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Abstract: 

Introduction: Digital Twin Technology (DTT) is increasingly recognized as a valuable tool for advancing sustainable urban development amid 

ongoing digital transformation and sustainability challenges in the UK. This study investigated the role of DTT on sustainable urban 

development and the mediating role of financial implications, risk governance, and SDG reporting frameworks. 

Methods: A mixed methods approach was used, involving a quantitative and qualitative techniques to explore the role of digital twin technology 

on Sustainable Urban Development (SUD) through financial aspects, risk governance and SDG reporting alignment. Quantitative survey data 

gathered from 340 participants was analysed by applying PLS-SEM and accompanied by qualitative thematic analysis findings for deeper 

analysis. 

Results & Discussion: The direct link between digital twin technology and sustainable urban development was found as weak but indirect link 

through risk governance and SDG reporting frameworks was found to be positive and statistically significant. The qualitative results were 

further complemented by their findings, which identified Digital Twin (DT) Technology as a game-changer in the planning process, increasing 

collaboration and proactive planning and decision making, and also highlighted existing issues around financial feasibility, cybersecurity, 

accountability within governance, and uniformity of SDG reporting protocols. 

Conclusion: Policymakers must develop clear governance frameworks and cost-effective financial strategies for digital twin implementation. 

Concerns related to cybersecurity, governance and stakeholders trust signified the necessity for risk frameworks. 

Keywords: Digital twin technology, sustainable urban development, financial implications, risk governance, SDG reporting 

frameworks, sustainable development goals.

1. INTRODUCTION 

In Digital Twin (DT) is a revolutionary technology that has 
been used to redefine the principles of urban planning and 
sustainability (Ali et al., 2025; Ariyachandra & Wedawatta, 
2023). DT helps simulate data, modelling processes, and 
evidence-based policymaking by building virtual replicas of 
physical assets, processes, and systems (Attaran & Celik et al., 
2023; Botín-Sanabria et al., 2022). With the pressures of 
climate change, resource shortage and urbanisation growing on 
cities, these technologies are considered to be centre stage in 

the development of sustainable cities. In the UK, digital twin 
technologies are becoming increasingly integrated into the 
national smart city and sustainability agendas, where they are 
used to enhance urban resilience, optimise infrastructure 
operations, and inform and guide urban planning and 
development decisions (IMARC, 2025). In the meantime, 
though, despite the increasing interest of institutions and 
markets and the increase in market size, there are still 
uncertainties regarding the financial viability and the readiness 
of governance and sustainability of the implementation of the 
digital twin in real life (Grand View Horizon, 2025). 
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Concurrently, the UK faces considerable challenges in meeting 
the Sustainable Development Goals (SDGs), as only two-fifths 
of its targets are on track, while approximately 57% exhibit 
implementation gaps and nearly 15% are progressing in the 
wrong direction (Markets and Markets, 2025). Moreover, the 
national SDG reporting framework reports data gaps on 12% of 
the indicators, indicating the restrictions in the measurement of 
the sustainability performance (SDG Data, 2024). In this 
context, the potential of DTTs cuts across the national 
imperatives of sustainable urban development. 

Although the digital twin technologies have increasing 
strategic significance, there is institutional and operational 
contestation in the use of these technologies in the context of 
sustainable urban development. At first financial implications 
such as costs are major problem, where DT implementation 
incurs substantial cost, and return on investment is hard to 
measure with the conventional budgeting models (Habib et al., 
2025). Second, risk governance is immature, and all the 
uncertainties regarding cybersecurity, data ethics, and 
accountability put both legitimacy and adoption in risk 
(Haraguchi et al., 2024). Third, it is not consistent with SDG 
reporting frameworks because DTT outputs are not usually 
standardised with global indicators and cannot be integrated 
into national and local reporting frameworks (Jafari et al., 
2023).  

All these issues constrain the capacity of DTTs to maximise 
their role in sustainable urban development in the UK. SDG 
Reporting Frameworks are institutional accountability tools 
that provide measurable and comparable indicators to support 
urban governance to achieve sustainability commitments. They 
enable the monitoring, benchmarking, and transparent 
assessment of a city's progress toward achieving global 
sustainability goals, particularly SDG 11, as also highlighted 
by (Lu et al., 2025). As per (Grace et al., 2023) Sustainable 
Urban Development (SUD) is a more comprehensive result that 
is multi-disciplinary in nature including aspects of 
environment, social and economic aspects of urban systems. In 
addition to the structured evaluative tools provided by SDG 
reporting for tracking progress, SUD also represents the overall 
level of urban sustainability achieved through the interaction of 
technological, governance, financial and institutional factors, 
including the adoption of Digital Twin Technology as also 
suggested by (Villani et al., 2025). 

While existing body of literature such as (Perisic et al., 
2025) have focused on the technical, engineering or operational 
aspect of the Digital Twin Technology, there has been scarcity 
of studies in the context of the financial viability, risk 
governance and SDG reporting frameworks that collectively 
influence sustainable urban development outcomes. Moreover, 
existing research such as (Saif et al., 2025; Zhang et al., 2023) 
addressed these dimensions separately, not in relation to the 
interaction between the dimensions as part of the UK context 
of urban governance. This is an important gap in knowledge 
that needs to be filled regarding the links between the 
implementation of a digital twin and its sustainability 
outcomes, in the context of institutions, financial and 
regulatory conditions. 

This study responds to these gaps by exploring the 
relationship between Digital Twin Technology (DTT) and 
Sustainable Urban Development (SUD) in the UK, and analyse 

the mediating roles of financial implications, risk governance 
and SDG reporting frameworks. The study aims to identify if 
the sustainability value driven from a digital twin's use is 
unlocked immediately or if it relies on enabling institutional, 
governance and financial mechanisms. The study covers both 
these relationships, offering a more complete picture of the 
conditions for obtaining digital twin technologies to support the 
achievement of sustainable urban development outcomes.  

To meet these objectives, the study implemented a mixed 
method design which is a combination of qualitative and 
quantitative evidences. The quantitative data is gathered by 
survey conducted with urban planning and technology 
professionals and analysed by PLS-SEM method. The 
qualitative data gathered by establishing the interview were 
analysed by thematic analysis. By combining both, the 
proposed relationships could be statistically analysed and 
contextualisation of the institutional and operational context of 
implementation of digital twin in the UK was also possible. 

The study makes important contributions in terms of theory, 
empirical evidence and practical implications. It theoretically 
combines aspects of the three dimensions (financial 
implications, risk governance and SDG reporting) that affect 
the Digital Twin Technology-SUD relationship instead of 
analysing them separately. In empirical terms, it applies a 
mixed-methods approach in an integrated manner to generate 
empirical evidence based on a UK context, completing the lack 
of contextual evidence on which to base research within the 
realm of urban sustainability and digital transformation. From 
an implication perspective, the results provide policy, planning 
and urban regulatory guidance on governance structures and 
reporting processes, as well as financing conditions, to enable 
and support the sustainable adoption of digital twin tools and 
technologies in cities.  

The rest of the article is structured in the following way. 
The relevant literature of digital twin technology, sustainable 
urban development, governance and SDG reporting 
frameworks is briefly reviewed in the next, and the conceptual 
framework and the hypotheses are developed. The 
methodology section discusses the mixed methods research 
design. It is followed by results and analysis section which 
presents together the quantitative and qualitative results of the 
study. It is followed by subsequent sections comprising 
discussion of the results and findings. In the last, Implications, 
limitations and future directions are presented at the end of the 
article.  

