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Abstract

Urban Living Labs (ULLs) are increasingly used as an approach to facilitate sustainable solutions for urban
challenges. Urban Digital Twins (UDTs) are regarded as technological enablers to assist in policy and
data-driven decision making, capable of providing answers to urban challenges. In this paper we present a
case study on an ULL project that resulted in the development of an UDT application in the Belgian city
of Bruges. With this study, we looked for answers to two research questions: 1. How can an ULL approach
be used to scope and develop an UDT application? 2. What is the actual impact of a fully functional
UDT application for the city officials involved in the ULL process? The novelty of our research lies in the
combination of ULLs and UDTs with the inclusion of a post hoc impact assessment. Main findings are that
working with an ULL approach to scope and develop the Digital Twin use case yielded positive results in
terms of desirability and feasibility of the project. However, in terms of viability of a complete Digital Twin
solution for a single city, some issues were identified. The most added value was generated in terms of
unintended learning regarding the followed ULL processes and innovation management approach which
resulted in the adoption of new ways of collaboration and uncovered innovation opportunities for the city
officials.
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Introduction

Living Labs serve as open innovation ecosystems embedded within real-world contexts, facili-
tating user-driven innovation in tandem with the co-creation of services, products, and societal
infrastructures (Leminen, 2013). They have emerged as pivotal instruments integrating user
involvement throughout the research, development, and testing of innovations, with the aim of
increasing European competitiveness and growth (Dutilleul, 2010). Organized as collaborative
constellations, Living Labs promote engagement across diverse stakeholders, including businesses,
academic entities, public-private partnerships, and communities (Schuurman, 2015). Drawing
upon methodologies such as action research and user-centric design, Living Labs employ iterative
processes encompassing requirement elicitation, co-design, prototyping, testing, monitoring, and
commercialization (Eriksson et al., 2006). Therefore, we define Living Labs as proponents of
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Open and User Innovation, where a more long-term multi-stakeholder organization is established
to orchestrate and execute multiple innovation projects including real-life testing and relying on
user and stakeholder co-creation methodologies and tools (Schuurman, 2015).

In this context, Urban Living Labs (ULLs) emerged as a specific subtype aimed at solving
urban challenges (Coyne, 2005; Peters, 2017; Steen & Van Bueren, 2017). ULLs are mostly
supervised by the local government with a focus on social value creation (Baccarne et al., 2014)
and a strong link with the urban environment (Kemp & Scholl, 2016). Despite their success, there
are still a couple of challenges associated with ULLs, such as the sustainability and scalability of
the approach (Hossain et al., 2019; Ersoy & Van Bueren, 2020) and the lack of robust impact
assessments (Steen & Van Bueren, 2017; Paskaleva & Cooper, 2021; Ballon et al., 2018).

ULLs were originally regarded as an approach to the implementation of socio-technical
innovations within an urban territory (Schliwa, 2013). Later literature extended this with ideas
and policies (Votyenko et al., 2016) which increases the application domain of ULLs significantly,
but at the same time decreases the conceptual focus. Therefore, we chose a case study in line
with the original conceptualization of ULLs as urban experimentation with emerging technologies,
closely linked to the domain of socio-technical innovation in an urban context.

Urban Digital Twins (UDT) are regarded as a promising avenue for urban data-driven innovation.
However, the current literature stream tends to focus on technical aspects linked to setting-up
UDTs with hardly any literature connecting ULLs and UDTs. Another novel element in our study
is the measurement of impact. Governments are constantly on the lookout for ways to install
governance with complementary tools into their strategic decision-making and communication
process with the role of data becoming increasingly prominent. Whether digital twin technology
can play a part in solving this quest, depends on the results and evaluation, thus impact, of the
rather experimental nature of this method in the context of a municipality (Bulkeley et al., 2016;
Kronsell & Mukhtar-Landgren, 2018).

Therefore, within this paper, based on a case study of an UDT project in the city of Bruges
from 2019 to 2022, we tackle the following two research questions:

RQ1: To what extent is the proposed ULL approach effective in scoping and develop-
ing an UDT application?

RQ2: What is the actual impact of a functional UDT application for the city officials
involved in the ULL process of scoping and developing?

Therefore, this study contributes to a gap in the literature by connecting an ULL approach
with the scoping, development and impact assessment of an UDT, being among the first to
systematically integrate the ULL methodology with the implementation of UDTs. This integration
has the potential to offer a comprehensive method for cities to approach digital urban solutions,
emphasizing iterative development and stakeholder engagement.

Furthermore, the inclusion of a post hoc impact assessment taking into account technical,
economic, social as well as policy elements adds to the literature on impact assessment in ULL in
particular and in Living Labs in general.

