookmark: _Toc220152007][bookmark: _Toc223075549][bookmark: _Toc223079113]Figure 3.1: Research Design: Mixed Methods Approach
[bookmark: _Toc223079114]Source: Adapted from Creswell and Creswell, 2023







[bookmark: _Toc220151984][bookmark: _Toc223077219][bookmark: _Toc223079115]Table 3.1: Research Design Overview
	Component
	Quantitative Strand
	Qualitative Strand

	Purpose
	Establish patterns of adoption, familiarity, perceived benefits, barriers, and readiness across built environment professionals
	Explore contextual factors, implementation experiences, and stakeholder perspectives within FE sector

	Method
	Structured online survey with Likert scales and categorical items
	Semi-structured email questionnaires with open-ended questions

	Sample
	n=87 built environment professionals via professional networks
	n=6 purposively selected FE sector stakeholders from South Wales

	Analysis
	Descriptive statistics, correlation analysis, composite indices
	Deductive thematic analysis aligned with conceptual framework

	Integration
	Findings triangulated in Chapter 4 to identify convergence, divergence, and complementarity
	Qualitative findings contextualise and explain quantitative patterns



[bookmark: _Toc220152186]3.3.2 Conceptual Framework Alignment
Data collection and analysis were guided by a three-domain conceptual framework developed from the literature review findings. This framework recognises that successful AI-Digital Twin implementation depends on the interaction of three interconnected domains:
1. Technological Capability: technical infrastructure, system interoperability, API integration, data quality, and sensor networks
1. Human and Organisational Readiness: digital skills, training provision, organisational culture, leadership support, and change management capacity.
1. Policy and Governance Alignment: regulatory drivers, data governance protocols, cybersecurity frameworks, procurement practices, and funding mechanisms
The survey instrument and interview schedule were designed to capture data across all three domains, enabling integrated analysis of how these factors interact in the FE sector context. This framework-driven approach ensures coherent data collection that facilitates meaningful synthesis during analysis (Saunders, Lewis, and Thornhill, 2023). The research also incorporates elements of case study methodology, focusing specifically on the Further Education sector in South Wales as a bounded system (Yin, 2018), purposively selected due to the sector's significant building stock, sustainability pressures under Welsh Government decarbonisation targets, and the researcher's professional access to institutional stakeholders.
[bookmark: _Toc220152187]3.4 Quantitative Data Collection: Industry Survey
[bookmark: _Toc220152188]3.4.1 Survey Instrument Design
A structured online questionnaire was developed to capture industry perspectives on AI, Digital Twin, and API-driven technologies within post-construction M&E systems. Following recommendations from Naoum (2019) for construction management surveys, the instrument comprised 12 items organised across six sections: Professional Context, Familiarity and Adoption, Perceived Benefits, Barriers and Readiness, Sustainability and Policy Alignment, and Demographics. This structure aligned with the three-domain conceptual framework while maintaining respondent engagement through logical sequencing and manageable completion time (estimated 8-10 minutes). The complete survey instrument is provided in Appendix A.
Likert scales are widely used in built environment research to capture degrees of agreement and perceived importance, enabling subsequent parametric statistical analysis when assumptions are met (Bryman, 2021). Categorical items captured professional role, experience level, organisation type, geographic region, and adoption status.
[bookmark: _Toc220151985][bookmark: _Toc223077220][bookmark: _Toc223079116]Table 3.2: Survey Construct Operationalisation
	Construct
	Items
	Scale
	Framework Domain

	Technology Familiarity
	AI, Digital Twins, APIs (3 items)
	5-point Likert
	Technological Capability

	Adoption Status
	Implementation level (1 item)
	4-category nominal
	Technological Capability

	Perceived Benefits
	Energy efficiency, predictive maintenance, API integration, sustainability (4 items)
	5-point Likert
	Technological Capability / Policy Alignment

	Implementation Barriers
	Cost, skills, legacy systems, cybersecurity, API standards, data ownership (6 items)
	5-point Likert
	All three domains

	Organisational Readiness
	Overall readiness assessment (1 item)
	5-point Likert
	Human/Organisational Readiness

	Sustainability Practice
	Carbon/EUI measurement, policy framework (2 items)
	Categorical
	Policy/Governance Alignment




[bookmark: _Toc220152189]3.4.2 Pilot Testing and Refinement
The survey instrument underwent pilot testing with three built environment professionals prior to full deployment, following recommendations for pre-testing in construction management research (Naoum, 2019). Pilot participants were asked to complete the survey while noting any ambiguous wording, unclear instructions, or technical difficulties. Feedback resulted in minor refinements to item phrasing, particularly clarifying the distinction between 'partial integration' and 'planning to implement' in the adoption status question. The pilot also confirmed the estimated completion time of 8-10 minutes was accurate, supporting respondent engagement.
[bookmark: _Toc220152190]3.4.3 Sampling Strategy and Distribution
The survey employed non-probability purposive sampling through professional networks, targeting individuals with direct involvement in building operations, M&E systems, facilities management, or sustainability roles (Bryman, 2021). Target participants included facilities managers, M&E engineers, BIM coordinators, sustainability officers, and consultants working with commercial and institutional buildings. This professional focus ensured respondents possessed requisite knowledge to provide informed perspectives on M&E system management and digital technology applications.
Distribution channels included LinkedIn professional networks, direct email contacts within the built environment sector, and professional association networks including CIBSE and BSRIA connections. This practitioner-focused sampling strategy was selected to capture perspectives under-represented in academic literature, particularly those relating to operational constraints, legacy systems, and API-driven system integration in existing buildings. The survey remained open for six weeks during November - December 2025, with two reminder communications sent to enhance response rates.
A total of 87 valid responses were received, exceeding the minimum threshold of 50 responses typically considered adequate for exploratory survey research in specialist professional domains (Naoum, 2019; Saunders, Lewis, and Thornhill, 2023). The sample included respondents from diverse professional roles (M&E Engineers: 25%; Facility Managers: 23%; Building Consultants: 20%; Sustainability Officers: 11%), organisation types (Private: 43%; Public: 23%; Education: 23%), experience levels, and geographic regions, as detailed in Chapter 4.
[bookmark: _Toc220152191]3.5 Qualitative Data Collection: Semi-Structured Interviews
[bookmark: _Toc220152192]3.5.1 Interview Protocol Design
Qualitative data were collected using semi-structured email questionnaires comprising eight open-ended questions organised across five thematic sections: Suitability and Context, Adoption and Integration, Governance Skills and Culture, Sustainability and Value, and Barriers and Future Outlook. The semi-structured format was selected as it provides flexibility to pursue emergent themes whilst maintaining sufficient structure for cross-case comparison (Bryman, 2021). The full interview schedule is presented in Appendix B.
This method was selected to allow participants adequate time to reflect on technical and organisational issues while avoiding scheduling difficulties associated with synchronous interviews in demanding operational environments. The interview schedule was designed to explore themes insufficiently detailed within existing literature, including digital maturity trajectories in operational buildings, practical integration challenges with legacy building automation systems, data governance and cybersecurity responsibility allocation, skills development and cultural readiness, and measured sustainability outcomes. Questions were phrased to elicit detailed experiential accounts rather than simple affirmative responses, using prompts such as 'Can you describe...' and 'What challenges have emerged...' to encourage rich narrative data (Robson and McCartan, 2016).

[bookmark: _Toc220151986][bookmark: _Toc223077221][bookmark: _Toc223079117]Table 3.3: Interview Schedule Structure and Alignment
	Section
	Focus Questions
	Framework Domain

	A: Context
	Q1: Role and M&E involvement; Q2: Organisational digital approach
	Human/Organisational Readiness

	B: Adoption
	Q3: Implementation experiences; Q4: Interoperability and API challenges
	Technological Capability

	C: Governance
	Q5: Cybersecurity/data governance; Q6: Skills and training
	Policy/Governance; Human/Organisational

	D: Sustainability
	Q7: Measured benefits (energy, cost, carbon)
	All three domains

	E: Future
	Q8: Biggest barrier and advice for adoption
	All three domains



[bookmark: _Toc220152193]3.5.2 Participant Selection and Recruitment
Interview participants were selected using purposive sampling, targeting professionals with direct responsibility for or substantial experience of M&E systems in operational buildings within the Further Education sector and related contexts in South Wales (Yin, 2018). Selection criteria included: current or recent role involving building operations, estates management, facilities management, or M&E consultancy; experience with existing (rather than new build) buildings; and willingness to provide detailed written responses to open-ended questions.
Six completed interview responses were received from participants representing diverse organisational positions and experience levels within the target sector. While modest in absolute terms, this sample size achieved thematic saturation, with later interviews confirming and elaborating patterns identified in earlier responses rather than introducing fundamentally new themes. Guest, Bunce, and Johnson (2006) suggest that thematic saturation in relatively homogeneous samples typically occurs within 6-12 interviews, and the consistency of themes across the six respondents, despite their different organisational positions, supports the adequacy of this sample for the exploratory purposes of this MSc research. (Table 4.2 Chapter 4)
[bookmark: _Toc220152194]3.6 Data Analysis Methods
[bookmark: _Toc220152195]3.6.1 Quantitative Analysis Procedures
Survey data were exported from the online platform to Microsoft Excel for cleaning, coding, and preliminary analysis, with subsequent statistical procedures conducted using Excel's Analysis ToolPak. Given the exploratory nature of the research, analysis focused on descriptive statistics and exploratory correlation analysis to identify patterns and relationships within the dataset (Saunders, Lewis, and Thornhill, 2023).
Descriptive analysis included frequency distributions and percentages for categorical variables and means with standard deviations for Likert-scale items. Composite indices were calculated by averaging responses across related items to create summary measures for Technology Familiarity (3 items), Perceived Benefits (4 items), and Implementation Barriers (6 items). These composite scores facilitated correlation analysis examining relationships between constructs.
Pearson correlation coefficients were calculated to explore bivariate relationships between key variables, including Familiarity-Barriers, Benefits-Readiness, Barriers-Readiness, and Familiarity-Benefits associations. Cross-tabulation analysis examined differences in readiness scores across adoption status categories. All findings are reported with appropriate measures of central tendency and dispersion to enable reader assessment of pattern strength and consistency (Bryman, 2021).
[bookmark: _Toc220152196]3.6.2 Qualitative Analysis Procedures
Interview responses were analysed using thematic analysis following the six-phase framework articulated by Braun and Clarke (2022). This approach was selected for its theoretical flexibility and systematic procedure, appropriate for applied research seeking to identify patterns across participant accounts. A deductive orientation was adopted, with initial codes derived from the research objectives, survey constructs, and three-domain conceptual framework, enabling systematic integration with quantitative findings for triangulation purposes.
The analysis proceeded through six phases: familiarisation with the data through repeated reading; generating initial codes aligned with the conceptual framework; searching for themes by clustering related codes; reviewing themes against the coded extracts and full dataset; defining and naming themes with clear scope and boundaries; and producing the analytical narrative presented in Chapter 4 (Braun and Clarke, 2022). A thematic analysis matrix was developed documenting theme names, constituent codes, illustrative quotes with participant attribution, and interpretive notes linking themes to the literature.

[bookmark: _Toc220151987][bookmark: _Toc223077222][bookmark: _Toc223079118]Table 3.4: Deductive Thematic Framework
	Theme
	Description
	Survey Construct Alignment

	1. Digital Maturity
	Current state of digital technology adoption and progression
	Adoption Status, Technology Familiarity

	2. Interoperability Challenges
	Technical barriers relating to system integration, APIs, legacy systems
	Legacy Systems Barrier, API Standards Barrier

	3. Governance and Cybersecurity
	Data protection, security responsibilities, regulatory compliance
	Cybersecurity Barrier, Data Ownership Barrier

	4. Skills and Culture
	Workforce capabilities, training needs, organisational attitudes
	Skills Gap Barrier, Organisational Readiness

	5. Sustainability Outcomes
	Measured benefits in energy, carbon, cost, and compliance
	Perceived Benefits, Carbon Measurement

	6. Structural Barriers
	Systemic obstacles including funding, procurement, planning horizons
	Cost Barrier, Organisational Readiness



