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Abstract
City Digital Twins have emerged as pivotal tools for representing and modelling urban systems.
While existing literature emphasizes technological and framework development, limited attention
has been given to the practical usability of digital twins in urban planning and decision-making
processes. This paper addresses this gap by presenting a participatory approach for a city digital twin
(CDTE) development, specifically tailored for supporting stakeholder communication and decision-
making in the urban energy transition domain. The study, conducted in three phases, utilizes
participatory methods, involving local stakeholders in the development process. The focus is on the
Swedish city of Gothenburg, which is actively pursuing climate-neutral goals by 2030. The research
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integrates quantitative energy modelling and the creation of a web-based interface for the CDTE.
The scenarios, grounded in local needs and challenges, explore the impacts of urban development
models, climate warming and renovation measures on the building stock. The CDTE, developed and
tested through workshops with diverse stakeholders, proves to be effective for the visualization and
the discussion of various decarbonization scenarios. Key findings from users’ assessments un-
derscore the significance of clarity and readability in scenario content and user interface for
fostering interactions among different administrative spheres. This research contributes to the
broader discourse on leveraging City Digital Twins for informed decision-making in urban contexts,
providing insights into the practical application of digital twins in addressing the complex challenges
of urban energy transition.

Keywords
Digital twin, energy scenarios, building stock model, Gothenburg, decision support

Introduction

City Digital Twins (CDT) are increasingly used to represent, model, and simulate urban systems
(Deng et al., 2021; Schrotter and Hurzeler, 2020). Existing literature extensively focuses on CDT
technological and framework development (level of accuracy of digital models, data structure and
standards), while a growing number of studies highlight the potential of using CDT in urban
planning, management and decision-making processes (Weil et al., 2023), and the importance of
socio-technical perspective on developing CDTs (Nochta et al., 2021). Applications in different
domains have shown that CDT can offer strategic information when dealing with risk and envi-
ronmental management, as well as economic, social, and environmental practices (Ketzler et al.,
2020). Many scholars have indicated CDT potentials to coordinate public and private actions
concerning management of the existing built environment or development and implementation of
new urban strategies (e.g. Shahat et al., 2021). Research also indicates that CDTs can provide a
collaborative environment, for example, facilitate the engagement of citizens in urban development
processes and support the exchange of knowledge among stakeholders with different roles and
expertise (Nochta et al., 2021; Youngjib and Jaeyoon, 2020). However, only a few studies have
investigated the usability and use of CDT in urban planning and decision-making processes (Weil
et al., 2023). According to Lehtola et al. (2022), addressing cities’ needs implies making can ‘be
ensured only by safe and usable systems’.

Local governments and municipalities around the globe are exploring the possibility of de-
veloping and implementing CDTs to tackle environmental challenges (Weil et al., 2023). Many
European cities are implementing decarbonization measures to fulfil European and national energy
and climate goals in general and for buildings in particular. The European renovation wave initiative
(European Commission 2020) asks to double the renovation rate by 2030 and the Fit for 55 initiative
(European Council 2021) targets reduction of net GHG emissions by at least 55% by 2030. Existing
buildings are one of the important urban structures to deal with in urban energy transition with
considerable energy-saving potentials intertwined with energy supply and mobility structures.
When it comes to the energy domain, there is comprehensive knowledge about energy systems and
their climate impact; however, the knowledge is often scattered among different companies and
municipal administration, and the knowledge exchange within organizations is limited. Thus,
knowledge is not efficiently implemented. Alongside the scattered knowledge, we also have
competing business logics with different timelines for planning and transformation of energy
systems as well as sequential decision-making which is time consuming, cost-inefficient, and results
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in a limited understanding of each other’s problems and challenges. Nevertheless, the transfor-
mation to sustainable and smart energy systems needs a system perspective and stakeholder
collaboration across system boundaries; while the development of robust urban strategies requires
analyses and instruments to support cohesive decision-making.

As one of the 100 European cities to become climate-neutral by 2030, the Swedish city of
Gothenburg is now increasingly addressing the challenge related to decarbonization. The city has
identified a set of measures to be implemented between 2022 and 2030 in an ambitious energy plan
(City of Gothenburg 2022) and Environment and Climate Programmes (City of Gothenburg, 2021).
However, as a study by Maiullari et al. (2022b) reveals, key aspects for further development of the
energy plan are, among others, better coordination between energy and urban planning, improved
communication between stakeholders and tools to support decision-making processes for de-
carbonization. In order to achieve a zero-climate footprint, the city aims to reduce the consumption-
based emissions by at least 7.6% annually by 2030 (City of Gothenburg, 2021). This means an
overall reduction of greenhouse gas emissions per inhabitant and year from 4.2 tons in 2018 to
1.1 tons in 2030. For example, for residential buildings and facilities, the target for primary energy
consumption is a reduction per inhabitant from 16 MWh in 2018 to 12 MWh in 2030 and for
residential buildings from 117 kWh/m2*year in 2017 to 95 kWh/m2*year in 2030. Thus, drastic
reductions are needed. The city is also developing a Virtual Gothenburg, a CDT to assess scenarios
of change in the close and long future concerning city development and the impacts on social,
environmental and climate domains (Jeansson, 2019). So far, the Virtual Gothenburg does not
include the urban energy and climate impact perspective.