Consequently, this paper is structured as follows: in the following section, we describe the
literature on Living Labs in general and ULLs in particular. Next, we discuss UDTs and their link
with ULLs. Subsequently, the research methodology and case study are presented. These sections
are followed by an elaboration on the findings and discussion, including the contribution to the
current body of knowledge and the implications of our research. We conclude with a research
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agenda proposing to explore the potential of UDTs and the role of ULL approaches in shaping
and scoping use cases with the most valuable for public administrations and other involved parties
of the quadruple helix.

Living Labs significance & Urban Living labs effectiveness

Since the early 2000s, Living Labs have received an increasing amount of attention, with the
establishment of the European Network of Living Labs (ENoLL) in 2006 as the formal start of a
global movement (Garcia et al., 2015). This movement focused mostly on largescale testing of
ICT innovation, heavily embedded within the European regulatory and socio-economic context
(Eriksson, Niitamo, and Kulkki, 2005). As the ENoLL network started to grow in waves with
more and more certified members entering the network, the topics and application areas started
to diversify, which could also be linked to European phenomena such as cooperative design and
digital cities (Ballon and Schuurman, 2015). Next to the growing number of (certified) Living
Labs, their geographic spread soon evolved from a European only network to a global network
with currently 169 active members from 38 countries and 5 continents, with a total of almost
500 Living Labs having been certified since 2006 (Schuurman, 2023). This exponential growth in
terms of practice has also been followed by a rich body of literature dealing with Living Labs and
showing a wide variety of research avenues and perspectives.

One of the application domains that received a lot of research attention are so-called Urban
Living Labs which focus on solving urban issues (Coyne, 2005; Peters 2017; Steen and van Bueren
2017). ULLs typically have a strong involvement of local authorities and focus mostly on social
and /or societal value creation instead of business value (Baccarne et al., 2014), although private
actors can play a substantial role in ULLs. Compared to Living Labs, ULLs also tend to be
more focused on the short and medium term, implying a less sustainable organizational form
with more emphasis on concrete projects and experiments than on a long-lasting organization
(Schuurman, 2023). Kemp & Scholl (2016) further abstract five main characteristics: 1. hybrid
organizational form at the border of local administration and society to gain the necessary space
for experimentation, 2. the large link with the ‘places’ where these experiments take place and
the resulting learnings that tend to get formalized at specific instances in the innovation process,
3. the multi-stakeholder setting, including the local administration, aimed at co-creation, 4. the
experimental nature of ULLs, which is unusual for local administrations as this also allows failure
as an outcome, and 5. approaching the (wicked) problems in a multi-disciplinary way.

Previous research has shown that by means of these elements, ULLs can bridge the gap between
research and development on the one hand, and solution implementation on the other. This is
achieved via the engagement of multiple stakeholder groups, leveraging upon distributed knowledge
while facilitating cross-disciplinary collaborations (Voytenko, 2016; Steen & Van Bueren, 2017;
Robaeyst et al., 2023). An Urban Living Lab is stated to have a distinct focus on knowledge and
learning as a possible means by which such interventions can be successfully achieved (Bulkeley,
2022). Kemp & Scholl (2016) argue for more case studies to better grasp the innovative potential
of ULLs, especially in the context of experimenting with new forms of urban planning.

However, next to these opportunities, there are also challenges associated with ULLs. Studies
mention the transient nature of ULLs by running out of funding or (political) support, issues
in terms of governance, lacking stakeholder involvement and issues in terms of sustainability
and scalability (Hossain et al., 2019; Ersoy & Van Bueren, 2020). Additionally, robust impact
assessments to discern ULL effectiveness is still under researched, which also underlines the
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complexities inherent in evaluating and scaling ULL initiatives (Steen & Van Bueren, 2017;
Paskaleva & Cooper, 2021; Ballon et al., 2018).

Regarding impact assessment, multiple options are suggested in the literature. Impact
assessment can be classified as identifying the effects of certain actions or decisions, to evaluate
certain changes caused by a distinct intervention (Ballon, Van Hoed and Schuurman, 2018). An
ex-post impact assessment, where the evaluation aims to understand to what extent and how a
policy intervention corrects the problem it was intended to address, is a plausible option (OECD,
2014). Another approach is the quasi-experiment, with the aim to evaluate interventions and
demonstrate causality between an intervention and an outcome (H. White et al., n.d.). Further,
an important distinction to make is expected versus actual impact. Impact could be simplified
as a linear model between cause and effect, but in reality, this is less clear. Current theories of
innovation stress the dependence on the surroundings of the process such as institutions, actors
and broader social context (OECD, 2014). Finally, the type of impact investigated should be
determined, as impact can occur in a lot of domains (e.g. economic, policy-related, environmental,
societal...).