[bookmark: _Toc220152197]3.6.3 Mixed-Methods Integration Strategy
Integration of quantitative and qualitative findings occurred at the interpretation stage through a systematic triangulation protocol (Creswell and Creswell, 2023). For each major finding domain, quantitative results (statistical patterns, means, correlations) were presented first, followed by qualitative findings (thematic analysis, illustrative quotes), and then a triangulation assessment identifying convergence, divergence, or complementarity between strands.
Convergent findings, where both strands pointed to similar conclusions, strengthened confidence in the validity of those conclusions. Divergent findings, where quantitative and qualitative data suggested different patterns, prompted deeper analysis to understand contextual factors explaining the divergence. Complementary findings, where one strand provided depth or nuance not captured by the other, enriched overall understanding of the phenomenon. This integration strategy, structured around the three-domain conceptual framework, is detailed in Chapter 4 and synthesised in Chapter 5 (Fellows and Liu, 2021).
[bookmark: _Toc220152198]3.7 Quality Assurance and Rigour
[bookmark: _Toc220152199]3.7.1 Validity and Reliability Considerations
Ensuring research quality requires attention to validity (whether the research measures what it claims to measure) and reliability (consistency and replicability of findings) (Bryman, 2021). In mixed-methods research, quality considerations apply distinctly to quantitative and qualitative components whilst also addressing the integrity of their integration (Creswell and Creswell, 2023).
Various measures were implemented to enhance research quality. Content validity of the survey instrument was addressed through alignment with established constructs from technology adoption literature and review by the dissertation supervisor. Face validity was assessed through pilot testing with practitioners who confirmed item clarity and relevance. Construct validity was supported by the systematic operationalisation of theoretical constructs derived from the literature review (Saunders, Lewis, and Thornhill, 2023).
For qualitative components, trustworthiness was enhanced through strategies aligned with Lincoln and Guba's criteria (Robson and McCartan, 2016). Credibility was supported by purposive selection of information-rich participants with direct relevant experience and prolonged engagement with data. Dependability was addressed through transparent documentation of analytical procedures and the thematic analysis matrix. Confirmability was supported by grounding interpretations in direct participant quotations with clear attribution. Transferability is supported by thick description of the research context enabling readers to assess applicability to other settings.
[bookmark: _Toc220152200]3.7.2 Triangulation
Methodological triangulation, the use of multiple methods to investigate the same phenomenon, was the primary strategy for enhancing validity in this mixed-methods design (Creswell and Creswell, 2023). The convergent parallel design enabled systematic comparison of quantitative patterns with qualitative explanations, with agreement between strands strengthening confidence in findings. Where methods yield divergent findings, this divergence itself becomes analytically significant, prompting deeper investigation of contextual factors that might explain variation (Bryman, 2021). Additionally, findings were triangulated with the systematic review literature from Chapter 2, enabling assessment of consistency between primary data and existing research evidence.
[bookmark: _Toc220152201]3.8 Ethical Considerations
Ethical conduct is fundamental to credible research, encompassing respect for participants, integrity in data handling, and responsibility in reporting findings (Bryman, 2021). The research was conducted in accordance with UWTSD ethical guidelines and the principles of the UK Research Integrity Office. Ethical approval was obtained through the university's standard procedures prior to data collection (PG2 form approved 23 June 2025).
Informed consent was obtained from all participants prior to data collection. Survey respondents were provided with an information statement at the commencement of the questionnaire explaining the research purpose, data use, and their rights as participants; completion of the survey constituted implied consent. Interview participants received detailed information sheets and provided explicit written consent before participating, including specific agreement for recording where applicable (Robson and McCartan, 2016). Participant information sheets and consent documentation are provided in Appendix C.
Anonymity and confidentiality were maintained throughout. Survey responses were collected anonymously with no personally identifiable information recorded. Interview participants were assigned alphanumeric codes (e.g., FM1, ED1) and organisational affiliations are reported only at a level of generality that prevents individual identification while preserving contextually relevant information. All data were stored securely in password-protected files on university systems in compliance with UK GDPR requirements, with access restricted to the researcher and supervisor (Saunders, Lewis, and Thornhill, 2023). Ethics approval documentation is included in Appendix F.
[bookmark: _Toc220152202]3.9 Methodological Limitations
Transparency regarding methodological limitations is essential for appropriate interpretation of findings (Yin, 2018). Several limitations should be acknowledged when interpreting findings from this research.
First, the non-probability sampling approach limits statistical generalisability; findings should be understood as indicative patterns within the sample rather than representative of broader populations (Naoum, 2019). Second, the cross-sectional design captures perceptions at a single point in time and cannot establish causal relationships or track changes over time. Third, self-report measures are subject to social desirability bias and may not fully reflect actual behaviours or capabilities.
Fourth, the qualitative sample, while achieving thematic saturation, was geographically concentrated in South Wales. Fifth, the use of email questionnaires rather than face-to-face interviews may have limited the depth of responses and opportunities for probing follow-up questions. Sixth, access constraints meant that direct observation of Digital Twin implementations in operation was not possible; findings thus rely on reported experiences rather than first-hand verification of system performance.
These limitations are acknowledged transparently, and analytical interpretations are appropriately qualified. Despite these constraints, the mixed-methods design provides valuable exploratory insights into an under-researched area, generating findings that can inform both practice and future research with more extensive sampling frameworks (Robson and McCartan, 2016). The researcher's professional background in the built environment sector provided valuable contextual understanding but also required reflexive awareness of potential biases. Familiarity with industry terminology and practices facilitated rapport with participants and interpretation of technical responses, while systematic adherence to the analytical framework and transparent documentation of interpretive decisions mitigated risks of imposing preconceptions on the data. Regular supervision meetings provided external perspective on emerging interpretations.
[bookmark: _Toc220152203]3.10 Chapter Summary
A pragmatist philosophy underpins the convergent parallel mixed-methods design developed for this investigation into AI and Digital Twin adoption for sustainable post-construction M&E management in the Further Education sector. 
Data collection instruments were aligned with a three-domain conceptual framework addressing Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment. Quantitative analysis employed descriptive statistics and correlation analysis to identify patterns in technology familiarity, adoption status, perceived benefits and barriers, and organisational readiness. Qualitative analysis used thematic analysis following Braun and Clarke's (2022) six-phase framework to explore contextual factors and implementation experiences across six pre-defined themes.
Integration occurred at the interpretation stage through systematic triangulation identifying convergence, divergence, and complementarity between strands (Creswell and Creswell, 2023). Quality assurance measures addressed validity, reliability, and trustworthiness, while ethical considerations ensured participant protection throughout the research process. Acknowledged limitations include sampling constraints, cross-sectional design, and self-report measures, factors that appropriately circumscribe the generalisability of findings whilst not undermining the contribution to understanding AI-enhanced Digital Twin implementation in post-construction building management.
The following chapter presents findings from both research strands, demonstrating how the methodological approach enabled rich understanding of the research questions.

[bookmark: _Toc220152204]Chapter 4 – Findings and Analysis
[bookmark: _Toc220152205]4.1 Introduction
Quantitative survey data (n=87) and qualitative insights from six semi-structured interviews are integrated here to present the mixed-methods findings. The analysis examines current adoption patterns, perceived benefits and barriers, organisational readiness, and sustainability outcomes related to AI-enabled Digital Twins and API integration for post-construction M&E systems. The findings are presented within the three-domain conceptual framework established in Chapter 2: Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment.
Quantitative findings are presented first to establish sector-wide patterns, followed by qualitative data that provides explanatory depth and contextual understanding. Where appropriate, findings are triangulated to strengthen validity and illuminate convergent or divergent perspectives, following the convergent parallel mixed-methods design detailed in Chapter 3 (Creswell and Creswell, 2023). This systematic integration enables assessment of how technological, organisational, and policy factors interact to shape AI-Digital Twin adoption in existing building contexts.
[bookmark: _Toc220152206]4.2 Survey Respondent Profile
The survey achieved 87 valid responses from professionals engaged in building operations, M&E management, and sustainable construction. The sample comprised practitioners from diverse professional roles, organisational contexts, and experience levels, providing a robust foundation for examining sector-wide perspectives on AI and Digital Twin adoption. This sample size exceeds the minimum threshold typically considered adequate for exploratory survey research in specialist professional domains (Naoum, 2019; Saunders, Lewis, and Thornhill, 2023). A comprehensive summary of survey responses and the thematic coding framework is presented in Appendix G.
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[bookmark: _Toc220152008][bookmark: _Toc223075550][bookmark: _Toc223079119]Figure 4.1: Survey Respondents by Professional Role (n=87)


M&E Engineers (25.3%) and Facility Managers (23.0%) formed the largest cohorts, with Building Consultants (19.5%) and Sustainability Officers (11.5%) contributing strategic perspectives. This composition aligns with the research focus on operational M&E systems.

[bookmark: _Toc220151988][bookmark: _Toc223077224][bookmark: _Toc223079120]Table 4.1: Survey Respondent Demographics (n=87)
	Professional Role
	n
	%
	Organisation Type
	n
	%

	M&E Engineer
	22
	25.3
	Private Sector
	37
	42.5

	Facility Manager
	20
	23.0
	Public Sector
	20
	23.0

	Building Consultant
	17
	19.5
	Education
	20
	23.0

	Sustainability Officer
	10
	11.5
	Healthcare
	7
	8.0

	Academic/Researcher
	7
	8.0
	Other
	3
	3.4

	BIM Coordinator
	6
	6.9
	
	
	

	Other
	5
	5.7
	Total
	87
	100
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[bookmark: _Toc220152009][bookmark: _Toc223075551][bookmark: _Toc223079121]Figure 4.2: Survey Respondents by Organisation Type (n=87)

The organisational mix spans private sector (42.5%), public sector (23.0%), and education (23.0%), enabling comparison across contexts with differing procurement cultures and investment horizons. Geographic distribution concentrated in the United Kingdom (47.1%, n=41), with additional representation from EU member states (21.8%), North America (6.9%), and emerging markets including India (6.9%) and Africa (5.7%). This geographic spread, while UK-focused, provides international perspective on adoption patterns.
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[bookmark: _Toc220152010][bookmark: _Toc223075552][bookmark: _Toc223079122]Figure 4.3: Survey Respondents by Experience Level (n=87)

Experience levels were well-distributed, with the majority (58.6%) possessing over ten years in building operations or M&E management, indicating a sample with substantial practical knowledge of the challenges and opportunities associated with building performance optimisation. This experience profile strengthens confidence that responses reflect informed professional judgement rather than speculative assessment.
[bookmark: _Toc220152207]4.3 Interview Participant Profile
Six semi-structured interviews were conducted with professionals representing complementary perspectives across the South Wales Further Education sector and associated supply chain. Participants were purposively selected to capture operational, strategic, and consultancy viewpoints on AI and Digital Twin adoption in existing building stock, following the sampling strategy detailed in Chapter 3.

[bookmark: _Toc220151989][bookmark: _Toc223077227][bookmark: _Toc223079123]Table 4.2: Interview Participant Profiles
	Code
	Role
	Organisation
	Experience

	FM1
	Facilities Manager
	FE College A
	5 years in role

	ENG1
	BMS Engineer
	BMS Vendor
	8 years in sector

	ED1
	Estates Director
	FE College B
	12 years in role

	EM1
	Estates Manager
	FE College C
	20 years in sector

	FM5
	FM Contracts Manager
	FM Contractor
	15 years in trade

	CONS1
	Senior M&E Design Engineer
	M&E Consultant
	18 years (chartered)



The interview sample provides depth across the building lifecycle, from strategic estates leadership (ED1, EM1) through operational facilities management (FM1, FM5) to technical engineering and consultancy perspectives (ENG1, CONS1). Cumulative experience exceeds 78 years, with participants managing estates ranging from single-site colleges to multi-campus portfolios. This sample achieved thematic saturation, with later interviews confirming patterns identified in earlier responses (Guest, Bunce, and Johnson, 2006). Sample interview transcript extracts are provided in Appendix E.
[bookmark: _Toc220152208]4.4 Current Adoption Status and Digital Maturity
[bookmark: _Toc220152209]4.4.1 Quantitative Findings: Technology Implementation
Survey respondents reported varying levels of AI and Digital Twin implementation, with full integration remaining exceptional across the sample. The distribution reveals a sector predominantly in early or transitional stages of digital adoption, consistent with Rogers's (2003) characterisation of technology diffusion where early adopters precede mainstream uptake.
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[bookmark: _Toc220152011][bookmark: _Toc223075553][bookmark: _Toc223079124]Figure 4.4: Current AI/Digital Twin Adoption Status (n=87)



[bookmark: _Toc220151990][bookmark: _Toc223077229][bookmark: _Toc223079125]Table 4.3: Current AI/Digital Twin Adoption Status (n=87)
	Implementation Status
	n
	%

	Partially integrated
	35
	40.2

	Planning to implement within 12 months
	24
	27.6

	No current implementation
	22
	25.3

	Yes – Fully integrated
	6
	6.9



The findings indicate that only 6.9% of respondents reported full AI/Digital Twin integration, while the largest proportion (40.2%) described partial implementation. Notably, over a quarter (25.3%) reported no current implementation, though a further 27.6% indicated plans to implement within twelve months. This distribution suggests the sector is approaching a potential inflection point, with substantial latent demand constrained by barriers examined in subsequent sections.
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[bookmark: _Toc220152012][bookmark: _Toc223075554][bookmark: _Toc223079126]Figure 4.5: Technology Familiarity Ratings (n=87)


[bookmark: _Toc220151991][bookmark: _Toc223077231][bookmark: _Toc223079127]Table 4.4: Technology Familiarity Ratings (1=Not familiar, 5=Very familiar)
	Technology
	Mean
	SD
	Range

	Artificial Intelligence (AI)
	3.40
	0.83
	2–5

	Digital Twins (DT)
	3.14
	1.30
	1–5

	Application Programming Interfaces (APIs)
	2.95
	1.14
	1–5

	Composite Familiarity Index
	3.16
	0.89
	1.3–5



Familiarity ratings across the three core technologies revealed moderate awareness but with notable variation. API familiarity recorded the lowest mean score (M=2.95, SD=1.14), suggesting that data integration mechanisms remain less understood than the AI and Digital Twin concepts they enable. This finding is significant given that APIs constitute the essential connectivity layer for Digital Twin functionality (Jia et al., 2019), and lower familiarity may constrain perceived ease of use as characterised by Davis's (1989) Technology Acceptance Model.
[bookmark: _Toc220152210]4.4.2 Qualitative Findings: Digital Maturity Context
Interview participants consistently characterised their organisations as operating at early or transitional stages of digital maturity, corroborating the survey findings. Building Management Systems (BMS) were described as the predominant digital infrastructure, serving as precursors to more sophisticated AI or Digital Twin implementations rather than representing advanced integration.
"We have BMS on some newer buildings, but older sites still rely on manual monitoring and reactive maintenance." (FM1)
"We've upgraded BMS on two campuses... but true AI or Digital Twin capability isn't something we've implemented." (ED1)
"It's not full AI but it's data driven. What works is the reduction in emergency callouts." (FM5)
These accounts align with Zhang et al.'s (2024) finding that most existing buildings remain at early maturity stages characterised by fragmented data systems and confirm Cespedes-Cubides and Jradi's (2024) identification of an 'interactivity gap' affecting buildings constructed before comprehensive digital infrastructure became standard.
[bookmark: _Toc220152211]4.5 Perceived Benefits of AI and Digital Twin Technologies
[bookmark: _Toc220152212]4.5.1 Quantitative Findings: Benefits Perception
Respondents expressed strong agreement with proposed benefits of AI and Digital Twin technologies, with predictive maintenance capabilities receiving the highest endorsement. These findings address the perceived usefulness dimension of technology adoption frameworks (Davis, 1989; Venkatesh et al., 2003).
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[bookmark: _Toc220152013][bookmark: _Toc223075555][bookmark: _Toc223079128]Figure 4.6: Perceived Benefits of AI/Digital Twin Technologies (n=87)