Addressing this implementation gap, this paper presents a participatory approach for the
Gothenburg CDT development to support stakeholder communication, collaboration, and decision-
making processes in the urban energy transition domain. The study reports and discusses the
development process of a CDT to support municipal pathways towards decarbonization from the
needs analysis over selection and implementation of energy demand scenarios to the development
and test of the CDTuser interface. Specifically, the research aims to assess the application of a digital
twin platform by engaging users (decision-makers) in the development process and reflects on the
interactivity, usability, and openness of a CDT.

First, the paper provides background description and presents existing digital twin research and
efforts related to cities, development processes, and decision-making in the energy domain. Second,
applied methodology for the development of a digital twin of the case city is introduced. Third, the
results related to the development process, scenario results, and evaluation of the digital twin are
presented. Finally, the research and its implications are discussed indicating directions for
future work.

Background

The concept of a City Digital Twin (CDT), simplified a digital representation of a physical system
(Ketzler et al., 2020) and the connection between the two (Grieves, 2023), is a rapidly evolving area
of research. CDTs connect data, analytics, and visualizations (Lohman et al., 2023) and allow for
analysis, prediction, and optimization, creating better and more-informed decisions (Adade and De
Vries, 2023). CDTs are increasingly being developed in many cities around the world (Ketzler et al.,
2020) and are applied to a wide range of use cases for management and development of cities,
including transport and traffic, energy, waste, water, building, climate action, and disaster (Weil
et al., 2023).

While some municipalities chose to partner with large software vendors to implement digital
twin solutions, others have been building their own based on decades of experience in the GIS
domain. A more recent development is the notion of federated digital twins as opposed to a

Maiullari et al. 3



monolithic centralised system. The Centre of Digital Built Britain introduced an ‘ecosystem of
connected digital twins’ (Gemini Council and Lamb, 2022) and Ricci et al. (2022) highlight open,
distributed, interoperable systems by introducing the perspective of a web of digital twins. An
example of a modular framework for an energy management tool for control and coordination of
interconnected energy assets in a smart city or district is presented by O’Dwyer et al. (2020).
Overall, research suggests that CDTs have the potential to transform urban planning and man-
agement of cities, but further development and integration of various data sources are needed as well
as cooperative systems of interconnected digital twins. As stated by Weil et al. (2023), there is
currently a lack of proven implementation of CDT.

CDT in the energy domain

Decarbonization strategies connected to the energy performance of buildings and buildings stocks
are recurring applications in CDTs. The focus varies and includes, among others, studies on solar
energy potentials, GHG emission reduction, smart energy grids, and strategy findings (e.g.,
Ruohomäki et al., 2018; Schrotter and Hürzeler, 2020; Pierce et al., 2024; Park and Yang, 2020,
Leopold et al., 2023); addressing multi-scales, from districts to cities (e.g. Francisco et al., 2020;
Pierce et al., 2024). Research studies on a city level are often descriptive, understanding existing
buildings’ energy performance and use of energy sources, for comparisons and identification of
improvement potentials (e.g. Ruohomäki et al., 2018). Other studies focus on selected parts of the
energy system such implementation potentials of renewable energy or analyses of electric grids
connected (e.g. Leopold et al., 2023).

Similarly, on the district level, CDT research addresses buildings electricity consumption based
on smart meter data (Francisco et al., 2020) but also decarbonization pathways studies explored
through scenarios and energy modelling for limited stocks of buildings (Pierce et al., 2024). Few
CDT developments integrate building stocks on the city level including all types of buildings.
Srinivasan et al. (2020) use Urban Energy Modeling methodology to study the impact on cities
residential building owing to climate change with focus on demand response and data, thus not all
buildings are included. O’Dwyer et al. (2020) combine retrofit and heating system electrification in
part of the social housing stock and interventions in the transport sector through increased EV
charger installation as well as the introduction of renewable generation capacity in the form of PV
panels. Maiullari et al. (2023) present a first prototype of a CDT to model the effect of temperature
change scenarios on building energy demand to promote the understanding of the interrelation
between the spatial, energy and climate change domains related to building stocks.

CDTs in the energy domain are also increasingly explored at the district levels to support energy
communities and positive energy districts (PEDs). By 2025, the European Union aims to have
supported the design, deployment and replication of 100 PEDs through its Strategic Energy
Technology (SET) Plan. According to JPI Urban Europe/SET Plan Action 3.2 (2020), a PED is ‘an
urban neighbourhood with annual net zero energy import and net zero CO₂ emissions working
towards a surplus production of renewable energy, integrated in an urban and regional energy
system’. Here, CDTwill play a key role as it is currently demonstrated in several applications around
Europe and beyond (Bâra and Oprea, 2024; Coors and Padsala, 2024; Hedman et al., 2021;
Malakhatka et al., 2024).

Collaboration, participatory approaches, and decision-making

Many CDTs are developed with the purpose of visualizing or analysing data to support urban
planning decisions and the ambition to improve collaboration between stakeholders or citizen
participation in urban planning. So far, technical challenges related to CDTs has been given more
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attention than to the socio-technical perspective (Weil et al., 2023) but scholars increasingly deal
with the socio-technical dimension. Nochta et al. (2021) consider the development of CDTs as a
socio-technical process driven by a need for a more strategic, policy-outcome orientation and they
point at the importance of interdisciplinary insights and participative processes in conceptualizing
what digital twins of cities could and should represent, and how. Thus, the development process
should involve potential users, those planning and managing cities and those living and working
in them.