Within the context of Urban Living Labs, the public landscape can be characterized as
ambiguous with several challenges such as navigating stakeholder relations, differing priorities and
increased cutting of budgets. These are all factors that make organizational decision making more
complex. To understand the values involved in strategic decision making in public administrations,
the Viability Triad framework is proposed which includes the determinant factors desirability,
feasibility, and sustainability (Bland & Osterwalder, 2019; Hunsaker & Thomas, 2017). Desirability
links to the degree in which an innovation is able to solve the needs of certain key stakeholders.
Feasibility relates to the degree to which the innovation is possible and mature in terms of
technologies and solution components. Sustainability, which also can be translated as viability, is
related to the business case or associated business model of the innovation. In an ideal scenario,
resulting innovations from an ULL are desirable, feasible and viable, pointing at the intersection
of these three elements.

Digital Twins in an Urban Living Lab context

The literature on Digital Twins has gained a lot of popularity since the first mention by NASA in
2010 in their technological roadmaps, formerly referring to a Virtual Digital Fleet Leader, and
still has not passed its absolute peak, demonstrated by more than 7.000 hits with “Digital Twin"
on Google Scholar, published only in the first quarter of 2023 (Shafto et al., 2012; Singh et al.,
2021a). The majority of the publications deal with the technical and architectural aspects related
to the UDT concept, defining the different elements of a ‘real’ Digital Twin or proposing future
research avenues and potential benefits and caveats for cities and regions (Boje et al., 2020; Jones
et al., 2020; Rasheed, San and Kvamsdal, 2020; Rudskoy, llin and Prokhorov, 2021; Singh et al.,
2021; Topping et al., 2021; Khan et al., 2022; Wang et al., 2022). Quite some cases of UDTs are
mentioned in literature, but their description and analysis remain illustrative for introducing some
concepts, technical elements, or technological opportunities. However, none of these publications
engage in an in-depth investigation of the actual impact of these UDTs on the individual level of
the user. Hence the importance of this assessment, touching on both expected and actual impact
of cross-domain and data-driven decision making of and by city officials.

When interest in Digital Twins started rising one decade ago, they were defined as a combination
of a virtual and a physical product, together with their connections (Grieves, 2014). Some claim
that before this definition was introduced, the concept already existed under different names. In
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the academic literature there is consensus that today it can be categorized as an umbrella term
with a broad range of interpretations with as central element a digital solution that could fit
multiple business models (Harper et al., 2019; Vaska et al., 2021).

In this paper, we define a Digital Twin as a continuously updated digital representation of a
physical object or process, combining real-time data and predictive models to provide insights into
the perceived, actual or simulated state of the object or process (Rasheed et al., 2020; Singh et al.,
2021). An UDT is a Digital Twin that represents the built environment of a neighborhood, city or
region and its environmental impact with the primary goal of providing the tools and insights to
support evidence-based decision making on operational and strategic level in an accountable way
(Botin-Sanabria et al., 2021). According to domain experts, the critical challenges are related
to interoperability and practical value, for example disparate semantic standards and a lack of
beneficial business models (Lei et al., 2023).

The main added value of an UDT, specifically in a mobility context, is that it can grow with
the city to reflect its vitality while allowing cross-domain decision making (Wang et al., 2022).
The real balance to be found is between the city's constraints and the citizens’ demands (Jiang
et al., 2022). The results of former urban planning simulations have shown that there comes
great power for cities by building in a feedback loop from citizens to policymakers to create a
well-understood supporting base for final decisions. These interactions enable to prioritize current
problems and generate suggestions for solutions (Marcucci et al., 2020; White et al., 2021).

In an urban environment the monitoring and control of air quality is an increasingly challenging
demand (York Bigazzi and Rouleau, 2017; Topping et al., 2021). However, what remains contested
in literature is to what degree urban traffic flow management has a critical effect on air quality on
a city scale (Po et al., 2019).

Surprisingly, only few studies link ULLs with UDTs. Hristov et al. (2022) describe the synergy
between digital twins in cities and ULLs. In joint efforts both concepts can deliver a complete
showcase of technologies and services for delivering more liveable and sustainable cities. Enriching
the city digital twin with data from the ULL uncovers an opportunity to create a more realistic
replica of the city that better supports the decision making of public authorities. Marcucci et
al. (2020) discuss on their part the relevance of Digital Twins for urban logistics Living Labs.
However, instead of adopting a Living Lab approach for developing an UDT use case, they see
them as a potential tool within ULLs to allow simulation before testing in real-life. In another
study by Hamaélainen (2021), a case study of a local Digital Twin is presented which shows a lot
of potential for coping with future city challenges. Nevertheless, barriers such as data quality,
data sharing, and the investment of time and resources are identified. Regardless, this study lacks
to make the link towards societal or policy impact.