[bookmark: _Toc220151992][bookmark: _Toc223077233][bookmark: _Toc223079129]Table 4.5: Perceived Benefits of AI/Digital Twin Technologies (n=87)
	Benefit Statement
	Mean
	SD
	% Agree/Strongly

	Predictive maintenance reduces downtime and costs
	4.40
	0.93
	94.3

	AI/DT systems improve energy efficiency
	3.82
	0.78
	67.8

	API integration enables real-time optimisation
	3.76
	0.85
	74.7

	AI/DT supports sustainability targets
	3.56
	1.51
	73.6



Predictive maintenance received overwhelming support (M=4.40, SD=0.93), with 94.3% of respondents agreeing or strongly agreeing that it reduces downtime and operational costs. This represents the strongest consensus across all benefit statements, suggesting that fault anticipation and prevention capabilities represent the most immediately compelling value proposition for practitioners. The finding aligns with Hosamo et al.'s (2022) documentation of substantial savings through AI-enabled predictive maintenance in air handling units.
[bookmark: _Toc220152213]4.5.2 Qualitative Findings: Demonstrated Value
Interview participants who had implemented digital monitoring tools reported measurable benefits, particularly in energy performance and maintenance efficiency. Where measurement and verification processes were in place, respondents could articulate specific outcomes:
"A verified 18% reduction in gas consumption helped secure further Salix funding." (ED1)
"We identified heating schedules running outside occupied hours... which reduced gas consumption noticeably." (FM1)
"Without granular data, you're guessing at interventions." (CONS1)
The 18% gas reduction reported by ED1 falls within the 10-38% energy savings range documented in the systematic review literature (Cespedes-Cubides and Jradi, 2024; Renganayagalu et al., 2024), providing field validation of benefits achievable in FE building contexts.
[bookmark: _Toc220152214]4.6 Perceived Barriers to Adoption
[bookmark: _Toc220152215]4.6.1 Quantitative Findings: Barrier Ratings
Respondents identified multiple barriers to AI and Digital Twin adoption, with cost/budget constraints, cybersecurity concerns, legacy system incompatibility, and skills gaps emerging as the most significant obstacles. These barriers span all three conceptual framework domains, indicating that adoption challenges are multidimensional rather than purely technical.
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[bookmark: _Toc220152014][bookmark: _Toc223075556][bookmark: _Toc223079130]Figure 4.7: Perceived Barriers to AI/Digital Twin Adoption (n=87)

[bookmark: _Toc220151993][bookmark: _Toc223077235][bookmark: _Toc223079131]Table 4.6: Perceived Barriers to AI/Digital Twin Adoption (n=87)
	Barrier
	Mean
	SD
	% Mod+

	Cost/budget constraints
	3.17
	0.73
	92.0%

	Cybersecurity concerns
	3.67
	0.88
	94.3%

	Incompatible legacy systems
	3.56
	0.94
	93.1%

	Lack of staff training/skills
	3.55
	1.29
	82.8%

	Data ownership/privacy concerns
	3.54
	0.74
	97.7%

	Lack of standardised APIs
	3.34
	0.61
	98.9%




[bookmark: _Toc220152216]4.6.2 Qualitative Findings: Interoperability and Legacy Challenges
Interview participants identified interoperability as the most persistent technical barrier, with legacy infrastructure and vendor-specific platforms creating significant integration challenges. The qualitative data provides explanatory depth for the survey findings on system incompatibility:
"Each campus has different BMS vendors... we often end up with siloed data that requires manual consolidation." (FM1)
"Getting a 1990s outstation to feed data into a modern dashboard often requires middleware." (ENG1)
"The worst cases require complete controls replacement to achieve interoperability." (CONS1)
These findings confirm Volk, Stengel and Schultmann's (2014) identification of heterogeneous system landscapes as a primary barrier in existing buildings and align with the systematic review finding that only three of ten studies provided technical API integration details despite APIs constituting essential connectivity infrastructure (Cespedes-Cubides and Jradi, 2024).
[bookmark: _Toc220152217]4.7 Organisational Readiness
Self-reported organisational readiness to adopt AI and Digital Twin technologies revealed moderate confidence (M=3.08, SD=1.07) on the five-point scale. This construct addresses Venkatesh et al.'s (2003) facilitating conditions, the organisational infrastructure, resources, and support enabling technology adoption.
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[bookmark: _Toc220152015][bookmark: _Toc223075557][bookmark: _Toc223079132]Figure 4.8: Self-Reported Organisational Readiness (n=87)


[bookmark: _Toc220151994][bookmark: _Toc223077237][bookmark: _Toc223079133]Table 4.7: Organisational Readiness by Current Adoption Status
	Adoption Status
	n
	Mean Readiness
	SD

	Yes – Full integration
	6
	3.67
	1.21

	No implementation
	22
	3.36
	1.18

	Partially integrated
	35
	3.00
	0.97

	Planning to implement
	24
	2.79
	0.93



Counter-intuitively, respondents with no current implementation reported higher readiness (M=3.36) than those with partial integration (M=3.00) or active planning (M=2.79). This pattern may indicate that organisations actively engaged in implementation develop more realistic assessments of organisational capability through direct experience with implementation challenges, while those without direct experience maintain more optimistic self-perceptions. This interpretation aligns with the correlation finding discussed below.
[bookmark: _Toc220152218]4.8 Correlation Analysis
Bivariate correlation analysis examined relationships between composite measures of familiarity, benefits perception, barrier perception, and organisational readiness. The correlation matrix reveals patterns with implications for understanding adoption dynamics.
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[bookmark: _Toc220152016][bookmark: _Toc223075558][bookmark: _Toc223079134]Figure 4.9: Correlation Matrix – Key Variables
[bookmark: _Toc220151995][bookmark: _Toc223077239][bookmark: _Toc223079135]Table 4.8: Correlation Matrix (Pearson's r) with Significance Levels
	Variable
	Familiarity
	Benefits
	Barriers
	Readiness

	Familiarity
	1.00
	0.32
	0.60
	0.21

	Benefits
	0.32
	1.00
	0.03
	0.32

	Barriers
	0.60
	0.03
	1.00
	0.22

	Readiness
	0.21
	0.32
	0.22
	1.00



	Variable Pair
	Pearson r =
	Cohen (1988) Classification
	Significance 
	Interpretation

	Familiarity ↔ Barriers
	0.60
	Strong
	p < 0.01
	0.60 - Strong positive

	Familiarity ↔ Benefits
	0.32
	Moderate
	p < 0.01
	0.32 - Moderate positive

	Familiarity ↔ Readiness
	0.21
	Small
	Not significant
	0.21 - Small positive

	Benefits ↔ Readiness
	0.32
	Moderate
	p < 0.01
	0.32 - Moderate positive

	Benefits ↔ Barriers
	0.03
	Negligible
	Not significant
	0.03 - Negligible

	Readiness ↔ Barriers
	0.22
	Small
	p < 0.05 
	0.22 - Small positive



The moderate-strong positive correlation between familiarity and barrier perception (r=0.60, p<0.01) represents the strongest relationship in the matrix. This finding suggests that increased understanding of AI, Digital Twins, and APIs is associated with greater recognition of implementation challenges, a pattern consistent with the readiness findings above and suggesting that knowledge development leads to more realistic rather than more optimistic assessment. The weak correlation between benefits perception and barrier perception (r=0.03) indicates that these constructs operate relatively independently; practitioners can simultaneously recognise both value potential and implementation difficulty.
[bookmark: _Toc220152219]4.9 Sustainability Outcomes and Policy Alignment
Survey responses indicated that most organisations (58.6%) regularly measure building carbon emissions or Energy Use Intensity (EUI), with an additional 11.5% planning implementation within twelve months. This represents a substantial foundation for data-driven sustainability management, though nearly a third (29.9%) reported no current measurement capability.
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[bookmark: _Toc223079136]Figure 4.10: Carbon/EUI Measurement Status (n=87)


[bookmark: _Toc220151996][bookmark: _Toc223077241][bookmark: _Toc223079137]Table 4.9: Carbon/EUI Measurement Status (n=87)
	Measurement Status
	n
	%

	Yes – Regular measurement
	51
	58.6

	No – Not currently measuring
	26
	29.9

	Planned within 12 months
	10
	11.5
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[bookmark: _Toc223079138]Figure 4.11: Primary Policy Framework Influence (n=87)


[bookmark: _Toc220151997][bookmark: _Toc223077243][bookmark: _Toc223079139]Table 4.10: Primary Policy Framework Influence (n=87)
	Policy Framework
	n
	%

	Net Zero 2050
	33
	37.9

	EPBD (Energy Performance of Buildings Directive)
	26
	29.9

	ISO 50001
	12
	13.8

	Local Authority Targets
	10
	11.5

	Other/None
	6
	6.9



Net Zero 2050 emerged as the primary policy driver (37.9%), followed by the Energy Performance of Buildings Directive (29.9%). This policy alignment suggests that regulatory frameworks are creating demand-side pressure for building performance improvement, though the interview findings reveal gaps between policy ambition and implementation capability, a theme explored further in Chapter 5.
[bookmark: _Toc220152220]4.10 Three-Domain Framework Assessment
The integrated analysis of quantitative and qualitative data can be synthesised through the three-domain conceptual framework introduced in Chapter 2. Figure 4.12 presents a visual assessment of organisational positioning across nine sub-dimensions spanning Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment. Scores were derived from relevant survey items and calibrated against qualitative themes.
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[bookmark: _Toc220152017][bookmark: _Toc223079140]
Figure 4.12: Three-Domain Framework Assessment


The radar visualisation reveals an uneven profile across domains. Measurement capability (3.70) and policy alignment (3.50) represent relative strengths, indicating that monitoring foundations and regulatory awareness exist within the sector. Digital skills and training (2.45) and funding access (2.60) emerge as notable weaknesses. This pattern suggests that while regulatory drivers and performance monitoring foundations exist, human capital development and financial constraints represent the primary bottlenecks to accelerated adoption, findings with direct implications for intervention priorities discussed in Chapter 5.

[bookmark: _Toc220152221]4.11 Summary of Key Findings
The integrated analysis of quantitative and qualitative data reveals key convergent findings with implications for AI and Digital Twin adoption in post-construction M&E systems:
1. Current adoption remains limited, with only 6.9% reporting full integration and 40.2% describing partial implementation. Interview participants consistently characterised their organisations as operating at early or transitional stages of digital maturity.
1. Predictive maintenance benefits received the strongest endorsement (M=4.40, 94.3% agreement), supported by qualitative accounts of verified energy savings (18% gas reduction) and operational improvements in implemented cases.
1. Cost/budget constraints (M=3.17), cybersecurity concerns (M=3.67), legacy system incompatibility (M=3.56), and skills gaps (M=3.55) emerged as the highest-rated barriers, with interoperability identified as the most persistent technical challenge in qualitative accounts.
1. A moderate-strong positive correlation between familiarity and barrier perception (r=0.60) was identified see Section 4.8 for full interpretation.
1.  Organisational readiness appears moderated by practical experience, with those actively engaged in implementation reporting more cautious readiness assessments than those without direct experience.
1. Sustainability outcomes depend critically on measurement capability, with 58.6% currently measuring carbon/EUI but older buildings frequently lacking the metering infrastructure required to generate reliable performance data.
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[bookmark: _Toc220152018][bookmark: _Toc223079141]Figure 4.13: Summary of Key Research Findings – Digital Twin Adoption in UK FE Sector
Source: Primary data, n=87 survey; n=6 interviews

These findings establish the empirical foundation for the discussion chapter, which examines their implications in relation to the literature, technology adoption frameworks, and practical recommendations for the Further Education sector and comparable contexts.