2. LITERATURE REVIEW 

2.1. Impact of Digital Twin Technology on Sustainable 
Urban Development 

Digital Twin Technology (DTT) has become increasingly 
integrated into urban systems, prompting academic discussions 
regarding its potential to support sustainable urban 
development. Previous research such as (Grace et al., 2023) 
broadly confirms that DTT can improve the efficiency of the 
city in simulation, through predictive modelling and in real 
time, but diverges on the prerequisites needed for its 
sustainability in these improvements. City resilience, mobility 
and environmental sustainability have been highlighted as key 
areas of potential transformation of Urban Digital Twins by 



International Journal of Economics and Finance, 2026, Vol. 2 Muhammad Farhan 

 

3 

(Mazzetto, 2024; Villani et al., 2025). They identified several 
factors that suggest that their work is in line with Systems 
Theory which states that systemic urban transitions are possible 
if technological innovations are part of larger institutional 
structures, a view also supported by (Lu et al., 2025).Though, 
both studies are mainly devoted to the technical optimisation 
and have only marginal attention to the financial implications 
and the preparedness of the governments for DTT, leaving 
some uncertainties about the scalability of DTT in resource-
constrained urban setting. 

Collectively, prior studies indicate that DTT helps to 
promote sustainability in various ways, such as creating a more 
efficient construction process, optimising energy use, 
monitoring the environment, and coordinating governance 
(Omrany et al., 2024; Pérez, 2023; Temple et al., 2024; 
Venkateswarlu & Sathiyamoorthy, 2025). The literature does 
not suggest that the technical ability to transform cities 
sustainably is just a matter of technology, it requires the 
institutional cooperation, capacity and policy alignment 
mechanisms as well. The sectoral approach for studying 
sustainability also shows that the results of DTT studies are not 
easily generalisable to all sectors, which means that there is a 
need to consider context. 

Another theoretical conflict arises when assessing risk 
management and the financial and economic feasibility. While 
(Macatulad & Biljecki, 2024; Ozawa et al., 2021) stress on 
‘disaster resilience’ and ‘disaster risk preparedness' for cities, 
(Ghafari & Samaei, 2025) focus on the optimisation of costs 
and programs effectiveness. Nonetheless, these studies do not 
focus on the trade-off of the cost of implementation and 
maintenance in the long-term and whether cost outweighed by 
the efficiencies. The literature such as (Zhang et al., 2023) on 
DTT as a whole indicates that sustainable results are produced 
as a fusion of technological systems, institutional capacity, 
governance readiness and financial coordination; and not by 
operational efficiency as such, following the Systems Theory 
approach. The findings suggest that the level of organisational 
integration and institutional support mechanisms play a key 
role in the potential of DTT to have a scalable and sustainable 
impact on urban transformation specified in the findings of 
(Ehwi et al., 2024). The literature provides a strong body of 
evidence collectively indicating the sustainability potential of 
DTT, but evidence on the financial viability of DTT in the long-
term and institutional scalability in urban contexts is less 
certain. Although DTT is generally expected to improve 
sustainability outcomes, implementation burden, institutional 
immaturity, transition costs and governance deficiencies may 
initially constrain sustainability performance. Therefore, 
positive sustainability outcomes may depend on supporting 
governance and reporting mechanisms. Hence, the following 
hypothesis is made.  

H1: There is a statistically significant and positive 
relationship between digital twin technology and sustainable 
urban development. 

2.2. Role of Risk Governance, Financial Implications, and 
SDG Reporting Frameworks in Enhancing Digital 
Twin Technology for Sustainable Urban Development 
and SDG Alignment 

While technology is still a fundamental element of the 
symbiosis between Digital Twin Technology (DTT) and 

sustainable urban development, governance, financial and 
institutional mechanisms are gaining importance. The existing 
literature reflects a general consensus on the benefits of digital 
innovation as it relates to urban resilience and sustainability, 
with significant variation and uncertainty on the systems 
needed to promote the benefits. In a Systems Theory approach, 
the sustainable outcomes of a city are not the end result of 
single technological solutions, but the result of a coordinated 
action between the different sub-systems of governance, 
finances and technologies of a city unveiled in the arguments 
of (Ehwi et al., 2024; and Karunaratne et al., 2025). This 
implies that mediation of institutional mechanisms is likely be 
needed to ensure the sustainability effects of DTT. 

The literature as a whole emphasises that GIS-based 
systems, digital innovation and technologies oriented towards 
governance contribute to the improvement of urban resilience 
and decision-making processes in conditions of uncertainty 
(Rezvani et al., 2023; Tankosić et al., 2025). These studies, 
often focus more on how to be efficient and how to respond to 
disaster events, while neglecting institutional accountability, 
the integration of governance and the financial viability of 
urban planning systems for the long-term. Likewise, cyber 
security and digital resilience are discussed and cited as key 
governance issues in digital infrastructures by (Gautam & 
Gupta, 2025; Kanmaz, 2025; Ehwi et al., 2022) also. However, 
the aviation-related evidence is not directly applicable to the 
context of urban governance, where a range of stakeholders and 
public accountability make for complex situations. 

Another conflict is associated with monetary 

considerations. According to (Al‐Raeei, 2025; Malekloo et al., 

2022; Fox & Macleod, 2023; Kim & Kim, 2021), technology 

is not enough to achieve sustainable large‐scale digital 

transformation projects, as there are significant financial 

barriers. This is in line with Systems Theory which states that 

innovation in urban areas requires the coordination and 

balancing of the allocation of resources in the different systems. 

However, research highlighting technological optimisation 

tend to underestimate the financial costs of implementation and 

maintenance in the long-term. 

The literature such as (Sahu & Upadhyay, 2024; Tzachor   

et al., 2022) also indicates that SDG reporting systems 

contribute to linking digital innovation and SDGs, as they 

globalise urban technologies and link them with the 

internationally recognised SDG indicators. However, there has 

been less attention given to the possible problems that can arise 

in the implementation process at the local level as a result of 

fragmented governance systems and inconsistencies in 

reporting practices. Nonetheless, (Sahu & Upadhyay, 2024) 

does not adequately consider how ineffectiveness may arise in 

the implementation process at the local level as a result of 

fragmented governance systems and inconsistencies in 

reporting mechanisms. The literature shows that governance 

readiness, financial viability and integration with SDGs are all 

important mediators between DTT and sustainable urban 

development outcomes. Thus, following hypotheses of the 

study are developed followed the arguments emerged in above 

literature. 
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H2: Risk Governance, financial implications and SDG 
reporting frameworks, mediate the relationship between digital 
technology and sustainable urban development. 

H2a: Risk Governance statistically significantly and 
positively mediates the relationship between digital technology 
and sustainable urban development in the context of UK. 

H2b: Financial implications statistically significantly and 
positively mediate the relationship between digital technology 
and sustainable urban development in the context of UK. 

H2c: SDG reporting frameworks statistically significantly 
and positively mediates the relationship between digital 
technology and sustainable urban development in the context 
of UK. 

2.3. Theoretical Framework 

System theory emphasises the interconnectedness and 
interdependence of different aspects of the urban environments. 
This theory is critical in understanding how digital twin 
optimises urban planning in cities as it simulates and analyses 
real-time information across various systems to include energy, 
transportation and water support. According to (Mazzetto, 
2024; and Haraguchi et al., 2024), UDTs combine many 
different urban systems and they assist planners to deal with 
complexity of the city dwelling. The concept of the Theory of 
Cities is useful to seeing cities as holistic, adaptive systems 
with every component of the city affecting and being affected 
by another: infrastructure, policies, and governance structures. 
(O’Mrany et al., 2024) also confirm that in this way digital twin 
influences SDGs relating to enhancing resilience in urban 
systems. However, the theory equally believes in the 
significance of governance and risk management systems, as 
elaborated by (Villani et al., 2025; and Ghafari & Samaei, 
2025), without which digital twin in sustainable urban 
development cannot possibly succeed.  

Furthermore, Institutional Legitimacy Theory also provides 
further support to the argument that technological innovation in 
urban systems is only sustainable as long as it is perceived as 
responsible, transparent and accepted by participants. (Ehwi     
et al., 2022) defines legitimacy as the degree of compliance 
between organisational and technological practice and societal 

expectations of stakeholders’, governance norms and values. 
As per (Grace et al., 2023) legitimacy is particularly relevant in 
the context of Digital Twin Technology as the transition to 
data-driven urban systems often poses questions of 
surveillance, cybersecurity, ethical issues and access to 
technology. This view goes beyond Systems Theory by arguing 
that an efficient use of the technologies is not the only 
precondition to sustainable urban transformation, but so is the 
institutional trust and the credibility of governance as indicated 
by (Villani et al., 2025). To secure the lasting acceptance and 
sustainability of Digital Twin initiatives in urban development 
systems, confidence of stakeholders in governance structures, 
SDG reporting mechanisms and ethical safeguards becomes 
crucial.  