Dembski et al. (2020) describe the most in-depth impact study of a Digital Twin prototype
in Herrenberg, Germany. They conclude that up to this date, only few UDT projects have been
singularly successful. Smart city projects demand two crucial competencies: an understanding of
the impact of implementing digital technologies in the context of urban systems and integrating
solutions that overcome departmental thinking. In this case study policy makers of several
departments were included in making choices along the scoping process of the Digital Twin in their
city. To understand the impact of the implementation of certain technologies, citizens were shown
simulations so the data could support them in making decisions in the urban context. However, in
terms of tangible policy impact, this study does not provide a lot of substantial information.

This overview illustrates that the field of Digital Twins in an Urban (Living Lab) context is
still in development with only a few in-depth cases described in the literature with their actual
impact and effectiveness still being more a promise than a thoroughly researched reality. Moreover,
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most papers deal with technical aspects of UDTs and describe work-in-progress or pilot studies,
with no longer-term implementations being investigated at this point. Therefore, within this
paper we want to contribute to filling this gap with a case study that starts from the scoping,
co-creation and co-design of an UDT use case in the city of Bruges and ends with an impact study
of the actual usage of the UDT. Finally, we aim to add to the literature on UDTs by including
broader perspectives, such as social, economic, and environmental factors, as this offers a more
comprehensive view of UDTs and their role in shaping urban development beyond the purely
technical and structural issues, which were dominant in previous studies.

Methodology

To answer our research questions, we adopted a qualitative research design focusing on an in-depth
exploration of the case study, presented in the next section. This is complemented with post hoc
in-depth interviews of key stakeholders to assess the perceived impact of the ULL approach and
the resulting UDT use case. We chose this approach as qualitative research generates more holistic
insights (Lester, Cho, and Lochmiller 2020), whereas a single case study offers the opportunity
to have a more in-depth exploration of novel phenomena such as the combination of ULLs and
UDTs taking into account the impact of societal, organizational and policy related perspectives of
impact (Yin, 2009).

The case was selected as this is to our knowledge the first development of an UDT use case
that took place outside the scope of an EU funded project, co-initiated by the city itself, with
the involvement of all actors of the quadruple helix and with as outcome an application that
was implemented and used by the city officials that were also part of the scoping, development
and co-design of the application. This all aligns with the criteria for qualitative research in ULLs
(Leminen, Nystrom, and Westerlund 2020). This particular use case was also chosen because the
author team was involved sideways (as one of the four collaborating parties) in the three year-long
UDT project. This meant we had access to all internal documents and participating stakeholders
which were used as material to reconstruct the case study.

For the impact study, we conducted in-depth interviews with all the city officials of the city of
Bruges who were available and willing to be interviewed. As a criterion they had to be involved in
the scoping, co-creation and co-design of the UDT use case and/or they had to have experience
with using the UDT on-the-job. This resulted in a sample of ten city officials that were engaged
for an in-depth interview. This group included a decision maker as well as city officials working in
relevant divisions such as smart cities, (sustainable) mobility, public domain, data management,
climate and environment. We excluded all city officials of Bruges who were not involved with the
project anymore or did not have usage experience with the Digital Twin tool.

We assessed the impact of the Digital Twin application on six variables: the Digital Twin as a
tool, the choice of the use case, the usability of the application, the use of the application as a
supporting tool for decision making, the use of the application as a strategic tool, and the overall
added value of the UDT and of the ULL approach that was used. We prepared semi-structured
interviews, consisting of open-ended as well closed questions that included items that were scored
on a scale from 0 to 10. The conversations lasted approximately 50 minutes and happened
online via Teams from the 3" till the 215t of February 2023. The topic guide consisted of future
expectations and use, evaluation of the collaboration process and stakeholders as well as an
evaluation of the application.

In terms of analysis, we used a deductive approach to assess the perceived impact of the UDT
among the interviewees within the six surveyed criteria. To this end, all interviews were transcribed
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and the answers to the open-ended questions were coded by the author team. The resulting codes
were segmented and annotated based on emerging themes. For the closed questions means were
calculated for the different statements. Our data analysis approach facilitated to gather both
detailed, contextualized understanding of the qualitative data as well as additional insights from
the scores provided by the interviewees on the six parameters to estimate relative satisfaction. The
quality of the data might be obstructed because of the online context of the interviews, although
there was an overall open atmosphere. Furthermore, the truthfulness of the answers could be
questioned due to self-reporting. We mitigated this risk by taking the time to ask follow-up
questions about uncertainties during the interviews.

Case study description

The city of Bruges, with over 118,000 inhabitants, is the capital of the province of West Flanders
in the Flemish Region of Belgium. The historic center is registered as UNESCO Heritage Site
for its medieval town. The cities’ significance stems mainly from its traditional industry and
services, schools at all levels and its seaport Zeebrugge. Above all, the city attracts travelers from
across the globe. One of the core urban challenges of Bruges consists of the duality between
the mobility priorities of its inhabitants versus those of the many tourists and commuters. With
the development of their own Digital Twin, the city aims to visualize the influence of traffic flow
adaptations in a specific area on the air quality model (Figure 1, Figure 2).