Several studies report a stated potential of CDTs, for citizen engagement and feedback in urban
planning and management, to monitor and predict the dynamics of the urban system, coordinate and
communicate with stakeholders, and test urban planning strategies (Adade and De Vries, 2023; Gil,
2020; Hämäläinen, 2021; Ketzler et al., 2020; Shahat et al., 2021; White et al., 2021). However, the
stated potentials find proof in very limited studies and scholars are increasingly emphasizing a lack
of evidence that CDTs really foster collaboration (Weil et al., 2023). An example of a digital twin for
decision-making is CDT developed for the city Herrenberg in Germany (Dembski et al., 2020) for
participatory processes and to engage citizens in design. A CDT of the Docklands area in Dublin,
Ireland has been tested for urban planning of skylines and green space allowing users to interact and
report feedback on planned changes (White et al., 2021). Nochta et al. (2021) applied a participatory
process for the developing a CDT prototype for the Cambridge city region, involving a variety of
prospective users. This study aims to contribute along with these mentioned studies to further
explore the implementation and use of CDT in the urban energy domain, reporting the results of the
testing and evaluation by users involved in energy-related decision-making.

Methodology

This study is based on the participatory development of a CDT for urban energy transition and
implementation of decarbonization strategies with a focus on building stocks and front-end de-
velopment, that is, the interface of an online viewer hereafter called City Digital Twin Energy
(CDTE) Viewer. The research has been conducted in three phases including scenario modelling,
development of an online viewer through workshops, and user tests for viewer evaluation.

Critical scenario selection and modelling

The first phase focused on developing the content of the CDTEViewer. Qualitative scenarios were
developed by combining literature studies and co-creation activities followed by a selection of the
most relevant scenarios translated into quantitative scenarios through modelling. The qualitative
scenarios were elaborated through an interviewed-based review of Gothenburg’s energy plan
(Maiullari et al., 2022a), and workshops carried out with invited local stakeholders, representing
energy supplier(s), municipal administrations (city planners, environmental department), and
researchers (Maiullari et al., 2022b). Participants were asked to share their reflections on the local-
specific challenges for decarbonization and to formulate sets of possible visions founded on
potential measures and external drivers of change.

Three sets of scenarios were identified as critical for creating robust decarbonization strategies
and were further developed and quantified in the CDTE (Table 1). The scenarios focus on the
understanding of the energy demand impacts of i) the future city development model, ii) climate
warming, and iii) the implementation of energy efficiency measures on existing buildings. The
scenarios were modelled through the use and further development of a Gothenburg Building Stock
Model (BSM) (Nägeli et al., 2018, 2019; Österbring et al., 2019) based on the assumptions de-
scribed in Table 1.
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The BSM uses a bottom-up approach to estimate the energy demand of each building, con-
sidering various energy services and greenhouse gas emissions. Based on a hierarchical structure,
the energy demand is calculated according to different system boundaries (primary energy, useful
energy, final energy, delivered final energy, and greenhouse gas (GHG) emissions) and the cal-
culated energy demand and GHG emissions are differentiated for different energy services
(i.e. space heating, hot water, ventilation, appliances, lighting and auxiliary building services, e.g.
pumps, etc.). The useful energy demand for space heating is based on the simple hourly method
according to the norm ISO EN 52,016-1 (ISO, 2017).

The 3D city model for Gothenburg’s building stock that functioned as an input to the BSM was
created by integrating and cleaning data from various public sources, including the Swedish
property registry, LiDar data, and energy performance certificates (see Table 2). Key building
characteristics like footprint, construction year, and function were extracted, with building heights

Table 1. Scenarios and related assumptions implemented in the Gothenburg digital twin.

Scenario Description Assumptions

1. City development scenarios
1.1 Current city This scenario represents the city as built

in 2020
Building characteristics are retrieved from
multiple sources

1.2 Future city This scenario describes the city
development as reported in the
Gothenburg comprehensive plan

Building usage of new buildings is assigned
based on size: 1000 m2

floor area and less
than 5 stories: Retail building. Larger than
60 m height: Office building. Otherwise
residential building

2. Climate scenarios
2.1 Current
climate

Climate of year 2018

2.2 1°C Warming Scenario representing the future climate
based on the RCPa 2.6 (IPCCb report)

2.3 1.5°C
Warming

Scenario representing the future climate
based on the RCPa 4.5 (IPCCb report)

2.4 2°C Warming Scenario representing the future climate
based on the RCPa 8.5 (IPCCb report)

3. Renovation scenarios
3.1 Reference Reference scenario describing the

current state of the building stock
3.2 Climate shell
(façade and
roof)

Focus on envelope components: roof,
wall and windows aimed at reducing
heating demand

All buildings built before 2010 are
renovated:

- Walls: +200 mm insulation
- Roof: +300 mm insulation
- Windows: U-value 0.8 W/m2K

3.3 Building
installations

Focus on building installations such as
heating, ventilation, cooling and solar
cells

All buildings systems replaced:
- Heating: switch to heat pumps if direct
electric or fossil heating system

- Ventilation: add heat recovery if possible
- Add solar cells

3.4 Deep
renovation

Combines climate shell and building
installation scenario, see above

aRCP: Representative Concentration Pathways.
bIPCC Sixth assessment report (IPCC, 2021).
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estimated using LiDar data and the 3dfier tool. Energy demand inputs were derived from the energy
performance certificate database Gripen, supplemented with data from the company registry for
non-residential buildings lacking certificates. This generated the initial state of the CDTE and was
the basis for modelling the baseline scenario for each scenario group (scenario 1.1, 2.1 and 3.1 in
Table 1). In order to assess the future development scenario (scenario 1.2) the CDTE was modified
by adding and removing buildings based on the city development plan which outlines buildings to
be added until 2050 including their size and location. Data regarding the future city development
were retrieved from the city urban planning department that shared spatial datasets indicating
building footprint and height for the new development Table 2.