[bookmark: _Toc220152222]Chapter 5 – Discussion
[bookmark: _Toc220152223]5.1 Introduction
Critical examination of the research findings against the three-domain conceptual framework of Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment forms the basis of this discussion. By systematically triangulating quantitative survey results (n=87) with qualitative interview findings (n=6), the extent to which AI-enabled Digital Twins can enhance sustainability in post-construction M&E systems is evaluated.
The chapter is structured around the key themes emerging from the integrated analysis: technological readiness and the interoperability challenge; human factors including skills, culture, and leadership; structural constraints shaping adoption trajectories; and the conditions under which sustainability benefits are realised. Each section positions findings within the existing literature, identifies points of convergence and divergence, and considers implications for theory and practice. Technology adoption frameworks, including Davis's (1989) Technology Acceptance Model, Venkatesh et al.'s (2003) UTAUT, and Rogers's (2003) Diffusion of Innovations, provide theoretical lenses for interpreting adoption patterns and barriers. The chapter concludes by reflecting on limitations and identifying directions for future research.
[bookmark: _Toc220152224]5.2 Technological Capability: Interoperability and the API Integration Gap
Survey data indicated that 59% of respondents reported moderate to high familiarity with AI concepts, yet familiarity with Digital Twins (47% very/highly familiar) and API-driven integration (24% very/highly familiar) remained substantially lower. Only 6.9% of respondents reported full integration of AI-enhanced Digital Twins within their building operations, with 40% indicating partial integration and 25% reporting no current implementation. This pattern confirms the systematic review finding that while AI-enhanced Digital Twins demonstrate proven energy savings of 10-38%, practical deployment remains limited, particularly in retrofit contexts (Cespedes-Cubides and Jradi, 2024).
Through the lens of Davis's (1989) Technology Acceptance Model, these findings suggest that while perceived usefulness of AI and Digital Twin technologies is relatively well-established, with 68% of respondents agreeing or strongly agreeing that such systems improve energy efficiency, perceived ease of use remains constrained by implementation uncertainty. The lower familiarity scores for APIs and Digital Twins compared to general AI awareness indicate that practitioners recognise the potential of intelligent building systems but lack confidence in the specific integration mechanisms required for deployment. This interpretation aligns with Venkatesh et al.'s (2003) UTAUT framework, which identifies effort expectancy as a key determinant of technology adoption; the limited API documentation identified in the systematic review directly constrains effort expectancy by leaving practitioners uncertain about implementation requirements.
Qualitative findings illuminate the mechanisms underlying this implementation gap. Interview participants consistently described estates containing multiple generations of plant and controls supplied by different vendors using proprietary protocols. As one estates manager with 20 years' experience observed, legacy systems create 'islands of data' that resist integration efforts. This fragmentation directly undermines the scalability of Digital Twin solutions, which require continuous data flows from disparate building systems to maintain accurate virtual representations. The finding confirms Volk, Stengel, and Schultmann's (2014) identification of heterogeneous system landscapes as a primary barrier to BIM implementation in existing buildings and extends this analysis to the Digital Twin context where real-time data integration intensifies interoperability demands.
The documentation gap identified in the systematic review (Section 2.4) is mirrored in practitioner experience, REST APIs, NGSI-LD standards, and JSON data formats, despite APIs constituting the essential connectivity layer enabling Digital Twin functionality. This academic underreporting is mirrored in practitioner experience: interview participants reported difficulty obtaining clear guidance on interoperability standards, with vendor lock-in frequently cited as a barrier to implementation. The Norwegian office building case (Renganayagalu et al., 2024) demonstrated successful standardisation through FIWARE technology stack and NGSI-LD protocols normalising data from 62 diverse sensors, yet such detailed technical documentation remains exceptional. Jia et al. (2019) and Tang et al. (2019) similarly emphasise that API design significantly influences system interoperability, yet practical implementation guidance for existing building contexts remains sparse.

[bookmark: _Toc220151998][bookmark: _Toc223077246][bookmark: _Toc223079142]Table 5.1: Triangulation Summary – Technological Capability Domain
	Finding Area
	Survey Evidence
	Interview Evidence
	Triangulation Assessment

	Technology Familiarity
	AI: 59% moderate-high; DT: 47%; API: 24% very/highly familiar
	General AI awareness high; specific DT/API knowledge limited
	Convergent: awareness exceeds implementation capability

	Implementation Status
	Full: 7%; Partial: 40%; Planning: 28%; None: 25%
	BMS common; true DT rare; pilot projects mentioned
	Convergent: early-stage maturity predominates

	Legacy Systems Barrier
	Mean 3.5/5; 53% significant/major barrier
	'Islands of data'; proprietary protocols; middleware needed
	Convergent: interoperability consistently problematic

	API Standardisation
	Mean 3.3/5; 33% significant/major barrier
	Limited guidance; vendor lock-in concerns; open protocol advocacy
	Convergent: standardisation gap acknowledged



These findings extend existing research by demonstrating that API readiness constitutes not merely a technical challenge but a strategic consideration with long-term implications. Procurement decisions, system replacement cycles, and asset planning directly influence future Digital Twin deployment feasibility. Without interoperable, API-enabled systems, organisations risk becoming locked into fragmented digital ecosystems that constrain innovation, a concern particularly acute in the FE sector where capital investment cycles may span 15-20 years. The interview finding that digital capability is frequently 'value-engineered out' during procurement confirms Ghaffarianhoseini et al.'s (2017) observation that BIM adoption remains uneven, with existing building portfolios particularly underserved by available guidance. Rogers's (2003) diffusion framework identifies compatibility with existing systems as a key innovation characteristic; the pervasive legacy infrastructure in FE estates fundamentally constrains this compatibility dimension.
[bookmark: _Toc220152225]5.3 Human and Organisational Readiness: Skills, Culture, and Leadership
The survey data identified skills gaps and training needs as substantial barriers (mean 3.6/5), with 51% rating this as a major or significant barrier. Interview findings revealed that confidence, attitudes, and leadership support often exerted greater influence than technical skill deficits alone. This convergence supports the socio-technical perspective advocated by Boje et al. (2020), which positions digital transformation as fundamentally about people and processes rather than technology in isolation.
The findings resonate strongly with Venkatesh et al.'s (2003) UTAUT framework, which identifies social influence and facilitating conditions as determinants of technology adoption alongside performance and effort expectancy. Interview participants described how visible leadership support legitimised technology engagement and created permission for experimentation. One facilities manager noted that successful technology adoption required 'champions at multiple levels', not merely executive sponsorship but operational staff willing to experiment and share learning. This finding aligns with Kotter's (2012) change management framework emphasising the importance of building guiding coalitions that span organisational levels and suggests that hierarchical top-down approaches to technology implementation may prove less effective than collaborative engagement strategies.
Participants described generational differences in digital confidence, with younger staff generally more comfortable engaging with data-driven systems. Respondents consistently emphasised that organisational culture, characterised by openness to innovation, tolerance of experimentation, and willingness to learn from failure, proved more influential than individual technical competencies. Pärn, Edwards, and Sing (2017) similarly found that skills deficits constrain BIM adoption in facilities management despite recognised benefits, while Matarneh et al. (2019) confirm that FM organisations frequently lack personnel capable of interpreting digital building data for operational decision-making. The present findings extend this literature by highlighting the cultural dimensions that mediate between individual capability and organisational performance.
The correlation between organisational readiness and perceived benefits (r=0.32, p<0.01) suggests association but cannot establish causality, and alternative explanations merit thoughtful consideration. Organisations already committed to digital transformation may retrospectively rationalise benefits to justify prior investments, a form of confirmation bias well-documented in technology adoption research. Alternatively, unmeasured third variables such as overall organisational resources or management quality may independently predict both readiness and benefit perception, creating spurious correlation. Furthermore, self-reported readiness measures are susceptible to social desirability bias, particularly given current policy emphasis on digital innovation where respondents may overstate their organisation's capabilities. The finding that familiarity correlates positively with barrier perception (r=0.60) offers a useful counterpoint, suggesting that deeper engagement produces more realistic, and more cautious, evaluation rather than uncritical enthusiasm. Despite these caveats, the correlation's magnitude and statistical significance suggest a relationship worthy of further investigation through longitudinal or quasi-experimental designs capable of disentangling causal mechanisms. The finding aligns with Rogers's (2003) observation that early adopters tend to have greater resources and higher tolerance for uncertainty than later adopter categories, though this alignment itself warrants critical examination.
A notable divergence from the literature concerns the relative importance of formal qualifications versus experiential learning. While academic research frequently emphasises the need for data science and AI expertise, practitioners in this study prioritised practical competence in building systems operation combined with willingness to learn. Kensek (2015) documents the importance of sustained engagement rather than one-time training interventions for BIM adoption in FM contexts. This suggests that workforce development strategies should balance technical upskilling with cultivation of adaptive mindsets and collaborative learning cultures. The Further Education sector potentially benefits from proximity to educational delivery, with opportunities for workforce development programmes addressing both internal staff needs and broader industry requirements.
[bookmark: _Toc220152226]5.4 Policy and Governance Alignment: Structural Barriers and Funding Constraints
Structural constraints, particularly capital funding models and procurement practices, emerged as the dominant barriers in both quantitative and qualitative data. Survey respondents rated budget constraints as the most widely reported barrier (92% rating it as moderate or above) while interview participants provided detailed accounts of how short-term budgeting cycles, value-engineering pressures, and procurement frameworks prioritising initial cost systematically undermine digital capability investment.
Participants described a recurring pattern whereby digital capability is 'value-engineered out' during procurement, with BMS specifications reduced to minimum compliance levels and sensor infrastructure eliminated to meet budget constraints. The consequences extend beyond immediate functionality: buildings commissioned without adequate metering and control infrastructure cannot subsequently support Digital Twin deployment without costly retrofit. This finding confirms Cespedes-Cubides and Jradi's (2024) identification of the 'interactivity gap' affecting pre-2001 buildings lacking digital infrastructure and aligns with Egan's (1998) foundational critique of construction industry fragmentation and short-termism that continues to constrain innovation two decades later.

[bookmark: _Toc220151999][bookmark: _Toc223077247][bookmark: _Toc223079143]Table 5.2: Implementation Barriers – Survey Rankings and Interview Themes
	Barrier Category
	Survey Mean
	% Mod+
	Interview Theme Alignment

	Cost/Budget Constraints
	3.2 / 5
	92.0%
	Capital funding cycles; value engineering; competing priorities

	Lack of Staff Training/Skills
	3.6 / 5
	82.8%
	Digital confidence varies; peer learning valued; culture matters

	Cybersecurity Concerns
	3.6 / 5
	94.3%
	IT governance risk-averse; legacy systems lack security features

	Incompatible Legacy Systems
	3.5 / 5
	93.1%
	Multi-vendor estates; proprietary protocols; data silos

	Data Ownership/Privacy
	3.4 / 5
	97.7%
	Cloud platform concerns: governance responsibility unclear

	Lack of Standardised APIs
	3.3 / 5
	98.9%
	Limited guidance available; vendor lock-in concerns



The FE sector context illuminates how public-sector constraints shape technology adoption pathways. Annual budget cycles create uncertainty for multi-year digital transformation investments, while procurement frameworks impose procedural requirements that may not align with agile technology deployment. Venkatesh et al.'s (2003) facilitating conditions construct, encompassing organisational infrastructure and resource availability, appears particularly constrained in public sector contexts. Participants noted that even where sustainability business cases demonstrated positive returns, securing capital funding remained challenging within existing governance structures. This tension between policy ambition, exemplified by Welsh Government Net-Zero commitments and the Wellbeing of Future Generations (Wales) Act 2015, and operational constraints represents a systemic barrier requiring intervention beyond individual organisations.
Cybersecurity governance emerged as an additional constraint, with 94% rating data security as a moderate barrier or above. Interview participants described risk-averse IT governance structures that impeded IoT sensor deployment and cloud platform adoption. The CIBSE (2023) guidance acknowledges growing importance of operational data management but provides limited direction on security architectures for building system connectivity. Participants suggested that security concerns sometimes served as convenient rationales for avoiding complex technology decisions rather than reflecting proportionate risk assessment. Balancing security requirements with innovation imperatives requires governance frameworks capable of nuanced risk evaluation rather than blanket restriction.
[bookmark: _Toc220152227]5.5 Sustainability Outcomes: Conditions for Benefit Realisation
Survey respondents expressed strong belief in the potential of AI and Digital Twins to enhance sustainability, with 68% agreeing or strongly agreeing that such systems improve energy efficiency and 94% agreeing that predictive maintenance reduces downtime and costs. Yitmen et al. (2025) corroborate this, demonstrating simultaneous optimisation of indoor environmental quality and energy efficiency through AI-driven digital twins in smart building systems. These expectations align with literature documenting 10-38% energy savings from AI-enhanced Digital Twin implementations (Cespedes-Cubides and Jradi, 2024; Renganayagalu et al., 2024). Through Davis's (1989) TAM framework, these findings confirm strong perceived usefulness.
Interview participants introduced important caveats regarding conditions necessary for benefit realisation. Several emphasised that technology alone does not deliver sustainability outcomes; rather, benefits depend on organisational capacity to act on insights generated by intelligent building systems. As one estates director noted, identifying heating schedules running outside occupied hours enabled 'noticeable' gas consumption reductions, while another reported verified 18% reduction in gas consumption that helped secure further Salix funding. These accounts confirm the systematic review finding that field-deployed implementations achieve measurable benefits, while highlighting that realisation requires operational follow-through. A Digital Twin identifying optimisation opportunities contributes nothing if operational constraints prevent implementing recommended changes.
The systematic review distinguished between simulation-based projections and field-deployed results, noting that simulation studies consistently report higher energy savings than real-world implementations. Renganayagalu et al. (2024) achieved 20% energy reduction over ten months of validated operation in a 1947 Norwegian office building, compared to 10-35% reductions in simulated environments reported by Amangeldy et al. (2025). Interview participants echoed this simulation-to-field gap, describing how practical constraints, occupant behaviour variability, maintenance backlogs, competing operational priorities, constrain realisation of theoretical optimisation potential. These findings suggest that organisations should apply appropriate discount factors to projected savings when developing business cases.
The demonstration effect emerged as a significant finding with theoretical resonance. Participants consistently indicated that evidenced benefits from pilot projects or peer institutions would substantially increase their organisation's likelihood of adoption. Rogers (2003) identifies observability, the degree to which innovation results are visible to others, as a key characteristic influencing diffusion rates. The limited documentation of successful implementations constrains observability, impeding diffusion beyond early adopter categories. This pattern suggests that strategic investment in visible demonstrator projects, coupled with robust measurement and verification, could catalyse broader uptake. The finding supports arguments for public-sector leadership in technology demonstration, where risk tolerance may be higher and learning can be shared across institutions.
[bookmark: _Toc220152228]5.6 Theoretical Integration: Technology Adoption in FE Contexts
Findings across the three domains through established technology adoption frameworks reveals distinctive characteristics of Digital Twin adoption in Further Education building contexts. The Technology Acceptance Model (Davis, 1989) identifies perceived usefulness and perceived ease of use as primary adoption determinants. This study confirms strong perceived usefulness, practitioners recognise potential for energy savings, predictive maintenance benefits, and sustainability contribution. However, perceived ease of use remains substantially constrained by interoperability challenges, limited implementation guidance, and uncertainty about integration requirements.
[bookmark: _Toc220152000][bookmark: _Toc223077248][bookmark: _Toc223079144]Table 5.3: Technology Adoption Framework Application to Findings
	Framework Construct
	Application to Findings
	Implication