_ e

>

Figure 1. Digital Twin prototype of Bruges (traffic flows intervention).

To this end, they engaged research institute imec to help them in realizing this ambition?.
The goal of the city officials of Bruges is to be able to simulate the impact of policy decisions,
for example road closure, on air quality and traffic flows to provide an informed answer to policy
requests and citizen complaints. This ambition and pilot project fitted within their climate plan
to be realized by 2030. Over the course of three years, the scope and use cases of the Open
Local Digital Twin of the city of Bruges were shaped in four iterative phases, following an ULL
approach (see Schuurman et al., 2022): Exploring, Co-creating (via the Digital Twin sprint),
Defining and Prototesting (Figure 3). This innovation management approach developed in the

2https:/ /vito.be/en/news/prototype-digital-twin-city-bruges-offers-opportunities-all-flanders
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Figure 2. Digital Twin Prototype of Bruges (air quality after traffic flows intervention).

context of an ULL aims to tackle urban challenges in a tangible way, from scoping till project clos-
ing. This facilitates the identification of learnings and the implementation in future ways of working.

EXPLORING CO-CREATING DEFINING PROTOTESTING

WHAT I5 YOU PROBLEM? CANYOU SOLVE IT? CANYOU MAKE IT? DOES IT DELIVER?
[ [ Y

— (Do |
| |
/ / /

Figure 3. Overview of the ULL innovation management process.

The Exploring phase consists of defining and prioritizing the problem statements, filling out the
Smart Data Use Case Canvas to define assumptions and create personas of the key stakeholders
(Schuurman et al., 2022). The prioritized problem statement in Bruges was: “As an expert, |
want to be able to simulate the impact of policy decisions (e.g. road closure) on air quality and
traffic flows (in consideration of the climate plan 2020-2030) so that | can provide an informed
answer to policy requests or citizen complaints”. Finally, we described 6 personas of potential
users including which tools they use, what needs they have and the problems they experience
in their daily practice. During this phase, the decision makers from the city of Bruges together
with the Digital Twin experts from imec collaborated to determine the scope and the size of the
project. Based on the available data and infrastructure (feasibility) and the needs as articulated
by the alderman of Bruges, the decision was made to focus on mobility and air quality.

The second phase of Co-creation consists of designing and testing of mock-ups in a sprint
format. We started by translating use cases into high-level functionalities and design choices for
the solution by using the predefined personas. We sequentially set up a user journey, user story
mapping and the storyboard design. In the templates we mapped out the main user activities
and tasks associated with the solution, key functionalities that should be embedded and user
interactions which turned into design implications. The next step was selecting the needed data
sources, component architecture and topology. Finally, we created and tested a clickable mock-up
solution adopting a Wizard of Oz approach. To this end, it was decided to have a specific focus on
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the street 'Vijversdreef’, as there was a lot of civil protests regarding the possible implementation
of new traffic signalization because of the cut-through traffic and the fact that there is a school
in this street. This prototype represented the most important information and visualizations as
defined in the co-creation phase. During this phase innovation managers, Digital Twin experts
and prototypers from imec were involved to collaborate with a diverse group of people working at
the city administration of Bruges in order to determine the use case and to ensure this was in line
with concrete needs (desirability) and with the available data and infrastructure (feasibility).

Going into the third phase of ‘Defining’, we collected context information about the solution
architecture and design of the system, containers, components, and code. If necessary, this was
iterated upon during the project. We also refined the necessary data sources and requirements.
This is a continuous process, as user feedback creates the need for new stories/requirements, adds
new relevant sources, or demands making changes to existing requirements/data. During this
phase, the research institute VITO was also involved because of their experience with air quality
measurement and models, together with the software company CEGEKA because of their expertise
on traffic modeling. This enabled to increase the feasibility of the UDT. Together with imec and
the city of Bruges, they formed the consortium that in the following phase would effectively realize
the UDT use case.

During the last phase of Prototesting, a composition of the words ‘prototyping’ and ‘testing’,
we iteratively improved our working prototype until it delivered according to the needs of the city.
We ensure this process by approaching it in an agile way of working. The three steps to follow
are dashboard and data enrichment, forecasting and mapping traffic flows and lastly forecasting
air quality and enclose cross-domain interaction. Through these steps we conducted user testing
and user feedback reviews. In the Prototesting phase, next to the city officials, imec, VITO and
CEGEKA, there were also citizens involved that lived in the ‘Vijversdreef’ and in neighboring
streets that were to be impacted if the traffic signalization and situation would change. This
helped to increase the desirability of the resulting UDT use case, although the main end-users
would be the city officials.