To model the effect of different climate scenarios, the climate data used for the energy modelling
was adjusted based on the Representative Concentration Pathways (RCP) trajectories, established in
the IPCC report (IPCC, 2021), which were translated into temperature changes using the Me-
teonorm Weather Generator. For the modelling of the renovation scenarios, the initial state of each
building in the stock was modified based on renovation scenarios as outlined in Table 1. This
included adjusting the U-values of the building envelope components, replacing heating and
ventilation technologies as well as improving the efficiency of existing systems (heating, venti-
lation, and cooling), as well as adding solar cells on roofs where possible.

CDTE viewer development workshops

In the second phase, the User Interface (UI) of the CDTE Viewer was iteratively developed through
multiple workshops with researchers and stakeholders involved in urban decision-making pro-
cesses: city planners, energy providers and municipal property owners (Table 3).

Requirements for development of the visual communication platform, the CDTE viewer, were
easy to use, facilitate multi-actor decision-making processes, and provide relevant information for
decarbonization process for the targeted stakeholders. This should be enabled through well-
designed visualizations, data coordination and exchange, and linking of the BSM to scenario
simulations.

The first set of workshops (workshops 1–2) had the primary goal of identifying the possible
characteristics of the UI through co-creation settings. Workshop 1 was driven by three open
questions regarding user needs, basemap content and time dimensions and was run internally
with local researchers involved in DTs development. Workshop 2 aimed to assess the rel-
evance of different options proposed for the basemap content, UI functions and data visu-
alization by engaging a reference group of external experts asked to select the three most
relevant features.

The second set of workshops (workshops 3–5) had a focus on gathering input on clarity, content,
and functionality in relation to the developed features. They were carried out by targeting the main
groups of decision-makers expected to be the principal users of the CDTE: property owners,
municipal urban planning and environmental department, and the city’s energy company. The
structure of the workshops was identical for each target group, based on a set of questions organized
around a mock-up of the viewer and a first visualization of the UI. The mock-up introduced 5 main
features of the interface to:

· LEARN about the viewer,
· SET-UP energy scenarios,
· CUSTOMISE the view,
· USE the results, and
· COLLABORATE with own data.

Maiullari et al. 7



Table 2. Input data for the CDTE.

Nr Dataset Description Attributes Source

1 Property registry
(fastighetsregister)
2020

Official records on
individual
buildings and
properties as
well as linked
addresses

Building attributes
include construction
year, building type,
floor area, linked
addresses,
coordinates
properties attributes
include property
type, taxation
purpose, owner

Lantmäteriet
(2020b), Lantmäteriet (2020)

2 Property map
(fastighetskarta)
2020

Official GIS-data of
building
footprints and
property
boundaries

2D-building footprints
and property
boundaries

Lantmäteriet (2020a)

3 LiDar data
(Laserdata)

Point cloud data
through
airborne laser
scanning of the
terrain

Height data Lantmäteriet, Laserdata NH
(2020c), Lantmäteriet (2020)

4 Company registry
(företagsregister)

Registry of
companies and
their workplaces
according to
economic sector
and size

Workplaces per
company, economic
sector (NACE code),
size of workplace,
coordinates, address

SCB, Foretagsregistret (2020)

5 EPC database
(gripen)

National database
of energy
performance
certificates

Floor area, building type,
number of floors,
energy demand, heating
system, ventilation
system, renewable
energy systems

Boverket, Energideklaration
(2020)

6 Så byggdes villan
1890–2010/Så
byggdes husen
1880–2000

Architectural
description of
historical
construction
practices for
typical buildings
according to
building periods

Construction type, make-
up of building
components

Björk et al.(2009); Björk, and
Kallstenius (2003)

7 BETSI study Survey study of the
energy use,
technical status
and indoor
environment of
Swedish
buildings

Floor area, building
type, surface area
building
components, make-up
and u-values of
building
components, energy
demand, heating
system, ventilation
system, renewable
energy systemsetc.

Boverket (2010, 2015)

(continued)
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Participants in each workshop expressed their opinions about the features presented and further
answered questions regarding their specific needs in using the viewer. The workshops resulted in
several iterations of the viewer UI. The versions of the mock-ups were prepared and documented on
a Miro board.

CDTE evaluation

Finally, the latest iteration of the viewer was assessed through user tests combined with an
evaluation survey. For the survey, a questionnaire was prepared based on the Gemini framework
(Bolton et al., 2018) and its nine principles developed to enable DT’s better use, operation
and maintenance (Figure 1). The questionnaire collected background information about the users
and their familiarity with digital twins or other digital tools, their evaluation of the usability and
usefulness of the CDT and general reflections on the characteristics and the maintenance of the
platform.

The user tests were also structured in workshop settings. After a short introduction, participants
worked in parallel group sessions driven by the assignment of exploring the viewer and defining
robust decarbonization strategies in different areas of Gothenburg using the CDTE viewer. At the
end of the assignment, participants completed the survey and evaluated their experience of the
viewer for decision-making.