2.4. Literature Gap 

Although the research on digital twin technology and its 

application to sustainable urban development are broad, there 

are gaps, especially in addressing risk governance, and DT-

SDG alignment. (Mazzetto, 2024) summarises the promising 

application of UDTs to smart cities but based on the costs and 

politics of large-scale implementation, there has been no clear 

direction on how to rely on these new technologies. In line with 

this, (Haraguchi et al., 2024) create a maturity model to 

measure UDT governance without considering financial risk 

management and scalability issues. (Macatulad & Biljecki, 

2024) appreciate the potential of digital twin in disaster risk 

management without shedding light on the financial 

governance structures that should be implemented to realise 

widespread urban digital twin adoption. (Ghafari & Samaei, 

2025) present the idea of a digital twin-based model of an urban 

megaproject without discussing the necessary institutional and 

financial preparation to support this kind of implementation. 

2.5. Conceptual Framework 

The framework (Fig. 1) shows digital twin technology as an 
independent variable, whereas sustainable urban development. 
Financial implications, risk governance and SDG reporting 
frameworks are mediating variable that identify the 
effectiveness and scalability of digital twin technology in the 
urban development project.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Conceptual framework. 

Digital Twin Technology (DTT) Sustainable Urban Development (SUD) 

Financial Implications (FI) 

Risk Governance (RG) 

SDG Reporting Frameworks (SDGRF) 
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3. MATERIALS AND METHODS 

3.1. Mixed-Methods Integration Strategy 

This study used explanatory mixed-methods design where 
the first phase of qualitative component was used as an 
interpreting and a contextualising method for quantitative 
findings. Interviews helped identify the causes of the 
relationships between the Digital Twin Technology, 
Sustainable Urban Development, Financial Implications, Risk 
Governance, and SDG Reporting Frameworks that were 
identified through the survey data and PLS-SEM analysis. The 
challenges in implementing Digital Twin Technology, 
institutional readiness concerns, and resource constraints, as 
detailed in the negative direct relationship, were explained 
through the qualitative evidence. It also specified that the 
Financial Implications are not mediating and showed that there 
are concerns about Financial Implications such as unclear ROI, 
budget constraints, and funding problems in the long-term. On 
the other hand, the interviews highlighted the positive 
mediation role of Risk Governance and SDG Reporting 
Frameworks, emphasising the accountability and trust-building 
properties, governance and sustainability reporting 
mechanisms. The qualitative findings, thus, played a supportive 
and explanatory role in enhancing the understanding results 
from the quantitative roles, so that the results of the qualitative 
were interpreted and explained with each other, which was 
carried out with methodological triangulation. 

3.2. Data Collection and Sampling  

To collect quantitative data survey questionnaire was used 

(Appendix A). The questionnaire was distributed to 600 

potential respondents, primarily focusing on professionals, 

managers, urban planners, IT experts and policy makers 

operating in the diverse areas of the UK urban development. 

These professionals were appropriate as they possess high 

expertise and relevant experience to provide valuable insights 

into the implementation the governance of digital twin 

technology in urban development.   

All constructs were operationalised through the use of a 
structured survey instrument that was established through the 
themes found in digital twin literature and within urban 
sustainability. Three reflective indicators were developed for 
each of the constructs. Digital Twin Technology, Sustainable 
Urban Development (Patel et al., 2024), Financial Implications 
(Karunaratne et al., 2025), Risk Governance (Ghaffarian, 
2025) and SDG Reporting Frameworks (Stefanescu, 2022) and 
modified to suit the UK urban development landscape. As 
suggested by (Russo et al., 2021) the Likert scale was used to 
measure the perceptions and attitudes of the respondents in a 
standardised and comparable manner with a 5-point rating scale 
from 1 (Strongly Agree) to 5 (Strongly Disagree).  

Digital Twin Technology was operationalised using items 
on efficiency perceptions, implementation of real-time data and 
potential of sustainability. Sustainable Urban Development 
perceived sustainable improvements in sustainability, decision 
making processes and alignment with sustainability objectives. 
Financial implications in this study refer to perceived financial 
feasibility, investment burden, and long-term economic 

implications of DTT implementation. The evaluation of 
cybersecurity risks and the governance's effectiveness were 
conducted by Risk Governance, and SDG Reporting 
Frameworks was used to capture level of alignment to SDG 11 
and the usefulness of sustainability reporting mechanisms. This 
systematic operationalisation ensured a construct validity, 
conceptual clarity and empirical consistency of the 
measurement model.   

A purposive sampling strategy ensured the sample reflected 
persons that had the necessary background with regard to the 
implementation and governance of smart city technologies as 
suggested by (Campbell et al., 2020).  Therefore, purposive 
sampling method was applied in this study to reach the 
researcher with the cross-cutting mentioned knowledge and 
experience in urban planning, digital infrastructure, governance 
and sustainability projects. The participants were selected 
based on their role within UK urban development projects and 
included managers, urban planners and IT professionals who 
were actively involved in urban development projects, which 
are relevant to the content and research aims of the study. The 
sample does not represent the broader professional population, 
but was analytically representative, because they were selected 
to provide experiences-based informed opinions to inform the 
institutional and operational aspects of DTT implementation. 

Survey was distributed through various channels, including 
professionals’ networks (LinkedIn, etc.), email lists and direct 
contact with respective professionals working in urban 
development organisations and departments in the government 
of UK. 350 responses were received with a 60% response rate. 
340 valid questionnaires were selected for analysis following 
data screening and incomplete/invalid responses were 
removed. The sample size is deemed adequate for PLS-SEM 
because it is a medium to large sample size that generally does 
not require normality conditions. Further, the final data set 
scores above the minimum recommended thresholds for 
statistical power, thus providing robustness, stability of path 
estimates and generalisability of the results of the structural 
model within the framework of the study. Moreover, attempts 
were made to involve the professionals of varying areas of 
urban planning, governance, and technology to minimise data 
bias and ensure a representative sample. The strategy reduced 
the selection bias, and the variety of the sample promoted the 
quality of the outcomes (Smith, 2020). Non-response bias was 
tested using an independent sample t-test by comparing the 
proportion of respondents between early and late respondents. 
The comparison revealed no significant differences between 
the two groups (P-value > 0.1) , indicating the absence of non-
response bias and supporting the representativeness of the 
sample. 

In addition, the qualitative data in this study was collected 
by using semi-structured interview questionnaire from 10 
professionals who are actively involved in the process of urban 
development in the UK, including managers, urban planners, 
and IT experts. Thus, for qualitative component, the research 
instrument was comprised of 6 open-ended and semi structured 
questions (Appendix B). A purposive sampling technique was 
applied to guarantee representation from different professional 
backgrounds and geographical contexts, which allowed a 
detailed analysis and understanding of an application of digital 
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twin applications in sustainable urban planning. The 
participants were contacted through the professional networks, 
LinkedIn, and email invitation, which stated the aims of the 
research and guaranteed confidentiality. The interviewing took 
place between July and August 2025, with the main platform 
such as MS Teams and Zoom, according to the schedules of the 
participants. The sessions remained 30 to 45 minutes long and 
were audio-taped, following permission of participants and 
transcribed precisely to be analysed. This strategy was 
necessary to guarantee the gathering of practical and rich 
insights to supplement the financial, governance, and 
sustainability aspects of the research. 

3.3. Econometric Models 

In the following equations, ‘i' is representing the cross-
sections and variable acronyms are the same as used in the 
conceptual model. 