	Perceived Usefulness (TAM)
	Strong: 68% agree DT improves efficiency; 94% value predictive maintenance
	Value proposition established; not the primary barrier to adoption

	Perceived Ease of Use (TAM)
	Weak: Low API familiarity (24%); integration guidance lacking
	Implementation uncertainty constrains adoption; documentation needed

	Facilitating Conditions (UTAUT)
	Constrained: Budget barriers (92%); annual funding cycles; legacy infrastructure
	Structural barriers require policy intervention beyond individual organisations

	Social Influence (UTAUT)
	Moderate: Leadership support critical; peer learning valued; demonstration effect
	Visible success cases could accelerate diffusion through social mechanisms

	Compatibility (Rogers)
	Poor: Legacy systems create interoperability barriers; heterogeneous estates
	Retrofit contexts require middleware solutions or phased system replacement

	Observability (Rogers)
	Limited: Few documented FE implementations; API details underreported
	Demonstrator projects with robust M&V could catalyse sector-wide adoption



UTAUT's (Venkatesh et al., 2003) inclusion of facilitating conditions proves particularly illuminating for public-sector contexts. The infrastructure, resources, and support systems enabling technology use to appear systematically constrained in FE settings by annual budget cycles, procurement frameworks, and competing educational priorities. Social influence, the degree to which important others believe the individual should use the technology, manifests through leadership endorsement, peer institution adoption, and professional body advocacy. The finding that visible leadership support enables experimentation suggests that social influence operates through organisational culture as much as direct peer pressure.
Rogers's (2003) Diffusion of Innovations framework contributes complementary insights regarding innovation characteristics. Relative advantage appears established through documented energy savings, yet other characteristics prove more problematic. Compatibility with existing systems is fundamentally challenged by legacy infrastructure and proprietary protocols. Complexity remains high given limited implementation guidance and the multi-domain expertise required spanning building services, IT, and data analytics. Trialability is constrained by capital investment requirements that limit small-scale experimentation. Observability suffers from the documentation gaps identified in both systematic review and practitioner accounts. Current Digital Twin adoption in existing FE buildings appears concentrated among innovators and early adopters; the barriers identified suggest that reaching early majority adoption will require interventions addressing these characteristic deficits. It should be acknowledged, that Rogers's diffusion model was developed primarily in consumer and agricultural contexts; its application to public-sector institutional adoption involves an inferential step that future research could test more rigorously
[bookmark: _Toc220152229]5.7 Implications for Theory, Practice, and Policy
[bookmark: _Toc220152230]5.7.1 Theoretical Implications
The findings support conceptualising AI and Digital Twin adoption as a socio-technical challenge requiring attention to human, organisational, and structural factors alongside technological capability, extending the perspective advocated by Boje et al. (2020). The three-domain framework proved effective for organising analysis and identifying interdependencies, for example, how governance constraints limit technology investment, which in turn restricts capability development and constrains sustainability outcomes. Future research might extend this framework by explicitly modelling feedback loops and examining how interventions in one domain propagate effects across others.
The study contributes to understanding of technology adoption in public-sector contexts characterised by constrained resources, complex governance, and accountability requirements that differ from commercial settings where existing TAM and UTAUT research has been conducted. The finding that demonstrated value acts as a catalyst for further adoption suggests that diffusion models incorporating feedback mechanisms may better explain adoption trajectories than linear stage models. The asymmetry between perceived usefulness and ease of use observed in this study warrants further investigation across technology adoption contexts where implementation complexity exceeds user-facing simplicity.
[bookmark: _Toc220152231]5.7.2 Practical Implications
For practitioners, the findings suggest a series of priorities. First, interoperability should be embedded as a procurement criterion, with specifications requiring open APIs (such as REST interfaces) and adherence to emerging standards (such as NGSI-LD and BACnet) even where immediate Digital Twin deployment is not planned, addressing the compatibility barrier identified through Rogers's framework. Second, workforce development should balance technical upskilling with cultivation of adaptive mindsets and collaborative learning cultures, recognising that experiential competence may matter more than formal qualifications for operational staff. Third, investment in monitoring and metering infrastructure enables both immediate operational improvement and future Digital Twin capability, creating foundations for progressive digitalisation that addresses the trialability constraint.
Fourth, building robust measurement and verification processes supports the demonstration effect that catalyses further investment by enhancing observability. The Norwegian case study achieving 20% verified energy reduction over ten months (Renganayagalu et al., 2024) exemplifies the evidential standard required to build confidence among prospective adopters. Fifth, organisations should adopt incremental approaches, starting with pilot buildings or specific M&E systems, rather than attempting estate-wide transformation, thereby reducing perceived complexity and enabling learning before broader rollout.
[bookmark: _Toc220152232]5.7.3 Policy Implications
For policymakers, the findings illuminate gaps between sustainability policy ambition and operational reality that technology adoption frameworks help explain. Targeted interventions might include: funding mechanisms supporting multi-year digital transformation rather than annual capital allocation, addressing the facilitating conditions constraint; procurement guidance incorporating whole-life value and interoperability requirements, enhancing compatibility; skills funding enabling workforce development for building digitalisation; and sector-specific implementation guidance addressing the particular constraints facing public-sector building portfolios, reducing complexity.
The development of interoperability standards and reference architectures could reduce uncertainty and vendor lock-in concerns that currently impede adoption, directly addressing the ease-of-use barriers identified through TAM analysis. Welsh Government might consider designating FE sector demonstrator projects to catalyse learning, and evidence benefits applicable across the educational estate, leveraging the observability mechanism identified through diffusion theory. The Infrastructure and Projects Authority (2021) roadmap identifies Digital Twins as enabling technologies; translating this recognition into sector-specific implementation support for existing buildings represents an actionable policy development.
[bookmark: _Toc220152233]5.8 Limitations and Future Research Directions
Certain limitations should be acknowledged when interpreting these findings. The non-probability sampling approach limits generalisability: results should be interpreted as indicative of patterns within the accessible population rather than representative of all built environment professionals. The cross-sectional design captures perceptions at a single point, precluding causal inference; longitudinal research tracking organisations through adoption journeys would strengthen understanding of how barriers are navigated and benefits realised over time. The qualitative sample, while achieving thematic saturation within the South Wales FE context, may not capture perspectives from other regions or sectors with different institutional constraints.
The reliance on self-reported data introduces potential social desirability bias, particularly regarding sustainability commitment and digital capability. Future research might complement perceptual data with objective performance measures from implemented Digital Twin systems. The systematic review limitation of only three studies providing API integration details constrained the depth of technical analysis possible; as more implementations are documented with technical specificity, future reviews may enable more detailed comparison of integration approaches.
Promising directions for future research include: comparative studies across public and private sectors to examine how governance context shapes adoption, testing the generalisability of UTAUT's facilitating conditions construct; longitudinal case studies tracking Digital Twin implementation from procurement through operation; technical research developing Digital Twin methods independent of BIM data for existing buildings lacking digital documentation; action research collaboratively developing and evaluating interventions addressing identified barriers; and economic analysis quantifying whole-life value of digital capability investment to inform procurement framework reform. The three-domain framework developed in this research provides a foundation for systematic comparison across contexts and could be refined through application in diverse settings.

[bookmark: _Toc220152234]5.9 Chapter Summary
Strong alignment between practitioner experience and academic literature has emerged through examination of the research findings against the three-domain conceptual framework and established technology adoption theories, while identifying areas of divergence warranting further investigation. The discussion confirms that while the technical potential of AI and Digital Twin technologies for sustainable building operations is well established, with practitioners recognising value propositions for energy efficiency and predictive maintenance, practical adoption in post-construction M&E systems is constrained by interconnected barriers spanning technological capability, organisational readiness, and governance structures.
Technology adoption frameworks prove valuable for interpreting these findings. TAM analysis reveals asymmetry between strong perceived usefulness and weak perceived ease of use, explaining the awareness-implementation gap. UTAUT's facilitating conditions construct captures the structural barriers, budget constraints, procurement practices, legacy infrastructure, which prove particularly constraining in public-sector contexts. Rogers's diffusion characteristics identify specific deficits in compatibility, complexity, trialability, and observability that impede progression beyond early adopter categories.
The findings suggest that successful digital transformation requires an integrated socio-technical approach addressing people, processes, and technology in combination rather than pursuing technological solutions in isolation. The demonstration effect, whereby evidenced benefits catalyse further investment, offers a mechanism for progressive capability building but depends on adequate monitoring infrastructure and measurement practices that are often absent in existing building stock. Addressing the structural barriers embedded in funding models and procurement practices appears essential for moving beyond fragmented, opportunistic adoption toward strategic digital transformation aligned with sustainability objectives. The following chapter draws conclusions from these findings and presents recommendations for practice, policy, and future research.

[bookmark: _Toc220152235]Chapter 6 – Conclusions and Recommendations
[bookmark: _Toc220152236]6.1 Introduction
[bookmark: _Toc220152237]Evidence-based recommendations for practitioners, policymakers, and researchers are presented alongside a synthesis of the research findings and the study's contribution to knowledge and practice. Drawing together the complete project, from the research gap identified in Chapter 2 through the methodology, findings, and discussion, this chapter addresses the research aim of investigating how API-driven AI and Digital Twin technologies can enhance sustainability in post-construction M&E systems within the Further Education sector.
The conclusions are framed within the three-domain conceptual framework and interpreted through the technology adoption theories, Davis's (1989) Technology Acceptance Model, Venkatesh et al.'s (2003) UTAUT, and Rogers's (2003) Diffusion of Innovations, which informed the discussion in Chapter 5. This theoretical grounding ensures conclusions extend beyond descriptive findings to contribute to broader understanding of technology adoption in built environment contexts.
6.2 Summary of Key Findings
The research findings, examined through the three-domain conceptual framework of Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment, reveal a consistent pattern: while awareness of AI and Digital Twin technologies is growing and sustainability benefits are widely recognised, practical implementation remains constrained by interconnected technical, organisational, and structural barriers.
Within the Technological Capability domain, the study found that only 6.9% of respondents reported full integration of AI-enhanced Digital Twins, with 40.2% describing partial implementation and 25.3% indicating no current implementation. Legacy infrastructure and lack of interoperability emerged as significant technical barriers (M=3.56), with proprietary systems creating 'islands of data' that resist integration. The limited availability of standardised APIs, with familiarity scores lowest among the three core technologies (M=2.95), and the absence of BIM documentation for existing buildings compound these challenges, confirming the implementation gap identified in the systematic literature review (Cespedes-Cubides and Jradi, 2024; Volk, Stengel and Schultmann, 2014).
The Human and Organisational Readiness domain revealed that skills gaps, while significant (M=3.55), are mediated by cultural factors including leadership support, peer learning opportunities, and organisational attitudes toward innovation. Interview participants emphasised that successful technology adoption required 'champions at multiple levels', aligning with Kotter's (2012) change management framework. The positive correlation between organisational readiness and perceived benefits (r=0.32, p<0.01) suggests that capability development may accelerate both adoption and value realisation, consistent with Rogers's (2003) characterisation of early adopter attributes.
Policy and Governance Alignment emerged as the domain containing the most intractable barriers. Budget constraints were the most widely reported barrier (M=3.17, with 92% rating as a moderate barrier or higher), with participants describing how short-term funding cycles, value-engineering pressures, and procurement frameworks systematically undermine digital capability investment. Cybersecurity concerns (61% rating as significant or major barrier) further constrained IoT deployment and cloud platform adoption. These findings confirm Egan's (1998) foundational critique of construction industry short-termism and align with UTAUT's identification of facilitating conditions as a key adoption determinant (Venkatesh et al., 2003).
Despite these barriers, participants reported substantial sustainability benefits where implementation had occurred, including verified energy consumption reductions of 18%, improved fault detection, and enhanced carbon reporting capability. The 'demonstration effect', whereby evidenced savings catalyse further investment, emerged as a key mechanism for progressive capability building, resonating with Rogers's (2003) emphasis on observability as a driver of innovation diffusion.

[bookmark: _Toc220152001][bookmark: _Toc223077249][bookmark: _Toc223079145]Table 6.1: Summary of Findings by Conceptual Framework Domain
	Domain
	Key Findings
	Implications

	Technological Capability
	6.9% full integration; API familiarity lowest (M=2.95); legacy systems create data silos; interoperability barrier M=3.56
	Technical readiness insufficient; open-protocol procurement essential; middleware solutions needed for legacy integration

	Human & Organisational Readiness
	Skills gap significant (M=3.55); culture/leadership more influential than formal training; readiness-benefits correlation r=0.32
	Workforce development should emphasise adaptive mindsets; distributed champions enable cultural change

	Policy & Governance Alignment
	The most widely reported barrier (M=3.17, 92%); annual funding cycles; cybersecurity concerns (94%); value-engineering undermines digital capability
	Structural intervention required; multi-year funding; whole-life procurement; sector-specific guidance needed



[bookmark: _Toc220152238]6.3 Conclusions in Relation to the Research Objectives
The study's six research objectives have been systematically addressed through the mixed-methods investigation. Table 6.2 summarises the conclusions against each objective, demonstrating how the research aim has been achieved.