Two assessment workshops were conducted: First, a workshop with 22 stakeholders representing
the city energy provider, the planning and environmental department of the municipality, property
companies both municipal and private, and researchers; and second, a workshop with 70 master
students with a background in architecture and urban planning as part of a course on sustainable
development and stakeholder engagement.

In the assessment of the CDTE with stakeholders, participants were divided into four hetero-
geneous groups and a city area was assigned to each group. For each area, they had to negotiate

Table 2. (continued)

Nr Dataset Description Attributes Source

8 Sveby user data Standard user data
for building
energy demand
simulations for
different building
usages and types

Indoor temperature, hot
water consumption,
ventilation rate,
electricity use of both
residential and non-
residential building
usages

Andréasson et al.(2012), Hot
et al. (2016); Blomsterberg
et al. (2013); Österbring et al.
(2019)

9 STIL studies Survey and
measurement
studies of
different non-
residential
buildings with
data on the heat
use, electricity
use and U-values
of non-
residential
buildings

Heat use and electricity
use per energy service,
U-Values

Nägeli et al. (2018, 2019)
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Table 3. Viewer development workshops.

Workshop #
and setting Purpose Participant groups Focus/questions

1 Online
zoom

Identify possible characteristics of
the UI to develop an initial
version of the UI

Researchers Brainstorm design proposals for
screen, buttons, toggles, icons, and
other visual elements for the users
to interact with

Open questions: What are potential
user needs? What should the
basemap contain? What scale and
time resolutions are relevant?

2 Physical Assess relevance of proposed
options for basemap content,
UI functions, and data
visualization

Reference group Score the relevance of the basemap
elements (layers in basemap, view
style, selection options) of different
functions (saving and exporting, data
plotting) of data visualization
elements (levels of detail, energy
indicators)

3 Online
zoom

Discuss digital twin applications in
participants field, test and
discuss further development of
the CDTE viewer

Municipal property
owners

Related to vision:
Have you used digital twins in your

work?
How do you think digital twins can be

used in your field? What is the most
important property of a digital twin?

Related to development:
A) Demonstration and exploration of

the first online version of the CDTE
viewer

B) Mock-up
- LEARN what you can do (what type

of introduction do you need for the
platform?)

- SET-UP your scenario (which energy
scenario options would be relevant
for you? Are there other types of
scenarios that could be useful to
you?)

- CUSTOMIZE your view and seen
data (are the limitation options
address, owner, district, selection
relevant, clear and useful to you?
Which timespans would be
interesting for you to see under
‘planned developments’? What
categories of data would you like to
see aggregated? Which units would
you want to see under each
aggregation? Howwould you like the
result to be visualized?)

- USE the results (which saving and
exporting formats would be useful
to you?)

- COLLABORATE with your own data
(would this be useful? What data
formats and kind of data would you
like to import?)

4 Physical Energy supplier
5 Physical Municipal urban

planning and
environmental
department
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decarbonization measures to implement by using the CDTE to retrieve data about the current status
and future scenarios and finally at the end complete the evaluation survey. The assessment of the
CDTE with students was conducted in two steps. Firstly, the students explored the CDTE and their
first-hand experiences were evaluated through an initial survey, before any introduction or clari-
fication of the CDTE and its functionality. Secondly, the CDTE purpose and functionality were
clarified in a presentation, and a workshop was organized with students in which the DTE was used
to explore, discuss, and negotiate renovation measures for three different areas in Gothenburg.
During this assignment, the students negotiated renovation measures in groups from the perspective
of individual roles that they were assigned (e.g. architects, politicians, developers, business owners,
and citizens). Both surveys were conducted through the software Questback after which the survey
responses were extracted and further analysed in Microsoft Excel. The first survey resulted in
24 responses, while the second survey gathered 38 responses.

Results

The CDTE of Gothenburg was developed to support stakeholder communication and decision-
making processes in the urban energy transition domain. This result section thus describes the
viewer platform developed through a participatory process with local stakeholders, followed by a

Figure 1. Questions of the viewer assessment survey based on Gemini framework (Bolton et al., 2018).
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summary of the main phase of its UI development (4.1). In section 4.2, the CDTE content is
presented through the description of the energy scenarios based on the BSM results. Finally, section
4.3 illustrates the results of the CDTE assessment done by two groups of test users.

CDTE viewer description

The CDTE developed provides a city model enriched by simulated energy scenarios’ data. The
design of the interface, iteratively modified after workshop sessions, has finally been structured to
provide users with the necessary functions to interact with and understand the virtual representation
of the city. Based on the results of workshops 1 and 2, the interface was divided into four parts
establishing a clear visual hierarchy. The larger central part of the interface is occupied by the 3D
model, while the borders are occupied by a scenario bar (top), a plotting dropdown window (right)
and a setting column (left).

At the opening of the online interface, the digital twin appears as a simple 3D model of the city
featuring building objects in a neutral colour on a 2D base map showing street, water and tree
features. To access energy performance data about the building stock the scenario bar can be used
allowing the visualization of energy demand classes overlayed to the 3D model, in addition to
explanatory data charts in the dropdown window. From a technical perspective, this visualization is
possible because scenarios’ data obtained from the BSM is appended to the building objects. To
efficiently handle the substantial volume of data and minimize visualization time, a vector tiling
system was employed. This system enables the subdivision of a physical space into smaller tiles,
facilitating storage and analysis at a more granular level. When using the CDTE viewer, tile loading
is triggered during zoom operations within the interface. This initiates the querying of x, y
georeferenced values, allowing the loading of between 1 and 16 tiles simultaneously. For visualizing
energy demand classes, data is transformed into colour scale images using a customized style. The
pre-calculation of values and ranges for each energy indicator helps reduce both rendering and
visualization time.