Results

The analysis of the interviews reveals that the actual perceived value of the developed Open Digital
Twin use case according to the individual users is quite high. This is shown by the overall score of
the application and its value by the interviewees of 7 out of 10. The highest scoring evaluation
criteria were Digital Twin as a tool and Supporting tool for decision making, which both have an
average score of 7.2. One of the interviewees described his experience with the tool as follows:
“The Digital Twin is like a colleague who you work with side to side, proposing alternative solutions
or policy decisions. The tool functions as a mirror, which creates opportunity to reflect on and
optimize your own approach”. When asked about the tool as a strategic instrument, the average
score was relatively the lowest with 6 out of 10. The majority of the interviewees explained this by
stating they can see great potential in terms of developing an integral approach towards wicked
problems. At the moment this is not possible as they do not have a fully functionable tool with a
high degree of trustworthiness. However, their interest in future use cases is clearly demonstrated
by the more than 20 suggestions from the interviewees, with spatial (green) planning being the
one with highest priority.

In terms of the more qualitative feedback on the Digital Twin prototype, we deduct three
main elements. Firstly, the proof-of-concept was and is still being used for actual operational
decision making. This indicates that it solves an actual need. Second, the tool is said to help
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in communication with and between citizens in relation to current urban problems and potential
solutions. The objective aspect of the information and scenarios provided by the UDT facilitates
and simplifies discussions across several communities: “Policy makers can tell a coherent story
with clear insights to neighborhoods, instead of having to mitigate arguments based on bias. It
would be difficult to operate without the tool after the project closes”. Thirdly, there has been
a positive evolution in their way of working and their prosperous outlook on data, agile project
management and cross-domain collaboration. They see this as a direct effect of participating
in the Digital Twin project and the followed methodology. As a tangible result of this, a data
committee has been established within the public administration of Bruges.

We were able to identify common drivers and barriers of the interviewees to implement Digital
Twin applications in the public administration. The drivers consist of objectifying cross-domain
decision making and the forecasting feature also appeared to be crucial in the (near) future.
Additionally, half of the interviewees also declared a specific benefit of the Digital Twin from the
perspective of public relations: “We are putting Bruges on the map. The project is opening doors
because we are being innovative as a city". The foremost reported barriers were the absence of a
supra-local initiative to upscale the Digital Twin initiatives and the required efforts in terms of
people and finances. These results clearly show the importance of involving all stakeholders, in
this case the policy makers, citizens and industry partners, to purposefully scope and facilitate the
integration of digital twins and ULLs towards a common ambition.

In the interviews we also assessed whether the proposed ULL approach is well suited for the
development of urban innovations. We analyze the results based on the identified characteristics
of Kemp & Scholl (2016):

“1. Hybrid organizational form at the border of local administration and society to gain the
necessary space for experimentation.”

This was clearly the case, as the local administration was involved in the various stages of
scoping and developing the Digital Twin use case via the Living Lab sprint methodology, facilitated
by the researchers and developers of imec. In the interviews, the respondents stated that this
approach took them outside of their daily working routines which enabled them to approach
the problem from a different perspective. Moreover, some interviewees even stated that the
iterative approach and the innovation management methodology inspired them to approach their
daily work in a different way, adopting a design-driven approach. This suggests that the hy-
brid organizational form at the border of the administration had a positive effect on their daily work.

“2. The large link with the ‘places’ where these experiments take place and the resulting
learnings that tend to get formalized at specific instances in the innovation process.”

The link with places became clear during the co-creation stage as a location needed to be
chosen for the prototype. By choosing an area where the citizens were already arguing about
the traffic situation, the Digital Twin use case had the potential to offer direct value. However,
this choice in terms of specific place did make the ‘air quality’ aspect of the UDT use case less
relevant as there were hardly any air quality issues in this area. The learnings linked to the ‘place’
mostly materialized during the Co-creation and the Prototesting phases.
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“3. The multi-stakeholder setting, including the local administration, aimed at co-creation”

This was a reality throughout the whole process of scoping, developing, and testing of the
UDT use case. The interviewees confirmed this intense co-creative process fostered an application
that they were able to use and that was a fit with some of their needs. In the first two phases,
the collaboration constituted of research institute imec and the public sector officials from Bruges.
In the later stages, when the actual development took place, they were complemented by another
research institute that contributed with technology (the air quality models) and topical expertise,
and by a private company that contributed with practical development expertise and technology
(the traffic model). In the final stage, some citizens were also involved to assess the desirability of
the application. It was this collaboration that allowed to realize a working application. In this
regard, a major finding was that the citizens became more open for different solutions when they
interacted with the Digital Twin application as the visualization of the alternative solutions made
them more aware of the implications.

“4. The experimental nature of ULLs, which is unusual for local administrations as this also
allows failure as an outcome.”