SUDi=β0+β1DTTi+β2FIi+β3RGi+β4SDGRFi+ϵi 

FIi=α0+α1DTTi+ϵi 

RGi=γ0+γ1DTTi+ϵi 

SDGRFi=δ0+δ1DTTi+ϵi 

3.4. Data Analysis 

To analyse quantitative data, Partial Least Squares 
Structural Equation Modelling (PLS-SEM) was used, due to 
the appropriateness of the method to analyse complicated 
dependency between several variables and process a small-
sized sample (Hair et al., 2017). The study was conducted and 
analysed within an exploratory mixed methods research 
framework and PLS-SEM was chosen for the analysis because 
of the number of mediated relationships to be explored and the 
modelling of complex predictive relationships involving 
multiple constructs (Dash & Paul, 2021). While as per (Hair & 
Alamer, 2022) covariance-based SEM has an implication of 
theoretical confirmation and involves strict assumption of 
normality, PLS-SEM is more suitable to prediction-oriented 
SEM models, with less strict normality assumption. Other 
methods like multiple regression were not able to 
simultaneously evaluate the interconnected mediation effects 
and latent constructs indicated by (Appah et al., 2024) as well. 
Thus, PLS-SEM was applied as suitable analysis to investigate 
the multi-dimensional structural relationships of the study and 
predictive goals. Therefore, PLS-SEM approach allowed to 
explore both direct and indirect impact of the key variables, 
which include financial implication of DTT, risk governance 
frameworks and SDG alignment. To achieve the validity and 
reliability of measurement model, Confirmatory Factor 
Analysis (CFA) was performed by evaluations of factor 
loadings, composite reliability and Average Variance Extracted 
(AVE) to confirm the validity and reliability of the 
measurement model.  

In addition, the qualitative interview data were analysed 
using a method recommended by (Braun & Clarke, 2021), six-
step thematic analysis. The transcripts of interviews were 
repeatedly analysed to become familiar with the data and look 
for possible patterns that are relevant to a digital twin 
implementation, digital twin governance, financial aspects of a 
digital twin and sustainability alignment of a digital twin. The 
second phase involved open coding that was done followed by 

conceptual labelling of statements and shared views were 
assigned to every participant. Codes that occurred in similar 
fashion were then categorically grouped according to thematic 
themes that represent common institutional and operational 
issues. The emerging themes were then critically examined and 
refined based on the findings in the dataset, for coherence and 
consistency, and to distinguish them conceptually. Lastly, the 
themes were triangulated with other qualitative findings using 
qualitative results and existing views in literature, respectively, 
enhancing the credibility of the results, analytical depth, and 
reliability of the mixed methods overall.   

4. RESULTS 

4.1. Demographic Analysis 

As per Table 1, the gender analysis also reveals that males 
dominated the study and formed 64.7% whereas, females make 
up 35.3%. The gender imbalance reflects the broader 
demographics of larger areas of consideration such as urban 
development, technology and governance. The female 
representation is lower reflecting possible inclusion issues of 
the future research that might target a more unified perspective 
on the matter. Moreover, in terms of age, 35.3% respondents 
fell between the 26 -35 years making up the largest group 
followed by those between the ages 36-45 years, which was 
26.5%. The 18 - 25 years age group constituted 23.5% and the 
age bracket, 45 years and above recorded 14.7%. Regarding 
educational level, postgraduate participants were found higher 
as compare to the undergraduate.  

4.2. Measurement Model Using Confirmatory Factor 
Analysis  

As shown Table 2, the reliability and convergent validity of 

the constructs in the study were assessed using several 

developed metrics to ensure the robustness of the measurement 

model. Measurements of the internal consistency of latent 

constructs with Cronbach alpha and composite reliability are 

well-known measures. According to (Kline, 2023) a construct 

can be considered reliable when the value of the Cronbach 

alpha, and composite reliability is higher than 0.7. In the case 

of this study, Cronbach alpha values of Digital Twin 

Technology (0.852), Sustainable Urban Development (0.901), 

Financial Implication (0.815), Risk Governance (0.885) and 

SDG reporting frameworks (0.901) are all above acceptable 

threshold indicating that these items have a good internal 

consistency in measuring the study variables. Moreover, the 

constructs have composite reliability value that ranges between 

0.826 and 0.905, which further indicates that the measurement 

tool that is used in this study is stable and reliable. 

The proportion of variance of each construct in comparison 
to the measurement error was presented through the Average 
Variance Extracted (AVE) to measure the convergent validity. 
According to (Hair et al., 2017; and Henseler et al., 2015), 
convergent validity is considered effective with an AVE of 0.5 
or more. In the current study, the AVE values that are greater 
than 0.5, Digital Twin Technology (0.772), Sustainable Urban 
Development (0.825), Financial Implication (0.731), Risk 
Governance (0.812), SDG reporting frameworks (0.835) 
further support the sufficiency of the measurement model.  
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As per Table 3, it shows that discriminant validity of the 
constructs was assessed with the Heterotrait-Monotrait 
(HTMT) ratio, ensuring that each construct is empirically 
unique, separable and distinctive. As per (Rasoolimanesh, 
2022; and Yusoff et al., 2020) HTMT values must not exceed 
0.85 to prove that there are enough discriminant validity and no 
conceptual overlapping. From the results observed in Table 3, 
the HTMT values in the case of all constructs are found to be 
lower than the threshold value of 0.85. This shows that there is 
adequate discriminant validity with no conceptual overlapping 
between the variables and that all constructs are distinct from 
each other. 

4.3. Path Analysis 

The coefficients presented in Table 4 indicate strong direct 
relationships between Digital Twin Technology and the key 
constructs, underscoring its importance in facilitating 
sustainable urban development. Digital Twin Technology 
shows a negative, though, statistically significant direct 
relationship (β = -0.158, p = 0.037), proving that while it is an 
important area of urban development, its proper application and 
regard for accompanying matters might be necessary. The 
negative direct relationship between Digital Twin Technology 
and sustainable urban development suggests that the uptake of 
new technologies does not directly connect to sustainable urban 
development unveiled by (Perisic et al., 2025) also. This 
indicates that, if governance bodies, financial preparedness, 
and institutional arrangements supporting sustainability cannot 
be established, there could be additional challenges in the 
beginning, such as operational complexity, implementation 
expenses, technological uncertainty, and institutional 
adjustments when implementing digital twin systems. This 
implies that short-term pressures can arise that cancel out the 
supposed benefits of sustainability provided by DTT. This 
indicates that technological innovation is not as such 
sustainable, nonetheless, it relies on the larger socio-
institutional context in which it is put into practice. 

Furthermore, it has a positive indirect impact (B=0.400,            
P-value = 0.000). Furthermore, SDG regulatory framework 
(B=0.144, P-value = 0.002) shows positive mediation between 
digital twin technology and sustainable urban development. 
Risk governance (B= 0.195, P-value= 0.000) shows positive 
mediation between digital twin technology and sustainable 
urban development. It shows that these variables partially 
mediate the relationship. Furthermore, financial implication 
(B= 0.061, P-value= 0.107) shows no mediation on the 
relationship. Although the direct effect of DTT on SUD was 
negative, the total indirect effect was positive and significant, 
indicating that sustainability benefits emerge primarily through 
governance and SDG alignment mechanisms. Implementing 
the digital twin within a risk management framework and 
reporting in an SDG reporting framework triggers positive 
mediating effects, which relate to sustainability outcomes. The 
governance mechanisms seem to help alleviate uncertainty, 
increase accountability and boosts trust among stakeholders, 
and SDG reporting systems integrate technological innovation 
with long-term sustainability goals. This suggests governance 
and sustainability alignment are enabling mechanisms through 
which digital capabilities create sustainable urban outcomes. 

4.4. Model Explanatory Power 

In Table 5, the explanatory power of the model is given in 
terms of R-square values indicating the percent of variance 
explained by the constructs. The R-square of Financial 
Implication is 0.268 meaning that, the model can explain 26.8% 
of the variance in the change of financial outcomes of the 
Digital Twin Technology. The R-square is comparatively high 
at 0.394 indicating that 39.4% of the variation of outcomes of 
governance is surpassed by the model. The SDG reporting 
frameworks R-square is 0.285 and this indicates that 28.5% of 
SDG alignment variance is explained. The R-square results in 
Sustainable Urban Development which is 0.251 meaning that 
the variance in the outcome of sustainable urban development 
is explained as 25.1%.  