The content of the three sets of scenarios as well as the elements to navigate this section, were
extensively discussed during workshops. Specifically, during workshops 1 and 2 the two major
aspects debated were the energy indicators and time scales. Among the different variables that can
describe energy-related aspects, a few were indicated to be fundamental for providing a complete
understanding of buildings’ energy performance: final energy demand, heating demand, cooling
demand, primary energy, delivered energy and greenhouse gas emissions. Additionally, one of the
main challenges in the energy domain was found to be the richness of time dimensions when
deciding on decarbonization strategies. The three sets of scenarios already introduce two of these
dimensions such as the time of city development (and the consequent spatial configuration of the
current city and the city envisioned by the comprehensive plan) and the time horizons of climate
change. The other dimensions regard the time resolution of the single energy indicators which can
express building performance on a yearly, monthly, daily or hourly base. As a result of the co-
creation process, the CDTE proposes a hierarchical order to facilitate the navigation giving the
possibility of selecting, in the scenario bar, the scenario of interest together with the time of city
development, climate horizon and a specific energy indicator, while visualizing the yearly and
monthly values for the selected energy indicators in the dropdown window.

The plotting dropdown window is also the section of the platform designated to aggregate or
filter the results. From a spatial perspective, results in the CDTE can be visualized on building, area
and grid units. Users can select one of the homonymous three buttons in the upper part of the
window and continue with a second level of filtering. For example, when selecting buildings the
secondary options allow to visualize scenarios results on ‘All’, ‘specific selection’ or ‘only one
building’. For the former option, energy values of the selected scenario will be visualized both in the
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3Dmodel and data charts, while for the two latter options, additional details will be displayed. Users
in the specific selection panel can choose which buildings they want to analyse by using dropdown
lists reporting types of use, heating or ventilation systems installed, ownership, and energy carriers,
while in the case of selecting ‘only one building’ can choose one building directly by clicking in the
3Dmodel. In both cases, after the selection an additional description of the building stock is reported
in the dropdownwindow, followed by the data charts reporting the aggregated results. This structure
of the dropdown window, as well as the filter and aggregation categories, emerged from the series of
debates during workshops 4–6. Among the key needs, users highlighted the importance of having a
flexible tool able to support analyses at multiple spatial scales according to the phase and type of
decision to take. Additionally, being able to filter results for buildings with similar characteristics
was found particularly relevant for public property owners who are interested in finding stan-
dardized solutions to reduce energy demand on a large building stock.

Finally, the setting column on the left side of the platform reports several collaborative functions
corresponding to single buttons for importing, exporting, and saving the digital twin data. While
participants in workshops 3–5 overall expressed the need to save user settings and export results in
other formats (csv, geodatabase, jpg) the function for importing data was highly debated. The reason
does not concern the usefulness of the function but rather the security and the ownership of the data.
In Gothenburg as in many other cities energy consumption data are sensitive due to privacy
regulations, thus representatives of energy providers and building owners highlighted the im-
possibility of importing data to a public open platform.

Furthermore, this column contains an info button with details about the CDTE and the project.
After the first evaluation of test users, a link with additional informative materials has been added to
address the comments of the users. Specifically, the comments highlighted the necessity of better
understanding the modelling behind the platform, including data sources and data pre-processing,
assumptions used in the simulations and calculation methods. Together with this documentation, the
CDTE offers a detailed list of definitions for the key terms used in the scenarios (such as energy
variables and renovation measures) which is accessible from the scenario bar.

For supporting decision-making processes, the development of a digital twin with a user-friendly
interface is crucial. The design of CDTE online interface evolved over 2 years project being it-
eratively updated to match the feedback received during the five workshops. A summary of the
iterative development of the viewer is illustrated in Figure 2.

Scenarios results in the viewer

Modelling through the BSM linked to the digital twin allowed to estimate changes in building
energy demand dependent upon urban development plan, climate warming, and the application of
building renovation measures.

Current and future city. The first set of scenarios provides a comparison between the energy demand
of the existing building stock and the future one envisioned by the comprehensive plan 2050 using
the TMY 2020. The latest, based on a sustainable compact development model for the city, implies
the increase of built density as an alternative to a horizontal expansion. In the DTE final energy
demand, heating and cooling demand are calculated for each building based on the method de-
scribed in section 3. Results show that on the city level, the annual final energy demand increases
from 4201 GWh to 4768 GWh showing that the city plan for 2050 will contribute to higher energy
demand by 13,50%. Figure 3 highlights that this variation is largely influenced by the increase in
heating demand (including hot water) estimated at around 10,5% while cooling demand remains
quite stable accounting for 69 GWh per year in both scenarios.
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Figure 2. Mock-ups of the iterative development of the viewer.
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Climate warming impact on current and future city (2018–2050). The second set of scenarios ad-
dressed the impact of climate warming on building energy demand following IPCC climate
scenarios RCP 2.6, 4.5 and 8.5 for the year 2050. For these scenarios, temperature pathways
modelled in Meteonorm were used as climate boundary conditions in the BSM. Compared to the
Typical Meteorological Year 2018, average monthly air temperature values increase up to 2.2°C in
RCP 8.5, between 1°C and 1.6°C in RCP4.5 and up to 1.2°C in RCP 2.6.