In the end, the outcome of the project was an UDT application that was effectively used by
the city administration. However, it also became apparent that the usefulness of the application
was promising yet limited in its current state. Therefore, this did not warrant large investments in
terms of resources and learned that currently, there is no valid business case for building a Digital
Twin for a specific use case in one city. However, this ‘experimental’ nature did clash somewhat
with the expectations of the alderman of Bruges who had expected the application to be more
mature and versatile at the end of the project.

“5. Approaching the (wicked) problems in a multi-disciplinary way”

The multi-disciplinary, iterative process was regarded by the interviewees as very enriching and
can be interpreted as leading to the most successful outcome of the project, as the interviewees
stated that they learned alternative ways of approaching problems within their daily working
environment. The project also illustrated the need for multiple disciplines and skillsets from
multiple actors of the Quadruple Helix to be involved to arrive at a working UDT application.

In this case study, we can state it was clearly confirmed that the approach of exploring and
co-creating enables selecting valid problem statements that lead to a ‘desirable’ and ‘feasible’
use case. As a very important side effect that goes even beyond the scope of the UDT, the
administration mentioned that they have integrated some best practices of the used methodology
into their own processes: “We are still using the design workshop and prince 2 format. We
have learned a lot about long-term thinking and gained knowledge about standardizations and
building blocks of the data platform”. The Prototesting phase has been validated to be critical
to steer development in the appropriate direction, adapting towards needs of actual end-users.
What was still lacking and should be further optimized, was the Defining stage. This could be
due to the covid context which forced large parts of the process to be carried out online, but
overall, the end-goal and the expectations should consistently be aligned between the stakeholders.
This was already demonstrated by the three iterations that were done throughout the innovation
management process during the phases of Defining and Prototesting in the shape of a repeated
subsequently identification, visualization and simulation. Finally, the ultimate question of “what'’s
next” from the perspective of the city remains. This is whether they will acquire the internal
willingness to further implement the application and whether appropriate resources can be gathered
(‘viability").
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Discussion

Regarding the antecedents and use cases for developing UDTs via an ULL approach, we learn
that the urban context presents unique challenges. These include sensitivities such as keeping
promises to citizens to deliver promised projects and the utmost importance of the justification of
choices. Difficulties that arise are the relatively low data maturity of the administration and the
position city officials find themselves in, balancing between the expectations of both governance
and citizens. Another bottleneck in the city department of Bruges is the lack of dedicated internal
resources in terms of people and money to spend on innovative projects instead of on their current
daily tasks. Furthermore, the combination of topics of the use case has in hindsight appeared to
be suboptimal. The effect of traffic flows on air quality is quite insignificant when operating on a
microscale, for example whilst working with a sample that consists of a set of crossing streets.

While the Digital Twin is adapted to the needs of the users and aligns with the strategic goals
of Bruges, the solution has not found a viable business case thus far. In terms of the technology,
the administration is not quite ready for upscaling and in terms of resources, the project has
consumed a lot of time and money from all actors involved.

The tool has already supported actual decision making and adds great value by offering
an objective view on complex issues to facilitate discussions between stakeholders with varying
priorities. The administration introduced a new data-driven, cross-domain way of working since
the project. However, the full potential is not reached yet since the proof-of-concept in its current
form cannot support more long-term, strategic decision making.

The city is facing a chicken and egg problem for the viability aspect regarding future investments
of resources. While the different city departments should align more and truly work cross-domain
to reap the full benefits of the Digital Twin, the staff is overburdened and budgets are already
allocated to other tasks. Additionally, there is a high dependency on model providers that are in
the present condition too local and specific. There is a need for upscaling to a real-life working
model that can be self-maintaining.

Concerning the feasibility aspect, the data as well as the infrastructure are not ready for
upscaling, since the availability and quality of suitable data to tackle core problems is the first step.
Furthermore, the current prototype still requires too much domain and data knowledge to be able
to correctly use the tool and interpret the outcomes. There is also a lack of trust in the accuracy
of the predictions. More validation is essential to increase the future perception and adoption.

The public administration of Bruges still has some major steps to take before digitally
transforming. We learned the most added value is the aid in strategic cross-domain decision
making and predictive usage, rather than using the Digital Twin as an operational tool. Secondly,
there is a need for shared, compatible infrastructure among cities and municipalities. Thirdly, an
absolute precondition is the dedicated time investments of cooperating domain experts, instead of
the fixed silo structured way of working as is. Lastly, there is a journey ahead for the administration
to level up the maturity level of their data management as well as the digital skills and knowledge
in-house.

Practical implications

The positive outcomes in terms of policy and data-driven decision-making underscore the value of
investing in digital twin technologies. Policymakers might be more inclined to allocate resources to
similar projects. The findings suggest a need for policies that support flexible, iterative innovation
processes and encourage the adoption of new collaboration tools and techniques. The ULL
approach involves stakeholder and community engagement. The case study might inspire other
cities to involve residents and local businesses in a more proactive way in the development and
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implementation of technological developments. Successful UDT projects can enhance public trust
in urban planning initiatives by making processes more transparent and inclusive.