[bookmark: _Toc220152002][bookmark: _Toc223077250][bookmark: _Toc223079146]Table 6.2: Conclusions by Research Objective
	Obj.
	Research Objective
	Key Conclusion

	1
	Assess industry awareness and familiarity with AI, DT, and APIs
	Moderate AI awareness (59% moderate-high); lower Digital Twin (47%) and API (24%) familiarity. Awareness exceeds implementation capability, with APIs least understood despite being essential connectivity infrastructure.

	2
	Examine adoption extent in existing building operations
	Limited adoption: 6.9% full integration, 40.2% partial, 25.3% none. Sector at early maturity stage; BMS predominant infrastructure. Confirms 'interactivity gap' in pre-2001 buildings (Cespedes-Cubides and Jradi, 2024).

	3
	Identify perceived sustainability and operational benefits
	Strong benefit perception: predictive maintenance (M=4.40, 94.3% agree); energy efficiency (M=3.82); sustainability targets (M=3.56). Field-verified 18% gas reduction reported. Perceived usefulness established (Davis, 1989).

	4
	Explore technical, organisational, and structural barriers
	Interconnected barriers across all domains: budget constraints (M=3.17), cybersecurity (M=3.67), legacy systems (M=3.56), skills gaps (M=3.55). Familiarity-barrier correlation (r=0.60) indicates knowledge increases realistic assessment.

	5
	Investigate organisational readiness perceptions
	Moderate readiness (M=3.08); culture and leadership more influential than technical skills alone. Experience moderates’ optimism—those implementing report more cautious assessments than non-implementers.

	6
	Develop practice-informed insights for FE sector
	Phased approach required; demonstration effect enables progressive investment; interoperability must be procurement criterion; sector-specific guidance needed for public-sector constraints.



In summary, the research concludes that API-driven AI and Digital Twin technologies can significantly enhance sustainability in post-construction M&E systems through improved energy optimisation, predictive maintenance, and data-driven decision-making. Realising this potential requires addressing interconnected barriers through integrated socio-technical interventions rather than isolated technological solutions. Through the lens of technology adoption theory, the findings reveal that perceived usefulness is well-established (Davis, 1989), but perceived ease of use remains constrained by implementation uncertainty, while facilitating conditions (Venkatesh et al., 2003) are systematically undermined by public-sector funding and procurement structures.
[bookmark: _Toc220152239]6.4 Contribution to Knowledge and Practice
[bookmark: _Toc220152240]6.4.1 Contribution to Knowledge
This research makes distinct contributions to the academic literature on AI and Digital Twin adoption in the built environment. First, the study addresses a recognised gap by providing empirical evidence on post-construction implementation challenges, extending discourse beyond design-stage applications and simulation studies that dominate existing research (Deng, Menassa and Kamat, 2021). The findings confirm and contextualise the 10-38% energy savings documented in systematic review literature while revealing the conditions necessary for benefit realisation in practice.
Second, the focus on the Further Education sector contributes understanding of technology adoption in public-sector contexts characterised by resource constraints and complex governance. The findings extend technology adoption theory (TAM, UTAUT, Diffusion of Innovations) to Digital Twin contexts, demonstrating the particular importance of facilitating conditions and observability in resource-constrained environments.
Third, the three-domain conceptual framework integrating Technological Capability, Human and Organisational Readiness, and Policy and Governance Alignment proved effective for organising analysis and identifying interdependencies. This framework, grounded in socio-technical systems theory (Boje et al., 2020), may inform future research examining digital transformation in comparable built environment contexts. More specifically, the counterintuitive familiarity-barrier relationship challenges TAM's assumption that knowledge reduces adoption resistance in complex implementation contexts.
Fourth, the identification of the 'demonstration effect' as a mechanism for progressive adoption contributes to understanding of technology diffusion dynamics, suggesting that Rogers's (2003) observability characteristic is particularly salient in contexts where resource constraints demand rigorous benefit justification.
[bookmark: _Toc220152241]6.4.2 Contribution to Practice
From a practical perspective, the research offers value to multiple stakeholder groups. Facilities managers and estates directors gain evidence-based insight into adoption barriers and enablers, supporting strategic planning and investment justification. The finding that verified benefits (such as the 18% gas reduction reported) strengthen business cases for further investment provides a practical mechanism for progressive capability building. Consultants and engineers involved in retrofit and decarbonisation projects can draw on findings regarding interoperability requirements, with specific reference to REST APIs, NGSI-LD standards, and open-protocol specifications that emerged from both literature review and practitioner accounts.
Institutional leaders developing sustainability strategies receive empirically grounded guidance on the conditions required for successful Digital Twin deployment, including the importance of measurement infrastructure, workforce development, and multi-year investment planning. The research confirms that technology alone does not deliver sustainability outcomes; organisational capacity to act on generated insights proves equally critical.
[bookmark: _Toc220152242]6.5 Recommendations
Based on the research findings and their interpretation through technology adoption frameworks, recommendations are presented for three stakeholder groups: industry practitioners, policymakers and institutional leaders, and researchers.

[bookmark: _Toc220152003][bookmark: _Toc223077251][bookmark: _Toc223079147]Table 6.3: Summary of Recommendations by Stakeholder Group
	Stakeholder Group
	Key Recommendations

	Industry Practitioners
	(1) Adopt phased digital retrofit strategy—metering before analytics; (2) Specify open-protocol, API-ready systems during procurement; (3) Invest in practical, role-specific workforce development; (4) Cultivate distributed champions across organisational levels; (5) Establish robust M&V processes to enable demonstration effect

	Policymakers / Institutional Leaders
	(1) Develop sector-specific Digital Twin guidance for FE/public sector; (2) Reform funding to support multi-year digital transformation; (3) Incorporate whole-life value and interoperability in procurement frameworks; (4) Integrate estates, IT, and sustainability governance functions; (5) Support sector-level interoperability standards development

	Researchers
	(1) Longitudinal studies tracking implementation journeys; (2) BIM-independent Digital Twin methods for existing buildings; (3) Comparative public/private sector adoption studies; (4) Action research developing and evaluating interventions; (5) Economic analysis of whole-life digital capability value



[bookmark: _Toc220152243]6.5.1 Recommendations for Industry Practice
Practitioners should adopt a phased digital retrofit strategy, beginning with improved metering, BMS optimisation, and data capture before progressing to advanced analytics and Digital Twin applications. This approach addresses Rogers's (2003) trialability characteristic by enabling small-scale experimentation before major investment, while building capability incrementally and generating demonstrable benefits that support business cases for further investment.
During refurbishment and plant replacement, specifications should mandate open-protocol, API-ready systems (such as BACnet, REST interfaces, and NGSI-LD compatible platforms) to avoid future interoperability constraints, even where immediate Digital Twin deployment is not planned. This recommendation addresses the compatibility barrier identified through Rogers's framework and responds to practitioner accounts of vendor lock-in constraining innovation.
Investment in workforce development should accompany technology deployment, with emphasis on practical, role-specific training and peer learning rather than generic digital upskilling. Kensek (2015) emphasises sustained engagement over one-time training interventions. Cultivating champions at multiple organisational levels, not merely executive sponsors but operational staff willing to experiment and share learning, supports cultural change alongside technical capability (Kotter, 2012). Robust measurement and verification processes should be established from the outset, enabling the demonstration effect that catalyses progressive investment by enhancing observability of implementation benefits.
[bookmark: _Toc220152244]6.5.2 Recommendations for Policy and Institutional Leadership
Policymakers should develop sector-specific guidance for Digital Twin adoption in existing public-sector and Further Education buildings, reflecting the budgetary and operational constraints that distinguish these contexts from commercial settings. The Infrastructure and Projects Authority (2021) roadmap identifies Digital Twins as enabling technologies; translating this recognition into practical implementation support for existing buildings represents an actionable policy development.
Funding mechanisms should support multi-year digital transformation rather than annual capital allocation cycles that fragment strategic investment, directly addressing the facilitating conditions barrier identified through UTAUT analysis. Procurement frameworks should incorporate whole-life value and interoperability requirements, preventing the systematic value-engineering of digital capability that currently undermines future innovation potential. Welsh Government might consider designating FE sector demonstrator projects to catalyse learning, and evidence benefits applicable across the educational estate, leveraging the demonstration effect mechanism this research has identified.
Institutional leaders should encourage stronger integration between estates, IT, and sustainability functions to support coordinated digital governance and data management. The development of interoperability standards and reference architectures at sector level would reduce uncertainty and vendor lock-in concerns that currently impede adoption decisions, enhancing perceived ease of use as characterised by Davis's (1989) TAM framework.
[bookmark: _Toc220152245]6.5.3 Recommendations for Future Research
Future research should address limitations of the current study through longitudinal investigation tracking organisations through Digital Twin implementation journeys, enabling analysis of how barriers are navigated and benefits realised over time. Such research would assess whether the familiarity-barrier correlation (r=0.60) identified in this study reflects a causal relationship whereby knowledge development leads to more realistic assessment.
Technical research developing Digital Twin methods independent of BIM data would address the 'interactivity gap' in pre-2001 building stock (Cespedes-Cubides and Jradi, 2024). Comparative studies across public and private sectors would illuminate how governance context shapes adoption trajectories, assessing the generalisability of UTAUT's facilitating conditions construct. Action research collaboratively developing and evaluating interventions could generate practical guidance for addressing identified barriers, while economic analysis quantifying whole-life value of digital capability investment would inform procurement framework reform.
[bookmark: _Toc220152246]6.6 Reflections on the Research Process
The mixed-methods approach proved effective for addressing the research questions, with quantitative data providing breadth of coverage across 87 built environment professionals and qualitative interviews offering explanatory depth from six FE sector stakeholders. The convergent parallel design (Creswell and Creswell, 2023) enabled systematic triangulation that strengthened findings where strands converged, such as the prominence of interoperability barriers, while illuminating complexity where they diverged, such as the relationship between readiness self-assessment and implementation experience. In accordance with UWTSD academic integrity guidelines, AI use throughout this research is transparently acknowledged in Appendix H.
The three-domain conceptual framework guided coherent analysis across both research strands, demonstrating the value of theoretically informed frameworks for organising complex socio-technical phenomena. The deductive thematic analysis approach (Braun and Clarke, 2022), using codes derived from the conceptual framework and survey constructs, enabled systematic comparison between quantitative patterns and qualitative explanations.
Limitations should be acknowledged. The non-probability sampling approach constrains generalisability; findings should be interpreted as indicative of patterns within the accessible population rather than representative of all built environment professionals (Bryman, 2021). The cross-sectional design captures perceptions at a single point, precluding causal inference. The qualitative sample, while achieving thematic saturation within the South Wales FE context (Guest, Bunce, and Johnson, 2006), may not capture perspectives from other regions or sectors. These limitations suggest caution in extrapolating findings while indicating directions for future research outlined above.
[bookmark: _Toc220152247]6.7 Concluding Statement
This research has demonstrated that AI-enabled Digital Twins offer substantial potential for enhancing sustainability in post-construction M&E systems, with practitioners recognising benefits including energy efficiency improvement (supported by the systematic review evidence of 10-38% savings), predictive maintenance capability (endorsed by 94.3% of respondents), and enhanced operational decision-making. Realising this potential in existing building contexts, particularly within resource-constrained public-sector estates, requires addressing interconnected technical, organisational, and structural barriers through integrated socio-technical approaches.
The findings suggest that the limiting factors are not technological capability or practitioner interest, but structural constraints embedded in funding models, procurement practices, and legacy infrastructure. Through the lens of technology adoption theory, perceived usefulness is well-established while perceived ease of use and facilitating conditions remain significantly constrained. Moving beyond fragmented, opportunistic adoption toward strategic digital transformation aligned with Net-Zero objectives will require coordinated intervention across policy, institutional, and operational domains.
The demonstration effect, whereby evidenced benefits catalyse further investment, offers a mechanism for progressive capability building but depends on initial investment in monitoring infrastructure and measurement practices that enable value to be quantified and communicated. The Welsh Further Education sector, with its established inter-college communication channels and shared sustainability imperatives, represents an opportunity for collaborative learning and sector-wide capability development.
As the built environment sector confronts the imperative of decarbonisation, the integration of AI and Digital Twin technologies into post-construction building management represents both a significant opportunity and a complex challenge. This research contributes to understanding that challenge by providing empirical evidence from practitioner perspectives, identifying the conditions under which implementation succeeds, and offering recommendations for stakeholders seeking to advance sustainable building operations through digital innovation. The three-domain framework and adoption theory integration provide analytical tools that may inform future research and practice in comparable contexts facing similar technological and organisational transitions.
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[bookmark: _Toc220152248]Appendix A: Survey Questionnaire
Industry Survey: AI and Digital Twin Adoption in Building M&E Systems
[bookmark: _Toc220152249]Purpose
To gather quantitative data on awareness, adoption, barriers, and perceived sustainability benefits of AI and Digital Twin technologies in post-construction M&E systems management.
[bookmark: _Toc220152250]Target Participants
Facility Managers, M&E Engineers, BIM Coordinators, Sustainability Officers, Building Consultants, and related built environment professionals.
[bookmark: _Toc220152251]Format
12 questions comprising 10 core items plus 2 demographic questions. Responses collected via 5-point Likert scales where applicable. Administered through Microsoft Forms with LinkedIn distribution.
[bookmark: _Toc220152252]Section 1: Professional Context
Q1. What is your current professional role?
Options: Facility Manager / M&E Engineer / Building Consultant / Sustainability Officer / BIM Coordinator / Academic/Researcher / Other (please specify)
Q2. Years of experience in building operations or M&E management:
Options: Less than 5 years / 5–10 years / 11–20 years / More than 20 years
[bookmark: _Toc220152253]Section 2: Familiarity and Adoption
Q3. How familiar are you with the following concepts?
Scale: 1 = Not at all familiar, 2 = Slightly familiar, 3 = Moderately familiar, 4 = Very familiar, 5 = Highly familiar
• Artificial Intelligence (AI)
• Digital Twins (DT)
• Application Programming Interfaces (APIs)
Q4. Has your organisation implemented any of these technologies?
Options: Yes – Full integration / Partial integration / Planning to implement within 12 months / No