Table 1. Demographics. 

Demographic Variable Category Frequency Percentage (%) 

Gender 

Male 220 64.7 

Female 120 35.3 

Age 

18 - 25 years 80 23.5 

26 - 35 years 120 35.3 

36 - 45 years 90 26.5 

45 years and above 50 14.7 

Education Level 

Undergraduate 150 44.1 

Postgraduate 170 50.0 

Other 20 5.9 

Total Participants - 340 100 
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Table 2. Reliability and convergent validity testing. 

Constructs Indicators Factor Loadings Cronbach's Alpha Composite Reliability Average Variance Extracted (AVE) 

Digital Twin 

Technology 

DTT1 0.879 

0.852 0.853 0.772 DTT2 0.902 

DTT3 0.855 

Sustainable Urban 

Development 

SUD1 0.911 

0.901 0.905 0.825 SUD2 0.933 

SUD3 0.881 

Financial Implication 

FI1 0.795 

0.815 0.826 0.731 FI2 0.903 

FI3 0.862 

Risk Governance 

RG1 0.899 

0.885 0.892 0.812 RG2 0.930 

RG3 0.874 

SDG Reporting 

Frameworks 

SDGRF1 0.910 

0.901 0.901 0.835 SDGRF2 0.929 

SDGRF3 0.902 

Table 3. Discriminant validity. 

Variables  Digital Twin Technology Financial Implication Risk Governance SDG Reporting Frameworks 

Digital Twin Technology - - - - 

Financial Implication 0.617 - - - 

Risk Governance 0.542 0.547 - - 

SDG reporting frameworks 0.608 0.465 0.452 - 

Sustainable Urban Development 0.277 0.339 0.495 0.480 

Table 4. Structural model. 

  Path Coefficient T-statistics P-values 

Digital Twin Technology -> Financial Implication 0.518*** 12.206 0.000 

Digital Twin Technology -> Risk Governance 0.628*** 18.3 0.000 

Digital Twin Technology -> SDG reporting frameworks 0.534*** 13.919 0.000 

Digital Twin Technology -> Sustainable Urban Development -0.158** 2.089 0.037 

Financial Implication -> Sustainable Urban Development 0.117 1.63 0.103 

Risk Governance -> Sustainable Urban Development 0.311*** 3.794 0.000 

SDG reporting frameworks -> Sustainable Urban Development 0.270*** 3.08 0.002 

Indirect Effect 

Digital Twin Technology -> Sustainable Urban Development 0.400*** 6.982 0.000 

Specific Indirect Effect 

Digital Twin Technology -> SDG reporting frameworks -> Sustainable Urban Development 0.144** 3.072 0.002 

Digital Twin Technology -> Risk Governance -> Sustainable Urban Development 0.195*** 3.699 0.000 

Digital Twin Technology -> Financial Implication -> Sustainable Urban Development 0.061 1.611 0.107  

Note: *: Significance at 10%; **: Significance at 5%; ***: Significance at 1% 
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Table 5. Model explanatory power. 

Variables  R-Square R-Square Adjusted 

Financial Implication 0.268 0.267 

Risk Governance 0.394 0.392 

SDG reporting frameworks 0.285 0.283 

Sustainable Urban Development 0.251 0.243 

Although the explanatory power of the model is moderate, 
such R² levels values indicate that the model's explanations are 
acceptable for exploratory governance research which includes 
complex institutional and sustainability related phenomena. As 
noted in previous methodological literature such as (Lu et al., 
2025) there are several interacting technologies, organisations, 
regulations and contexts that influence the outcomes of urban 
sustainability; moderate explanatory variances are prevalent in 
studies that look into how emerging digital governance systems 
and institutional transformation processes impact on urban 
sustainability 

4.5. Qualitative-Thematic Analysis 

4.5.1. Demographic Profile 

The demographic profile results exhibited in Table 7 show 
that among 10 interview responses (n=10), 60% were males 
and 40% were females. Further, 30% of the participants were 
in the 26-35 age bracket, 50% were in the 36-45 age bracket, 
and 30% were 45 years and above. In addition, considering the 
occupation of the respondents, 30% were managers, 40% were 
urban planners, and 30% were IT experts.  

4.5.2. Theme 1: Digital Twin Technology as a 
Transformational Tool for Urban Planning 

In light of Table 6, this theme was derived from the 
recurrent references and arguments related to the role of digital 
twins in reforming urban planning procedures. Within the 
interviews, participants repeatedly signified simulation, 
collaboration, and proactive governance as the primary benefits 
of the adoption of digital twins. These insights adhere with 
arguments in the literature where (Nica et al., 2023) argue that 
digital technologies progressively function as living 
laboratories for urban areas. The interview responses related to 
this theme are analysed below.  

R3 stated that, 

“Digital twins allow us to simulate urban scenarios that 

were previously impossible to test at scale.” 

The response points to digital twins being more than a 

technology, it is a planning infrastructure to decrease 

uncertainty prior to physical implementation. The focus on 

simulations has been due to a shift in governance from reacting 

to a management approach where policy interventions can be 

tested digitally upfront to and before their deployment in the 

city. This is partly due to the ‘living laboratory' concept that 

(Omrany et al., 2024) put forward. 

In contrast, R7 noted that, 

“The technology creates a shared platform for planners, 

engineers, and policymakers to engage with real-time data.” 

This makes digital twins more of an interface of 
collaboration rather than a simulation tool, as (Nica et al., 2023) 
believe that data platforms transform interactions of 
governance. Though, this also leads to the threat of excessive 
reliance on digital infrastructures, and this may downfall 
deliberative democratic procedures at the cost of unequal 
access of digital twins’ technology.  

R4 reflected that, 

“It pushes us to think proactively, rather than reactively, in 

city planning.” 

This corroborates academic arguments that urban 
governance is regularly short-term which is reflected by 
(Malekloo et al., 2022) as well. These findings indicate that 
digital twins can turn planning into the forward-looking and 
collaborative process. Nevertheless, the transformative 
capacity can only be aspirational unless the institutions are 
ready and there is fair access. Together with the quantitative 
results, the responses indicate that the contribution to 
sustainability of digital twins is not just technological, but that 
they also have a potential to transform institutional 
coordination, planning behaviour and long-term decision-
making processes.  

4.5.3. Theme 2: Financial Implications and the Challenge 

of Justifying Investment 

This theme developed from repeated concerns regarding the 

financial feasibility of digital twins. The participants frequently 

argued that high development costs and budgetary limitations 

are major mediating factors, which aligns with the critique of 

(Habib et al., 2025) that ambiguity between cost and benefit 

limits innovation despite the potential for sustainability.  

R1 stated that, 

“The cost of building and maintaining a digital twin often 
outweighs short-term project budgets.” 

Instead of considering cost a matter to be addressed in the 
short-term, within the implementation phase, R1 considered 
financial pressure to be a structural problem that is set into 
public-sector budgeting processes. This argues that the concern 
is not just affordability but whether the models for fiscal 
planning and planning long-term investment in digital 
infrastructure are compatible. This argument echoes with 
(Jafari et al., 2023) who critiqued of smart city initiatives, 
where visionary pomposity outstrips fiscal feasibility. The 
stress on budgetary strain signifies the structural mismatch 
amid innovation cycles and annualised public finance systems. 

Similarly, R5 responded that, 

“Return on investment is difficult to quantify because 
benefits are long-term and diffuse.” 