Modelling results of both scenarios are visualized in the DTE accompanied by comparative data
plotting. In Figures 4 and 5 overall results for the current and future city are shown, by comparing
energy demand calculated for the year 2050 RCPs 2.6, 4.5, 8.5 against the baseline TMY 2018.
Regarding the current city scenario, the total annual demand is estimated to be 4201 GWh in TMY
2018. Lower yearly demand is observed for the RCP 2.6, 4.5 and 8.5 pathways, which led to a final
energy demand of 4025 GWh, 3862 GWh, and 3695 GWh, respectively.

A similar decrease in final energy demand can be observed for the future city plan, for which
demand decreases from 4768 GWh in TMY to 4576 GWh, 4403 GWh and 4221 GWh in RCP 2.6,
4.5, and 8.5, respectively.

For both the current city and comprehensive plan, the analysis of the monthly variation between
TMY 2018 and the RCP scenarios confirms that, in future warmer scenarios, final energy demand

Figure 3. Monthly energy demand at the city scale for the current city and future city scenarios.
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and heating demand generally decrease, while cooling demand increases. It is specifically during
winter and spring months then the largest reduction of final energy demand and heating demand is
observed due to the milder climate conditions. Specifically, the pathway RCP 8.5 shows the highest
reduction in final and heating demand compared to the baseline case. Cooling demand increases for
both current and future city and results show similar annual percentile rise: 14% for RCP2.6, 20%
for RCP 4.5, and 25.5% for RCP 8.5. Also, in this case the pathway RCP 8.5 results the one inducing
the highest increase in demand for building space cooling compared to the baseline case TMY.

As for the previous set of scenarios, the CDTE shows the results of energy simulations at the
building level. Despite the description of a general pattern at the city level energy demand obviously
varies according to the building characteristics such as use, envelope and energy systems installed.
For example, although at the city scale cooling demand is observed to increase up to 25.5%
compared to the baseline scenario, simulations show that daily cooling demand during hot days can
reach up to 300% increase. In the CDTE the visualization of the building’s characteristics and the
comparison of scenario data through plotting, further facilitate the analysis of each case to better
understand the single building performance.

Renovation measures. The third set of scenarios addresses the implementation of renovation
measures and the impacts on building energy demand on the current building stock. The scenarios
were based on different renovation approaches: A scenario focusing on improving the climate shell
(e.g. insulating the walls, roofs and replacing windows), one focusing on building installations
(replacing HVAC systems and adding energy generation through solar cells where suitable) as well
as a deep renovation scenario which combines the two approaches (see section 3 for a detailed
description of the scenarios and the underlying assumptions).

Figure 4. Climate warming impact on building energy demand in the city of today.

Figure 5. Climate warming impact on building energy demand in the city envisioned by the Comprehensive
Plan 2050.
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The results, also in this case, can be visualized on single buildings within the CDTE and are here
summarized at the full city scale. Figure 6 shows the difference in the distribution of the yearly
energy demand of the buildings and compares the distribution of the different scenarios (in red)
against the demand of the current building stock (in blue). In the Climate Shell scenario, the average
energy demand results in a reduction of about 20kWh/m2 and year, suggesting that interventions
such as enhanced insulation, efficient windows, and roof upgrades can greatly reduce heating
requirements. The Building Installations scenario shows an even more significant decrease in the
median demand of almost 30 kWh/m2 and year, highlighting the large energy-saving potential of
more efficient installations as well as energy generation through solar cells. Finally, the Deep
Renovation scenario shows the potential for energy reduction by combining both former scenarios,
highlighting a decrease in the median energy demand of buildings by almost 50% down to 50 kWh/
m2 per year.

CDT user assessment: Surveys

Detailed results of the assessments are shown in Appendix Awhere the answers of the two groups to
the survey are compared. The assessment took place during twoworkshops engaging different target
groups. The difference in expertise and background of the two groups of participants is particularly
evident in the answers given to the background questions (1–3) where the results indicate that 50%
of the first group had already previous experience with DT, while only 8% of the students have some
familiarity with a DT.

Despite the difference in background, similar answers among the groups were given to question
5 about the possible applications of the DTE. Around half of the respondents consider the DTE
relevant for communicating with other decision-makers, around one quarter saw the relevance in
analysing a building before making decisions on interventions and the last quarter acknowledged
the potential relevance in the DTE for sharing information within companies.

The results of the survey indicated that the DTE was generally considered easy to use by the
survey respondents (both the stakeholders and students). Accessing the platform, visualizing
scenarios results and visualizing building details and graphs were found predominantly easy
(questions 6,7,8). However, the stakeholders in particular found it more challenging to visualize
scenario results and build details and graphs (around one-third reported that this was not easy).

Figure 6. Distribution in the yearly delivered energy demand of the different renovation scenarios (red) and
the current building stock in (blue). The vertical line indicates the median energy demand in the building
stock.
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Most respondents also acknowledged the potential of the DTE to be useful to the public and
enable performance improvements. The majority of respondents found visualizing energy scenarios
the most useful function of the DTE, followed in terms of preferences by the data plotting function
(question 9). Additionally, the DTE was generally evaluated to be useful for understanding the
energy performance of single buildings (question 10). However, a few differences in terms of share
can be seen in the answers of the two groups in the student group there was full agreement on the
usefulness of building performance analysis while among decision-makers 14% considered the
DTE not useful for the purpose.