The identified issues with the viability of a complete UDT solution for a single city highlight
the need for comprehensive cost-benefit analyses before large-scale investments. Our findings
point to the need for a regional or even national basic technical infrastructure that can be
leveraged by multiple cities and municipalities. Detected innovation opportunities can lead to new
business ventures and economic activities related to urban technology and smart city solutions.
The challenges faced in creating a complete UDT solution point to the need for scalable and
interoperable technologies that can be adapted to different urban contexts. Overall, the UDT case
of Bruges demonstrates the multifaceted impact of integrating digital technologies with urban
planning and management through a collaborative, iterative ULL approach. The lessons learned
can inform future projects, policies, and research approaches. By using the desirability, feasibility,
andviability framework for our post hoc impact assessment, we provide a pragmatic approach that
can be adopted by future researchers to evaluate urban innovation projects.

Theoretical implications

Within this paper, we have contributed to closing the gap between the literature on ULLs and
UDTs by illustrating the applicability of the former approach to the development of the latter. The
study is among the first to systematically integrate the ULL methodology with the implementation
of UDTs. While ULLs have been used to address urban challenges and UDTs have been developed
for data-driven decision making, their combined application provides a new framework for urban
innovation. The study advances theoretical understanding by demonstrating how the ULL
approach can enhance the scoping, development, and deployment of UDTs. This integration
offers a comprehensive method for cities to approach digital urban solutions, emphasizing iterative
development and stakeholder engagement. The novel inclusion of a post hoc impact assessment
provides a methodological framework for future studies to evaluate the impact on several levels
of urban innovation projects. By identifying and analyzing the challenges of an UDT's viability,
the paper contributes to a more realistic, practical and holistic understanding of technology
implementation in an urban environment, which is often missing in current studies. Finally,
our research uncovers new collaboration methods and innovation opportunities for city officials
which were not anticipated at the project's inception. These findings add to the literature on
ULL outcomes by showing how they can lead to unexpected yet valuable outcomes in terms of
governance.

Conclusion

In an industrial setting, Digital Twins have been around for a longer period with use cases such
as predictive maintenance, but the multifaceted environment of cities and regions adds a lot
more complexity to the mix. To effectively realize a Digital Twin use case in a city, an open
innovation approach is necessary as this requires intense collaboration between multiple actors from
the Quadruple Helix, including the city, research institutes, private companies and, in particular
use cases, also citizens. In this study, we presented an ULL approach that matched all these
requirements and led to the development and implementation of a Digital Twin use case. Although
the presented case study of the Digital Twin project within the city of Bruges provides relevant
and useful insights, it only showcases a fraction of the potential of an UDT. Onboarding more
datasets, introducing machine learning and Al applications, and adding more parameters and
a wider actionable area would allow to increase the strategic impact of the UDT. However, a
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significant amount of effort and resources was already needed to develop this specific functional
prototype, so careful consideration should be given to approaches that allow for scaling up and for
reusing the created assets and infrastructure.

In terms of the ULL approach, aimed at balancing the three innovation elements Feasibility,
Desirability and Viability, i.e. the viability triad (Hunsaker and Thomas, 2017; Bland and
Osterwalder, 2019), of the UDT use case, the adopted methodology was highly valued by the
participants. Careful scoping of the use cases based on actual needs and on available datasets is
of utmost importance to be able to deliver a solution that is feasible and desirable. However, in
terms of viability more emphasis should be put on upscaling and a common, shared infrastructure
that most likely would go beyond the scope of a single city or municipality. A regional or even
national initiative seems to be the possible answer here.

For the city of Bruges itself, three main areas of impact could be identified. First, a Digital
Twin as a tool has the most impact in strategic decision making and as a communication tool
amongst different stakeholders with sometimes conflicting interests (such as citizens from different
neighborhoods). Second, the process of scoping and co-creating the Digital Twin use case had
a profound impact on their own way of working. It installed a more open-minded culture and
facilitated thinking beyond the traditional thematical silos, something which is also necessary to
reap the full benefits of an UDT and cross-domain decision making. Third, although the actual use
case and functional prototype are still actively used, the investment of time and human resources
was substantial for the involved city officials. Therefore, further developments and additional use
cases on a more strategic level are desired to warrant the investments already made.

Limitations

As this is a single case study, more studies are needed to investigate the effectiveness of an
ULL approach in general and to see whether the positive effects, beyond the purely technical
development of the UDT, also hold in other situations and for other use cases. Also, more studies
looking into UDT implementations that are being used in the daily practice of city officials are
needed to better grasp their impact and contributions. Another limitation is that within this study,
we have limited ourselves to examine the impact of this case study from the perspective of the city
officials. Future research is needed to better understand impact and implications for all involved
stakeholders.
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