The lack of clarity in ROI is also linked to the fact that 
indirect sustainability-related return outcomes, like long-term 
efficiency gains, resilience and prevention, are more difficult to 
monetise. As a result, R5 considered the evaluation models 
used for finance to be poorly suited to technological innovation 



International Journal of Economics and Finance, 2026, Vol. 2 Muhammad Farhan 

 

10 

that is aimed at the sustainability agenda. This is in line with 
(Haraguchi et al., 2024), who argued that digitised innovations 
frequently introduce indirect efficiencies, lowered mistakes, 
and energy efficiency that do not follow traditional accounting 
systems. The problem, nevertheless, is methodological: how to 
value outcomes that are pre-emptive and systemic instead of 
immediate and tangible. 

Adding another dimension, R9 explained that, 

“Private investors remain sceptical without clear cost–
benefit models, which delays adoption.” 

In this case, there is an overlap between financial issues, 
governance, and trust. Investor confidence is depressed without 
clear models to slow down innovation. According to (Habib     
et al., 2025), by reimagining digital twin financing based on 
sustainability-based bonds or hybrid public-private bonds, 
long-term investment could be justified. Overall, these 
arguments and findings imply the necessity of transitioning the 
evaluation from a narrow focus on cost-benefit assessment to 
more inclusive value models consistent with resilience and 
sustainability outcomes. These findings provide useful 
additions to the quantitative findings and provide an 
explanation for why financial implications did not emerge as a 
significant mediator. Currently, the financial systems seem to 
be more like implementation constraints than enablers of 
sustainability transformation, according to the interviews.  

4.5.4. Theme 3: Risk Governance and Data Responsibility 

in Digital Twin Deployment 

This theme originated from the concerns and responses 
provided by participants regarding accountability, governance, 
and trust in implementing digital twins.  Respondents made 
references related to cybersecurity, ethical safeguards, threats 
and citizens' confidence. It highlighted governance as a 
decisive mediator. The responses of participants associated 
with this theme are analysed below; 

R8 argued that, 

“Without clear protocols, digital twins could become 
vulnerable to misuse or cyber threats.” 

R8 did not observed cybersecurity as a purely technical 
problem but as a governance one that could have an impact on 
institutional legitimacy and public acceptance. This highlights 
the ongoing need for city governance to rely on data 
trustworthiness, and digital governance. This highlights the 
intersection of technological innovation and governance gaps. 
According to (Botín-Sanabria et al., 2022), anticipatory 
governance is vital to reducing the risks that emerge in advance, 
but in practice, risk management frequently is reactive.  

R10 specified that, 

“We need frameworks that balance innovation with 
accountability and ethical safeguards.” 

This imitates the critical tension between boosting 
creativity and implementing safeguards. In this perspective, 
(Attaran & Celik, 2023) also reflected that the absence of strong 
governance provides a high risk that smart technologies might 
disintegrate urban systems and strip trust. The issue highlighted 
by R10 is that governance must not be a hindrance but they 
must be enablers that legitimise innovation by making them 
accountable. 

R2 further stressed that, 

“Trust is fragile—if citizens feel their data is unsafe, the 
entire initiative loses legitimacy.” 

Often the focus is on trust, which highlights the fact that 
there are social influences on sustainable solutions, rather than 
technical ones. R2 stressed to the points of viability, citizen 
trust and transparency, and legitimacy as linked to the long-
term viability of digital twin initiatives. This highlights the fact 
that risk governance is not a technical problem only, but a 
societal one. The correspondence to the literature on data 
justice, (Ariyachandra & Wedawatta, 2023), supports the idea 
that trust and accountability are preconditions of adoption. 
Combined, it can be argued that it is essential to incorporate 
governance early to prevent the pitfalls that can undermine the 
validity of digital twin projects and compromise their 
sustainability provisions.  The qualitative results therefore 
complement the quantitative results by showing that risk 
governance is not only a regulatory process, but also a social 
legitimisation process impacting on acceptance and 
sustainability outcomes.  

4.5.5. Theme 4: Alignment with SDG Reporting and 
Sustainable Urban Development Outcomes 

The emergence of this theme was observed from the 
responses of participants where they connected digital twins to 
sustainability targets and international reporting standards. The 
responses related visualising impacts, standardisation 
challenges and efficiency risks signified SDG alignment as 
vital requirement for sustainable urban development outcomes. 
Hence, the responses related to this theme are discussed and 
analysed in detail below. 

R6 stated that, 

“Digital twins can directly show how urban decisions 
impact SDG indicators like energy use and emissions.” 

R6 observed digital twins as tools that could make 
intangible sustainability targets tangible and measurable in the 
context of operations. This implies that DTT can contribute to 
enhance the implementation of practical sustainability 
governance, related to making the environmental phenomena 
in urban areas more visible and traced. This aligns with the (Ali 
et al., 2025) advocating data-driven monitoring that digital 
twins can render sustainability results real to the policy makers. 
This has its strength on visualisation, which transfers abstract 
objectives into viable insights. 

In contrast, R9 noted that, 

“The challenge is translating complex simulations into 
standardised reporting frameworks.” 

A large difference was also noted between the technological 

capability and the institutional reporting sets of standards. This 

means that SDG integration cannot happen simply through the 

use of technology but must be performed alongside enabling 

governance and reporting mechanisms. This indicates the 

criticism of (Jafari et al., 2023), who also observed that cities 

embrace SDGs on paper but fail to operationalise them because 

they have a mixed metric. R9's perspective explains that not 

only technological capacity but also methodological integration 

into global frameworks is necessary. 
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R4 added that, 

“If SDGs are not integrated early, digital twins risk 
becoming efficiency tools rather than sustainability tools.” 

This response as a warning against technocratic drift, in 

which the gains in efficiency are favoured over the overall 

sustainability. Importantly, the respondents also point out that 

adherence to SDGs is not spontaneous; it must be introduced 

intentionally during the design phase. Consistent with the 

insights of (Omrany et al., 2024), these standpoints indicate 

that digital twins have a powerful potential for developing 

sustainable urban development. Still, these developments must 

be built on normative alignment of SDGs, rather than on 

managerial efficiency, so that the dependent variable 

sustainability is indeed met. The results also add to the 

quantitative mediation findings by demonstrating that the SDG 

reporting frameworks are more than just reporting frameworks, 

but are also institutional structures and that influence the 

direction of digital twin systems, whether towards 

sustainability goals or simply towards operating efficiency. The 

qualitative results were, overall, able to support and build on 

the statistical results by providing insights into the institutional, 

financial and governance structures that shape the use of digital 

twin technologies and their impacts on sustainability outcomes 

in practice. This qualitative engagement with technological 

effectiveness in interviews further illuminated the quantitative 

model, giving us more explanation on the extent to which 

technological effectiveness is dependent on governance 

preparedness, financial flexibility, stakeholder support, and 

integration with the Sustainable Development Goals (SDG).  

Table 6. Thematic analysis table. 

Theme Illustrative Responses Codes Keywords 

Theme 1: Digital Twin 

Technology as a 

Transformational Tool for 

Urban Planning 

R3: “Digital twins allow us to simulate urban 

scenarios that were previously impossible to test at 

scale.” 

Simulation of complex urban 

scenarios 

Simulation, Collaboration, 

Proactivity, Innovation, 

Planning 

R7: “The technology creates a shared platform for 

planners, engineers, and policymakers to engage with 

real-time data.” 

Collaborative decision-

making platform 

R4: “It pushes us to think proactively, rather than 

reactively, in city planning.” 
Proactive planning approach 

Theme 2: Financial 

Implications and the 

Challenge of Justifying 

Investment 

R1: “The cost of building and maintaining a digital 

twin often outweighs short-term project budgets.” 

High upfront and 

maintenance costs 

Costs, ROI, Investment 

Barriers, Adoption, Budgets 

R5: “Return on investment is difficult to quantify 

because benefits are long-term and diffuse.” 

Uncertain ROI and long-term 

benefits 

R9: “Private investors remain sceptical without clear 

cost–benefit models, which delays adoption.” 

Investor scepticism delaying 

adoption 

Theme 3: Risk Governance 

and Data Responsibility in 

Digital Twin Deployment 

R8: “Without clear protocols, digital twins could 

become vulnerable to misuse or cyber threats.” 
Vulnerability to cyber threats 

Cybersecurity, Ethics, 

Accountability, Trust, 

Governance 

R10: “We need frameworks that balance innovation 

with accountability and ethical safeguards.” 