[bookmark: _Toc220152254]Section 3: Perceived Benefits
Q5. Rate the following potential benefits:
Scale: 1 = Strongly Disagree, 2 = Disagree, 3 = Neither agree nor disagree, 4 = Agree, 5 = Strongly Agree
• AI/DT systems improve energy efficiency of M&E operations
• Predictive maintenance reduces downtime and operational costs
• API integration enables better real-time data sharing and decision-making
• Smart analytics support organisational sustainability and net-zero targets
[bookmark: _Toc220152255]Section 4: Barriers and Readiness
Q6. Indicate how strongly each factor limits adoption in your organisation:
Scale: 1 = Not a Barrier, 2 = Minor Barrier, 3 = Moderate Barrier, 4 = Significant Barrier, 5 = Major Barrier
• Cost or budget constraints
• Lack of staff training or digital skills
• Cybersecurity concerns
• Data ownership or privacy issues
• Incompatible legacy systems
• Lack of standardised APIs
Q7. How would you rate your organisation's overall readiness to adopt AI/DT technologies?
Scale: 1 = Very Low, 2 = Low, 3 = Moderate, 4 = High, 5 = Very High
[bookmark: _Toc220152256]Section 5: Sustainability and Policy Alignment
Q8. Does your organisation regularly measure building carbon emissions or Energy Use Intensity (EUI)?
Options: Yes / No / Planned within 12 months
Q9. Which policy or framework most influences your organisation's sustainability strategy?
Options: EPBD (Energy Performance of Buildings Directive) / Net Zero 2050 / ISO 50001 / Local Authority Targets / Other
Q10. Open Comment (Optional):
In your opinion, what would most help accelerate the adoption of AI/DT solutions in existing buildings?
[bookmark: _Toc220152257]Section 6: Demographics (Optional)
Q11. What type of organisation do you work for?
Options: Public Sector / Private Sector / Education / Healthcare / Other
Q12. Region:
Options: UK / EU (specify country) / North America / Middle East / India / Africa / Other (specify)
Thank you for completing this survey. Your responses will contribute to MSc research into sustainable building management at the University of Wales Trinity Saint David.


[bookmark: _Toc220152258]Appendix B: Semi-Structured Interview Schedule
AI and Digital Twin Adoption in Post-Construction M&E Systems
[bookmark: _Toc220152259]Purpose
This interview schedule seeks to explore professional experiences and perspectives on the use of AI, Digital Twins, and API integration in managing post-construction M&E systems within the Further Education sector in South Wales.
Interview Duration: Approximately 30-45 minutes.
Format: Email questionnaire enabling detailed written responses
[bookmark: _Toc220152260]Section A: Context and Background
Q1. Can you briefly describe your role and your level of involvement in the operational or strategic management of building M&E systems?
Probes: Day-to-day responsibilities; decision-making authority; portfolio size
Q2. How would you describe your organisation's overall approach to digital technologies in the management of buildings and M&E systems?
Probes: Current systems in use; strategic priorities; recent investments
[bookmark: _Toc220152261]Section B: Adoption and Integration
Q3. Have AI, Digital Twin, or predictive maintenance solutions been implemented within your organisation's building portfolio? If so, can you describe these?
Probes: Specific technologies; success factors; lessons learned
Q4. What technical or data-interoperability challenges have you experienced, particularly in relation to legacy systems or connecting different vendor platforms?
Probes: BMS compatibility; data silos; protocol issues (BACnet, Modbus); middleware requirements
[bookmark: _Toc220152262]Section C: Governance, Skills, and Culture
Q5. How are cybersecurity, data governance, and privacy issues managed in relation to building systems and any cloud-based platforms?
Probes: IT involvement; cloud concerns; future risks
Q6. How would you describe the digital skills and readiness of staff involved in M&E operations, and what factors influence successful technology adoption?
Probes: Generational differences; vendor training; executive sponsorship; organisational culture
[bookmark: _Toc220152263]Section D: Sustainability and Value
Q7. Have digital technologies delivered measurable benefits in terms of energy performance, operational efficiency, or carbon reduction? Can you provide examples?
Probes: Quantified savings; M&V evidence; reporting requirements (DEC, SECR)
[bookmark: _Toc220152264]Section E: Barriers and Future Outlook
Q8. In your opinion, what is the single biggest barrier preventing wider adoption of AI and Digital Twin solutions in existing FE buildings, and what would help overcome it?
Probes: Funding models; procurement culture; phased approaches; demonstration projects
[bookmark: _Toc220152265]Closing
Is there anything else you feel is important for understanding the future role of AI and Digital Twin technologies in sustainable building management within the FE sector?
Thank you for your participation. A transcript summary will be shared for verification if requested.


[bookmark: _Toc220152266]Appendix C: Participant Information and Consent
[bookmark: _Toc220152267]C.1 Survey Participation (LinkedIn Distribution)
The online survey was distributed via LinkedIn professional networks and direct email to built environment professionals during November - December 2025. Participant information was embedded within the survey instrument itself, presented on the opening page before any questions were displayed.
Participants were informed of the following before continuing:
• Research title and purpose
• Researcher details and institutional affiliation
• Voluntary nature of participation
• Anonymous data collection (no personally identifiable information recorded)
• GDPR compliance and data handling procedures
• Ethics approval reference
Following standard practice for online survey research, consent was shown by voluntary completion and submission of the questionnaire. Participants could exit the survey at any point before submission without their responses being recorded. This approach follows established conventions for anonymous online surveys where formal signed consent is neither practical nor necessary given the non-sensitive nature of the professional opinion data collected (Bryman, 2021; Saunders, Lewis, and Thornhill, 2023).
[bookmark: _Toc220152268]Survey Preamble Text
Research Title: Enhancing Sustainability in Post-Construction Management through AI-Enabled Digital Twins for M&E Systems
Researcher: Paul Davies, MSc Sustainable Construction, University of Wales Trinity Saint David. Supervisor: Dr Deborah Hughes. Contact: 2203997@student.uwtsd.ac.uk
You are invited to take part in research exploring how AI and Digital Twin technologies can improve sustainability in building M&E systems. This survey takes approximately 8-10 minutes. Participation is voluntary and anonymous. By completing this survey, you show your consent to take part. Ethics Reference: UWTSD (PG2 approved 23 June 2025).
[bookmark: _Toc220152269]C.2 Interview Participant Information and Consent
Interview participants received detailed information sheets via email prior to participation. Written consent was obtained from all six interview participants before data collection began.
Research Title: Enhancing Sustainability in Post-Construction Management through AI-Enabled Digital Twins for M&E Systems
Researcher: Paul Davies, MSc Sustainable Construction
Institution: University of Wales Trinity Saint David
Supervisor: Dr Deborah Hughes
Contact: 2203997@student.uwtsd.ac.uk
Purpose: This research investigates how API-driven AI and Digital Twin technologies can enhance the sustainability of post-construction M&E systems, with particular focus on the Further Education sector in South Wales.
What participation involves: An email-based questionnaire enabling detailed written responses at your convenience. The questions explore your professional experience with building technologies, adoption barriers, and sustainability outcomes.
Confidentiality: Your responses will be anonymised in all outputs. Direct quotations may be used but will be attributed to role-based codes (e.g., FM1, ED1) rather than names. Organisation names will be included only with explicit permission.
Data storage: Responses will be stored securely on password-protected UWTSD systems and retained for up to 5 years following university policy.
Withdrawal: You may withdraw from the study at any time up to two weeks following submission of your responses without giving a reason.
[bookmark: _Toc220152270]Interview Consent Statement
By signing below, I confirm that:
• I have read and understood the participant information provided
• I have had the opportunity to ask questions about the research
• I understand that participation is voluntary and I may withdraw as described above
• I consent to my written responses being used for research purposes
• I understand how my data will be used and stored
• I agree to take part in this research
Participant Name: ________________________________
Signature: ________________________________
Date: ________________________________
Researcher Name: Paul Davies
Signature: ________________________________
Date: ________________________________

[bookmark: _Toc220152271]Appendix D: Systematic Literature Review Protocol
[bookmark: _Toc220152272]D.1 Review Objective
To systematically identify and analyse peer-reviewed literature on AI-enhanced Digital Twin applications in operational buildings, with particular focus on energy optimisation, M&E system integration, and API connectivity.
[bookmark: _Toc220152273]D.2 Search Strategy
Platform: Elicit AI-assisted systematic review tool (elicit.com)
Database coverage: Semantic Scholar, OpenAlex (138+ million papers)
Search date: July - August 2025
Primary search query:
"Research papers on sustainable construction relating to Digital Twins with AI and API integration on M&E, particularly in the FE sector but not limited to.”
Initial retrieval: 50 most relevant papers ranked by semantic similarity.
[bookmark: _Toc220152274]D.3 Inclusion Criteria
Papers were screened against seven criteria, applied holistically:
• Post-construction building focus: Implementation in existing/operational buildings rather than design-phase applications
• AI integration: Incorporation of artificial intelligence components within Digital Twin systems
• Sustainability focus: Addresses environmental performance, energy efficiency, or green building practices
• Technical integration: Examines API integration, interoperability, or smart building connectivity
• Building performance applications: Addresses monitoring, optimisation, or management
• Study design: Empirical study, case study, pilot project, systematic review, or implementation study
• Building scope: Focus on building applications rather than manufacturing or industrial processes
[bookmark: _Toc220152275]D.4 Data Extraction Framework
For each included study, the following data categories were extracted:
• Digital Twin implementation: Building systems monitored, data sources, architecture, functionalities
• AI/ML methods: Algorithms used, purpose, performance metrics, training data
• System integration: APIs, protocols, cloud/edge infrastructure, interoperability challenges
• Sustainability applications: Objectives, parameters monitored, quantified improvements
• Building context: Type, age, size, location, operational focus
• Implementation challenges: Technical barriers, adoption issues, research gaps
[bookmark: _Toc220152276]D.5 Results Summary
Screening outcomes:
• Papers retrieved: 50
• Papers meeting inclusion criteria: 10
• Full text accessible: 4
• Abstract only: 6
Publication period: 2022–2025
Geographic focus: Predominantly European implementations (Norway, UK, general EU)
[bookmark: _Toc220152277]D.6 Key Findings from Systematic Review
• Energy performance: AI-enhanced Digital Twins showed 10-38% energy savings across implementations
• AI methods: Deep reinforcement learning (10-35% HVAC reduction), supervised learning (87-97% forecasting accuracy), anomaly detection for predictive maintenance
• API documentation: Only 3 of 10 studies provided technical API integration details (REST APIs, NGSI-LD, JSON formats)
• Critical gap: Limited reporting of API-level integration details identified as significant research gap with practical implications
[bookmark: _Toc220152278]D.7 Quality Assurance
The Elicit platform provided automated screening assistance. Final inclusion decisions were made by the researcher based on full-text review where available and abstract analysis. The systematic review findings were triangulated with practitioner perspectives gathered through primary research.


[bookmark: _Toc220152279]Appendix E: Sample Interview Transcript Extracts
Note: This appendix presents selected excerpts from interview responses to illustrate the thematic analysis process. Participants are identified by role-based codes to maintain confidentiality.
[bookmark: _Toc220152280]E.1 Participant Profile Summary
	Code
	Role
	Organisation
	Experience

	FM1
	Facilities Manager
	FE College A
	5 years in role

	ENG1
	BMS Engineer
	BMS Vendor
	8 years in sector

	ED1
	Estates Director
	FE College B
	12 years in role

	EM1
	Estates Manager
	FE College C
	20 years in sector

	FM5
	FM Contracts Manager
	FM Contractor
	15 years in trade

	CONS1
	Senior M&E Design Engineer
	M&E Consultant
	18 years (chartered)



[bookmark: _Toc220152281]E.2 Sample Transcript Excerpts by Theme
Theme 1: Digital Maturity and Current Adoption
Interviewer: How would you describe your organisation's overall approach to digital technologies in the management of buildings and M&E systems?
FM1 (Facilities Manager): "We have BMS on some newer buildings, but older sites still rely on manual monitoring and reactive maintenance. We're moving toward more data-driven approaches but it's gradual."
ED1 (Estates Director): "We've upgraded BMS on two campuses and have good energy monitoring, but true AI or Digital Twin capability isn't something we've implemented. The aspiration is there but the investment case is challenging."
Theme 2: Interoperability and Legacy Systems
Interviewer: What technical or data-interoperability challenges have you experienced?
ENG1 (BMS Engineer): "Getting a 1990s outstation to feed data into a modern dashboard often requires middleware. Many older systems use proprietary protocols that don't play well with modern APIs."
FM1 (Facilities Manager): "Each campus has different BMS vendors from different eras. We often end up with siloed data that requires manual consolidation. It's frustrating when you know the data exists but can't easily bring it together."
CONS1 (Senior M&E Engineer): "The worst cases require complete controls replacement to achieve interoperability. That's a significant capital cost that's hard to justify when the existing system technically still works."