Need for accountability and 

ethics 

R2: “Trust is fragile—if citizens feel their data is 

unsafe, the entire initiative loses legitimacy.” 
Fragile public trust in data use 

Theme 4: Alignment with 

SDG Reporting and 

Sustainable Urban 

Development Outcomes 

R6: “Digital twins can directly show how urban 

decisions impact SDG indicators like energy use and 

emissions.” 

Visualising SDG impacts 

SDGs, Reporting, Indicators, 

Integration, Sustain 

R9: “The challenge is translating complex simulations 

into standardised reporting frameworks.” 

Reporting standardisation 

challenges 

R4: “If SDGs are not integrated early, digital twins 

risk becoming efficiency tools rather than 

sustainability tools.” 

Risk of efficiency bias over 

sustainability 
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Table 7: Demographic Profile of Participants 

Demographic Variable Category Frequency Percentage (%) 

Gender 
Male 6 60% 

Female 4 40% 

Age 

26 - 35 years 3 30% 

36 - 45 years 5 50% 

45 years and above 2 20% 

Occupation 

Managers 3 30% 

Urban Planners 4 40% 

IT experts 3 30% 

5. DISCUSSION 

The qualitative analysis was integrated into the discussion, 
which helped to interpret the quantitative findings. The results 
of the qualitative analysis complemented the quantitative 
analysis results by providing a better understanding of why 
governance and SDG alignment had a stronger relationship 
between the DTT and SUD outcomes likened to financial 
implications. The institutional readiness, governance 
integration, and financial adaptability are highlighted as key 
factors that influence the potential of digital twin technology to 
support sustainable urban development, which can be seen as a 
conditional relationship. At one hand, the findings highlight 
that digital twin technology ensure the effectiveness of 
operations and the creation of long-term value through the 
possibility to perform predictive maintenance, optimal resource 
distribution, and minimise waste. These results show that the 
technology can enhance financial implications in case it is 
integrated successfully. Conversely, both quantitative and 
qualitative data indicate that none of these benefits are 
immediately realised, given that high initial costs, 
unpredictable returns to investment and the lack of proven 
funding models can keep up the adoption of these.   

One of the more significant aspects of this research is that 
negative direct relationships between Digital Twin Technology 
and Sustainable Urban Development are found in conjunction 
with positive indirect relationships through Risk Governance 
and SDG Reporting Frameworks. This indicates that pressures 
from institutions and operations could lead to the 
implementation of digital twin technologies, but this could only 
be followed by sustainability benefits. (Ehwi et al., 2022) 
highlights the fact that technological innovations alone do not 
yield positive results, but do need underlying governance 
arrangements, organisational capacities, stakeholder buy-in 
and regulatory congruence. Thus, the negative direct effect 
indicates the implementation burden, transition costs, 
technological disruptions and institutional immaturity during 
the initial phase of digital twin implementation. This is also 
consistent with the work of (Fox & Macleod, 2023) who claims 
that urban organisations can experience significant resource 
demands, skill gaps, organisational integration and 
accountability and data management issues, all of which could 

temporarily limit capabilities for sustainability performance. In 
the meantime, these negative pressures can be mediated when 
adequate governance arrangements and SDG reporting are put 
in place as evidenced by the positive mediation role. In this 
context, the findings suggest that technology adoption is not the 
only factor that can contribute towards sustainable urban 
development but its extent of embedding into the systems that 
reflect accountability and institutional support. The findings 
thus underlined governance dependency as a key factor to link 
the technological capacity to sustainability. 

These findings can be compared and contrasted with the 
arguments of (Habib et al., 2025) where the it was argued that 
the provision of digital twins through strong centralised 
funding and integrated urban governance to reach the level of 
delivering quantifiable financial efficiencies is achievable in a 
relatively short timeframe. Conversely, local authorities in the 
UK frequently exist under austerity regimes, devolved roles 
and cultures that are risk averse towards investments, which 
make the financial effect of digital innovations difficult to 
deliver (Grace et al., 2023). Moreover, the weak mediating role 
of financial implications further suggests that financial 
investment alone does not automatically translate technological 
innovation into sustainability outcomes. This is because the 
sustainability returns are hard to measure in existing public-
sector accounting policy frameworks, where fiscal 
responsibility is more of an immediate priority and resilience 
or preventive investments not necessarily obvious. Financial 
systems in the UK urban context could therefore now be may 
currently act as a constraint than a facilitator to digital 
transformation. 

The outcomes of H2 indicate that the mediating effects of 
risk governance and SDG reporting models are highly 
supported with weaker results of financial influence. 
Quantitative data suggests that the positive relationship 
between the adoption of digital twins and sustainable 
development results is significantly improved by governance 
and reporting frameworks. On the other hand, the qualitative 
also complements the findings by unveiling that accountability, 
transparency, and SDG alignment being our critical factors that 
ensure that the technology is valuable in achieving the 
sustainability goals. 
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A systems-theoretical view of governance and SDG 
reporting frameworks seems to imply that they are coordination 
systems that impinge on institutional accountability, regulatory 
oversight, and sustainability goals, alongside coordinating 
technological innovation. These mechanisms are not only about 
supporting implementation, but also about stabilisation of the 
interactions, by lowering uncertainties, by legitimising data-
driven decision-making and by increasing the trust in digital 
governance systems among stakeholders indicated by (Omrany 
et al., 2024) as well. This is also reflected by (Nica et al., 2023) 
that governance regimes define whether smart technologies are 
of benefit to society, and (Malekloo et al., 2022) opinion that 
sustainability reporting is the key to integrating innovation into 
the long-term urban sustainable development strategy. The 
qualitative results extend this interpretation, though, by 
concretising the perception of actors that governance is not just 
about the regulatory control over digital twins, but also about 
the process of building legitimacy which impacts on the trust 
and uptake of digital twins and their compatibility with public 
sustainability objectives.  

The lack of statistical significance for the mediating role of 
Financial Implications on the relationship between DT and 
Sustainable Urban Development outcomes is of theoretical 
interest because it indicates that the assumption that a digital 
twin can be adopted purely for economic reasons and yield 
sustainable urban development outcomes is not supported. 
While the results show that Digital Twin Technology plays a 
role in the financial aspects, financial mechanisms are only 
seen as an effective pathway to achieve sustainability benefits, 
as also noted by (Ehwi et al., 2024; Kim & Kim, 2021) also. 
This could be due to a number of factors, for instance, the long-
term horizon of digital twin investments; return on investment 
uncertainty; budget limitations; and the lack of developed 
funding models in the urban governance chain. This means that 
financial resources alone do not have the capacity to create 
sustainability outcomes, but require complementary 
governance and institutional arrangements. Taking this into 
account, the proposed conceptual framework is also refined by 
pointing to the fact that the governance and accountability 
frameworks seem to be a more significant mediator, rather than 
the financial aspects, in supporting sustainable urban 
transformation with the aid of digital twin technologies.  

One of the valuable contributions of this study is the 
identification of governance and SDG alignment as 
institutional enablers which can turn DT technologies into 
sustainability driven urban governance. In contrast to earlier 
research, which in the main focuses on the technical 
optimisation, the current results show that outcomes regarding 
sustainability occur when technological systems, governance 
structures and institutional legitimacy are combined in the 
context of urban development in the UK highlighted in (Fox & 
Macleod, 2023) also. Overall, the study findings show that 
ability of digital twin technology to move towards 
sustainability cannot be assessed by technology alone. Rather, 
sustainable urban outcomes can be achieved by combinations 
of digital innovation, governance legitimacy, institution 
coordination, and procedures and policies oriented towards 
sustainability. This further confirms the institutional legitimacy 
approach as it is an enterprise and institutional readiness that is 

essential to the digital transformation of cities and not just the 
technical.  