Theme 3: Governance and Cybersecurity
Interviewer: How confident are you that current cybersecurity arrangements are sufficient?
ED1 (Estates Director): "IT manage our network security centrally. I am reasonably confident for current systems, but connecting more devices to the internet inevitably increases risk. It's a balance."
ENG1 (BMS Engineer): "Many older systems were never designed with cybersecurity in mind. They're on isolated networks, which helps, but as soon as you want remote access or cloud dashboards, the vulnerabilities become apparent."
Theme 4: Skills and Organisational Culture
Interviewer: How would you describe the digital skills of staff involved in M&E operations?
FM1 (Facilities Manager): "Mixed. Younger technicians adapt quickly; some experienced staff are less comfortable with data-driven approaches. It's not just about training; it's about confidence and willingness to change."
FM5 (FM Contracts Manager): "The difference isn't budget, it's attitude. Where senior leadership champions digital approaches, adoption happens. Where it's seen as an IT project rather than an operational improvement, it stalls."
Theme 5: Sustainability Outcomes
Interviewer: Have digital technologies delivered measurable benefits?
ED1 (Estates Director): "Yes. A verified 18% reduction in gas consumption on one campus helped secure further Salix funding. That's real money saved and carbon reduced."
FM1 (Facilities Manager): "We identified heating schedules running outside occupied hours through better monitoring. Simple changes, but they reduced gas consumption noticeably. Without the data, we'd never have spotted it."
Theme 6: Barriers and Future Direction
Interviewer: What is the single biggest barrier to wider adoption?
FM1 (Facilities Manager): "Upfront cost and uncertainty about return on investment. It's hard to justify significant capital expenditure when the benefits are long-term and sometimes difficult to quantify in advance."
FM5 (FM Contracts Manager): "Public sector contracts often prioritise lowest cost over long-term value. That makes it hard to specify smarter systems even when you know they'd pay back over time."
CONS1 (Senior M&E Engineer): "Value engineering. Controls specifications get watered down during procurement, and you end up with basic systems that cannot support future digital capability. It's short-term thinking that creates long-term constraints."


[bookmark: _Toc220152282]Appendix F: Ethics Approval Documentation
[bookmark: _Toc220152283]F.1 Ethics Approval Statement
This research was conducted in accordance with the ethical guidelines of the University of Wales Trinity Saint David. Ethical approval was obtained prior to commencement of primary data collection.
Ethics Application Reference: PG2 Form (Research Proposal Stage)
Date of Approval: 23 June 2025
Module: ACFA7004 Research Methods
Programme: MSc Sustainable Construction
Supervisor: Dr Deborah Hughes
[bookmark: _Toc220152284]F.2 Ethical Considerations Addressed
The following ethical considerations were addressed in the research design:
Informed Consent
• Survey participants received information embedded in the survey preamble; consent indicated by voluntary completion
• Interview participants received detailed information sheets and provided written consent prior to participation
Anonymity and Confidentiality
• Survey responses were collected anonymously via Microsoft Forms
• Interview participants were assigned alphanumeric identifiers (FM1, ENG1, ED1, EM1, FM5, CONS1)
• Organisations are identified by name with participant permission
• Direct quotations do not include identifying personal information
Data Protection
• All data stored on password-protected university systems
• Processing compliant with GDPR and UWTSD data protection policies
• Data retention period: up to 5 years post-completion
• No sensitive personal data collected beyond professional role and experience
Right to Withdraw
• Survey participants could exit before submission without data being recorded
• Interview participants could withdraw up to two weeks following submission
• No participants exercised their right to withdraw



Risk Assessment
• Research classified as low risk: no vulnerable participants, no sensitive topics
• Professional participants discussing workplace practices within normal professional discourse
[bookmark: _Toc220152285]F.3 Compliance Statement
The researcher confirms that all primary data collection was conducted in accordance with the approved ethics application and UWTSD research governance requirements.


[bookmark: _Toc220152286]Appendix G: Survey Response Summary and Thematic Coding
[bookmark: _Toc220152287]G.1 Response Overview
Total responses: 87
Collection period: November 2025 - January 2026
Distribution method: LinkedIn professional networks and direct email

[bookmark: _Toc220152288]G.2 Quantitative Response Summary
Table G.1: Professional Profile of Respondents (n=87)
	Category
	n
	%
	Cumulative %

	Professional Role
	
	
	

	Other
	5
	5.7
	100.0

	BIM Coordinator
	6
	6.9
	94.2

	Academic/Researcher
	7
	8.0
	87.3

	Sustainability Officer
	10
	11.5
	79.3

	Building Consultant
	17
	19.5
	67.8

	Facility Manager
	20
	23.0
	48.3

	M&E Engineer
	22
	25.3
	25.3









Table G.2: Technology Familiarity Ratings (n=87)
	Technology
	Mean
	SD
	% Mod-High
	% Very/Highly

	APIs
	2.95
	1.14
	74.7
	24.1

	Digital Twins
	3.14
	1.30
	70.1
	47.1

	Artificial Intelligence
	3.40
	0.83
	79.3
	59.8






Table G.3: Implementation Status (n=87)
	Status
	n
	%

	No current implementation
	22
	25.3

	Planning to implement within 12 months
	24
	27.6

	Partial integration
	35
	40.2

	Yes – Full integration
	6
	6.9





Table G.4: Barriers to Adoption (n=87)
	Barrier
	Mean
	SD
	% Mod+

	Lack of standardised APIs
	3.33
	0.61
	98.9

	Data ownership/privacy
	3.45
	0.74
	97.7

	Lack of staff training/skills
	3.55
	1.29
	82.8

	Incompatible legacy systems
	3.56
	0.94
	93.1

	Cybersecurity concerns
	3.67
	0.88
	94.3

	Cost/budget constraints
	3.17
	0.73
	92.0





Table G.5: Organisational Readiness (n=87)
	Readiness Level
	n
	%
	Cumulative %

	Very High
	13
	14.9
	100.0

	High
	12
	13.8
	85.0

	Moderate
	33
	37.9
	71.2

	Low
	27
	31.0
	33.3

	Very Low
	2
	2.3
	2.3




[bookmark: _Toc220152289]G.3 Qualitative Theme Coding Framework
Table G.6: Thematic Coding from Interview Data
	Theme
	Description
	Key Codes

	Structural Barriers
	Funding and procurement constraints
	Value engineering; annual budgets; lowest-cost procurement; ROI uncertainty

	Sustainability
	Measurable benefits were implemented
	Energy savings (18%); Salix funding; schedule optimisation; M&V evidence

	Skills & Culture
	Digital confidence varies; leadership critical
	Generational differences; peer learning; champions at multiple levels

	Governance
	IT-led security; growing cloud/IoT concerns
	Cybersecurity confidence; API security; risk-averse IT culture

	Interoperability
	Legacy systems and vendor lock-in challenges
	Data silos; proprietary protocols; middleware needs; multi-vendor estates

	Digital Maturity
	Early-stage adoption; BMS as precursor to DT
	Incremental progress; pilot tools; reactive to proactive transition








[bookmark: _Toc220152290]Appendix H: AI Use Acknowledgement
Following the UWTSD Learning and Teaching Generative Artificial Intelligence Guidance (Updated May 2025) and the assessment requirements for the MSc Sustainable Construction programme, this appendix provides a transparent account of how AI tools supported the research and writing process for this dissertation.
[bookmark: _Toc220152291]Acknowledgement 1: Systematic Literature Review
I acknowledge the use of Elicit (https://elicit.com) during July - September 2025 to support the systematic literature review process. I used the following prompts:
1. "Research papers on sustainable construction relating to Digital Twins with AI and API integration on M&E systems”.
2. "Studies examining energy savings from AI-enabled building management systems”.
3. "Peer-reviewed articles on BIM to Digital Twin evolution in existing buildings"
4. "API integration specifications for building automation systems"
[bookmark: _Toc220152292]Acknowledgement 2: Research Exploration and Structure
I acknowledge the use of ChatGPT (https://chatgpt.com) during October 2025 - February 2026 to support research exploration and structural planning. I used the following prompts:
1. "What are the key components of the Technology Acceptance Model and how might they apply to Digital Twin adoption in buildings?"
2. "Can you suggest a logical structure for a methodology chapter using mixed methods research?"
3. "What are the main differences between convergent and explanatory sequential mixed methods designs?"
4. "Explain Rogers' Diffusion of Innovations theory and its relevance to technology adoption in organisations”.
5. "What are the key barriers to Digital Twin adoption identified in recent literature?"
[bookmark: _Toc220152293]Acknowledgement 3: Drafting and Document Preparation
I acknowledge the use of Claude (https://claude.ai) during January - February 2026 to support chapter development, critical analysis refinement, and professional document formatting. I used the following prompts:
1. "Help me develop a conceptual framework linking technological capability, organisational readiness, and policy alignment for Digital Twin adoption”.
2. "Review this methodology section and suggest how to strengthen the justification for a pragmatist philosophical position”?
3. "Create a professional table summarising the barriers to adoption with mean scores and percentages from my survey data”.
4. "Generate charts showing survey response distributions using a consistent colour scheme”.
5. "Check this discussion chapter for consistency with the findings presented in Chapter 4”.
6. "Help me structure the thematic analysis of interview responses using Braun and Clarke's framework”.
[bookmark: _Toc220152294]Acknowledgement 4: Proofreading and Formatting
I acknowledge the use of Microsoft Copilot during February - March 2026 for grammar checking, proofreading, and formatting assistance. I used the following prompts:
1. "Check this text for grammatical errors and suggest corrections”.
2. "Review this paragraph for clarity and academic tone”.
3. "Check spelling and punctuation in this section"
[bookmark: _Toc220152295]Scope of AI Assistance
Throughout this dissertation, AI tools were employed as assistive technologies to support, rather than replace, my own academic work:
AI tools supported:
• Literature searching, screening, and identifying relevant sources
• Exploring theoretical frameworks and understanding their application
• Structural planning and chapter organisation
• Refining academic prose based on my own notes, analysis, and ideas
• Creating professional tables, charts, and document formatting
• Grammar, spelling, and readability checks
AI tools were NOT used for:
• Primary data collection – surveys were conducted via Microsoft Forms
• Interview data gathering – responses were received directly from participants
• Statistical calculations – performed independently in Microsoft Excel
• Fabrication of data, quotations, or sources
• Final analytical judgements – all conclusions represent my own interpretation
[bookmark: _Toc220152296]Quality Assurance Process
All content generated with AI assistance was subject to critical review and substantial editing. This quality assurance process included:
• Verifying factual accuracy against primary academic sources
• Cross-checking statistical findings against original survey data in Excel
• Ensuring all citations were accurate and traceable to genuine sources
• Confirming analysis and conclusions reflected my own understanding
• Reviewing AI suggestions critically and rejecting those that did not fit
• Maintaining iterative drafts showing the evolution of my thinking
[bookmark: _Toc220152297]Supporting Documentation
In compliance with UWTSD requirements, I have retained the following materials which demonstrate my working process and can be provided as evidence if requested:
• Handwritten notes from initial supervisor meetings and research planning
• Early draft outlines showing chapter structure development
• Microsoft Excel workbook containing raw survey data and calculations
• Iterative chapter drafts showing progression of analysis and writing
These materials show that AI tools were used to refine and present my own research, analysis, and ideas – not to generate original content or substitute for critical thinking.
[bookmark: _Toc220152298]Confirmation Statement
I confirm that this dissertation represents my own work and intellectual contribution. The research questions, methodology design, primary data collection, analysis, and conclusions are the product of my own academic effort. AI tools were employed as assistive technologies to support the research and writing process, in accordance with UWTSD guidance, not as substitutes for critical thinking or original scholarship.
I confirm that I have not presented any AI generated text as my own work. I confirm I have copies of my drafts, notes, and other resources I used before and after the use of AI tools which I may be asked to provide in evidence.
I understand that the use of AI tools beyond what is permitted, or failure to acknowledge such use, constitutes academic misconduct.
Name: Paul Davies
Student ID: 2203997
Programme: MSc Sustainable Construction
Institution: University of Wales Trinity Saint David
Date: March 2026

Signature: 	P. A. Davies				
Figure G.1: Professional Profile of Respondents (n=87)
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Figure G.2: Technology Familiarity Ratings — Mean (n=87)

Artificial Intelligence	Digital Twins	APIs	3.4	3.14	2.95	

Figure G.3: Implementation Status (n=87)
n	
Yes – Full integration	Partial integration	Planning to implement within 12 months	No current implementation	6	35	24	22	

Figure G.4: Barriers to Adoption — Mean Rating (n=87)

Cost/budget constraints	Cybersecurity concerns	Incompatible legacy systems	Lack of staff training/skills	Data ownership/privacy	Lack of standardised APIs	3.17	3.67	3.56	3.55	3.45	3.33	

Figure G.5: Organisational Readiness (n=87)
n	
Very Low	Low	Moderate	High	Very High	2	27	33	12	13	

Figure G.6: Thematic Coding — Key Codes per Theme (n=6)
No. of Key Codes	
Digital Maturity	Interoperability	Governance	Skills 	&	 Culture	Sustainability	Structural Barriers	3	4	3	3	4	4	
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