CONCLUSION 

The study finds that the impact of digital twin technology 
on sustainable urban development is not necessarily a 
transformation but is what underpinned by good governance, 
institutional coordination and reporting frameworks for the 
SDGs. The findings particularly reveal that digital twin 
technology may generate short-term institutional, operational, 
and financial pressures that negatively affect sustainable urban 
development when implementation occurs without sufficiently 
developed governance and regulatory mechanisms. 
Furthermore, the low level of mediation efficacy of financial 
implications implies that the existing funding mechanism and 
investment process of the UK urban context cannot sufficiently 
deliver measurable sustainability outcomes based on 
technological innovation. This suggests that structural factors 
such as long-term financing still exist, as well as uncertainty 
about returns on investment and disconnections in the public-
sector budgeting systems. Though, additional research in 
different regions and long-term consequences is required to 
realise the full global potential of digital twin solutions. The 
qualitative results reinforced these findings by showing the 
importance of sense of governance legitimacy, trust of 
stakeholders and institutional preparedness to the extent that 
the digital twin technologies can be seen as sustainability tools 
rather than simply as tools for operational efficiency. In 
summary, this study illustrates the potential of digital twin 
technology to be sustainable, not just because of the capability 
of the technology itself, but because of its use within systems 
of governance that are accountable, financial systems that are 
adaptive, and institutions that have a sustainability agenda and 
can support short to long-term urban transformation in the UK. 

LIMITATIONS 

One limitation of this study is it is focussed on UK, which 
restrict the degree to which results can be generalised into other 
geopolitics governed by diverse systems and dominated by 
varying financial institutions. Additionally, the study does not 
account for long-term interactions between the variables in 
question, suggesting that additional research is necessary to 
evaluate how digital twin technology evolves over time. 
Moreover, the research only looks at the influence of digital 
twin technology on urban planning and does not examine how 
it will integrate with other developing technologies, including 
blockchain and AI.  Also, the limitations of the study originate 
from the use of self-reported survey data that could present 
common-method bias and a subjectivism in respondents' 
answers. Further, the cross-sectional design prevents causal 
statements until longer time series data are available and in 
addition, the small amount of variance explained by the model 
indicates unobservable. Future research agendas should be 
based on longitudinal research design, objective measures of 
the operation, and cross-country comparison, as well as the 
incorporation of new technologies like AI and blockchain for 
increased explanatory robustness and contextual 
generalisability. 
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POLICY IMPLICATIONS 

Policy makers need to prioritise making affordable financial 

plans to enable the mass use of digital twin technology. 

Additionally, well-defined governance arrangements need to 

be established that can avoid dangers such as technological 

faults, cyber-attacks, and data privacy issues so as to enable 

effective and sustainable urbanisation. Governmental bodies 

must financially reward the cooperation between the public and 

the business sectors and resource co-sharing in a bid to 

implement digital twin technology in urban development 

successfully.  

FUTURE DIRECTIONS 

Subsequent research needs to extend the study to other 

regions of the globe with other types of urban settings and 

models of administration to deepen knowledge on how digital 

twin technology functions in varying contexts. Moreover, a 

study of digital twin's long-term sustainability and ongoing 

harmonisation with the SDGs will also be vital. Future research 

is required to integrate the viewpoints of different stakeholders 

which are comprised of government officials, private sector 

actors, and local communities to develop a more detailed 

comprehension of the applied potential as well as real-world 

effects of digital twin technology in the context of sustainable 

urban development. 

LIST OF ABBREVIATIONS 

AVE = Average Variance Extracted 

CFA = Confirmatory Factor Analysis 

DTT = Digital Twin Technology 

HTMT = Heterotrait-Monotrait 

PLS-
SEM 

= 
Partial Least Squares Structural Equation 
Modelling 

SDGS = Sustainable Development Goals 

SUD = Sustainable Urban Development 
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APPENDIX A 

Survey Questionnaire 

1) Gender 

• Male 

• Female 

2) Age 

• 18 - 25 years 

• 26 - 35 years 

• 36 - 45 years 

• 45 years and above 

3) Education Level 

• Undergraduate 

• Postgraduate 

• Other 
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Section B: Digital Twin Technology 

Rate the following based on the 5-point scale: 

1= Strongly Agree, 2= Agree, 3= Neutral, 4= Disagree, 5= 
Strongly Disagree 

- 1 2 3 4 5 

I believe that Digital Twin Technology has the 

potential to significantly improve the 

efficiency of urban infrastructure. 

     

I think that Digital Twin Technology provides 

real-time data that can help predict and 

optimise urban systems effectively. 

     

I feel that the implementation of Digital Twin 

Technology can lead to more sustainable 

urban development practices. 

     

Section C: Urban Development 

Rate the following based on the 5-point scale: 

1= Strongly Agree, 2= Agree, 3= Neutral, 4= Disagree, 5= 
Strongly Disagree 

- 1 2 3 4 5 

I believe that the adoption of Digital Twin 

Technology positively impacts the 

sustainability of urban environments. 

     

I believe that Digital Twin Technology 

enhances strategic decision-making 

procedures in urban planning and 

development. 

     

I think that sustainable urban development 

practices in my city are significantly enhanced 

by technologies such as Digital Twin. 

     

In my opinion, the current urban development 

strategies in my city align with sustainability 

goals driven by technology. 

     

Section D: Financial Implications 

Rate the following based on the scale described below: 

1= Strongly Agree, 2= Agree, 3= Neutral, 4= Disagree, 5= 
Strongly Disagree 

- 1 2 3 4 5 

I believe that the financial costs of 

implementing Digital Twin Technology are 

justified by the benefits it brings to urban 

development. 

     

I feel that financial investment is a significant 

barrier to the widespread implementation of 

Digital Twin Technology in urban planning. 

     

I think that sufficient financial planning and 

strategies are essential to support the large-

scale deployment of Digital Twin Technology 

in cities. 

     

Section E: Risk Governance 

Rate the following based on the scale described below: 

1= Strongly Agree, 2= Agree, 3= Neutral, 4= Disagree, 5= 
Strongly Disagree 

- 1 2 3 4 5 

I believe that effective risk governance 

frameworks are necessary to manage the 

technological and cybersecurity risks of 

Digital Twin Technology. 

     

I feel that financial investment is a significant 

barrier to the widespread implementation of 

Digital Twin Technology in urban planning. 

     

I think that establishing strong governance 

structures is critical to mitigate the risks of 

implementing Digital Twin Technology in 

urban development. 

     

Section F: SDG Reporting Frameworks 

Rate the following based on the scale described below: 

1= Strongly Agree, 2= Agree, 3= Neutral, 4= Disagree, 5= 
Strongly Disagree 

- 1 2 3 4 5 

I believe that Digital Twin Technology can 

effectively contribute to achieving SDG 11 

(Sustainable Cities) in urban development. 

     

I think that SDG reporting frameworks 

provide valuable insights into how Digital 

Twin Technology can be utilised for 

sustainable urban planning. 

     

I feel that aligning Digital Twin Technology 

with SDG reporting frameworks is critical for 

ensuring the achievement of global 

sustainability goals in urban areas. 

     

APPENDIX B 

Interview Questionnaire 

Q1. From your professional experience, how are digital twin 

technologies currently being applied in urban development 

projects, and in what ways do they transform planning and 

decision-making processes? 

Q2. In what ways do digital twins create opportunities for 

collaboration among planners, engineers, policymakers, and 

other stakeholders, and what challenges do you see in ensuring 

equitable access to such tools? 

Q3. What are the key financial opportunities and challenges 

associated with adopting digital twins in urban development 

projects, particularly regarding cost justification and return on 

investment? 
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Q4. How do you perceive the role of investors and funding 

bodies in supporting or hindering digital twin adoption, and 

what financing models could improve long-term feasibility? 

Q5. What risks do you associate with deploying digital twin 

technology (e.g., data misuse, cybersecurity, accountability), 

and how should governance frameworks be structured to 

manage these effectively? 

Q6. How can digital twin technology support cities in achieving 

sustainability targets and aligning with SDG reporting 

frameworks, and what risks arise if such alignment is not 

prioritised early? 
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