Similarly, a discordance between the two groups is found regarding the usefulness of the DTE to
define decarbonization strategies. The answers to question 11 indicate that 94% of the students and
only 36% of the stakeholders considered the DTE useful for identifying strategies able to reduce
energy-related greenhouse gas emissions. However, these results seem to contradict the general
agreement found among the two groups about the potential of the DTE in enabling (energy)
performance improvements (question 14). Finally, the majority of the respondents responded
positively regarding the potential of DTE viewer to be useful for the public (question 13).

The workshop 6 participants (stakeholders) were not sure about the reliability and quality of the
data (questions 15–16), which they pointed out as negative characteristics highlighting the difficulty
in understanding how data is created. This could also explain, for example, why relatively few found
the CDT useful for defining decarbonization strategies (difficult to make decisions based upon
uncertain data reliability). After the first assessment with stakeholders, UI optimizations were made
to promote data reliability. In this phase, info buttons were integrated into the interface to explain
functions, scenarios and calculation methods, correlated to additional external sources and original
datasets. Thus, this change might partially explain the different responses of students that for the
majority considered the data contained in the DTE of appropriate quality and showed an increased
trust in the platform.

During the development phase, the DTE was made available only to projects, workshop par-
ticipants and assessment groups. However, having a data platform open to users is considered to be
part of the nature of a DT. When asked to indicate preferences about the accessibility of the public
(question 17), the majority of the respondents indicated that the viewer should be accessible to
municipal decision-makers (stakeholders) and citizens (students). In both assessments, a third of the
respondent indicate their preference for granting accessibility to private companies. Together with
accessibility aspects, the general concern about maintenance had emerged during previous
workshops. In an open question regarding the identification of a responsible for the maintenance in
the long term (question 23), stakeholders indicated a preference for having the city of the public
entity as a primary responsibility, followed by independent companies.

In the final part of the evaluation, the respondent of the two groups had the possibility of sharing
their opinion on the positive and negative characteristics of the DTE and giving suggestions about
new functions to include. The results despite showing in some cases contrasting opinions, high-
lighted positively the visualization of complex data at multiple scales and the platform as a good
basis for initiating a constructive dialogue. Among the negative aspects, a part of the respondents
expressed difficulty in understanding how data was created and in using the interface.

Finally, the assessment groups gave suggestions about future functions that should be included to
make the DTE viewer more useful. Answers to the open question 22 highlighted the need for
including richer datasets (for example, electricity and water demand) and offer scenarios results with
higher time resolution (hourly demand) and for multiple years (for example, 2030). Other re-
spondents have reconfirmed the need for having clearer information about building characteristics,
modelling and variables in the scenarios function. The search function also seems to be a bit hidden
in the interface and should offer more options according to the respondent.
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Discussions and limitations

This paper presented the participatory development process of a CDT for building energy to support
municipal pathways towards decarbonization using the Swedish city of Gothenburg as case. The
application the CDTwas assessed by engaging users (decision-makers) in the development process
through a series of workshops contributing to content development and reflecting on interactivity,
scalability, and openness of the CDT.

The workshop sessions brought enriching debates in the CDTE development process. Unfor-
tunately, a few suggestions of the local stakeholders could not be implemented within the time limits
of the project. A few of those also represent technical challenges that should be considered in future
DT development. Among the challenges, sharing of existing consumption data is a great one. Being
able to have a publicly accessible digital twin implies the open access of data sources and thus the
possibility of sharing geographical data as well as, in the case of the energy domain, consumption
data measured at the building or household level along with scenarios’ results. However, often
energy-related data cannot be publicly shared due to privacy policies and functions such as im-
porting data is feasible only by restricting a part of the platform to private use allowing internal data
exchange for companies. As reflected in the European Data Strategy and the Data Governance Act
(European Parliament, 2022), data privacy is an important objective to enable fair data access and
data-driven innovation. The Common European Data Spaces initiative is framed by a collection of
references that points to specific digital frameworks and infrastructure to facilitate a trusted en-
vironment for data interoperability and sharing. The energy sector is one of the areas where several
data spaces have already been initiated. This is a path to consider in the future CDT development
when sensitive data is involved as the data governance is built into the software reference ar-
chitecture of data spaces and supported by legislation on European level. EU member states must
carry out the transition to open data which in Sweden is handled by Lantmäteriet, a public authority
belonging to the Ministry of Rural Affairs and Infrastructure. According to the Swedish gov-
ernment, Lantmäteriet will have to make their Geodata, for example, properties, buildings, lakes,
roads, vegetation and population open without charging fees until 9 February 2025 the latest
(Lantmäteriet and Lee (2023)).

The CDTE further highlight the potential of digital twins in providing scenarios of possible
futures and envisioning long-term potential changes in energy demand when taking decisions on
robust decarbonization measures. Along with the scenarios modelled in the CDTE, local stake-
holders indicated other data of key relevance that should be integrated to offer a comprehensive
overview of cities’ energy transition and support the implementation of measures. Among those the
most frequently mentioned were the cost of delivered energy and renovation measures, peak
consumption during extreme climate events (heatwave and coldwave) and on daily and monthly
periods, the potential of energy production through renewable sources, supply capacity of pow-
erplants and networks. Long debates interested specifically the definition of building energy de-
mand and its evolution in the electrification transition of the mobility sector. As private electric cars/
vehicles are expected to be connected more and more to private chargers, questions arise by energy
providers on the overall new load on the electricity network and the need to model the supply
infrastructure and its configuration in the building stock. The time scales should also be further
discussed in the development of digital twins in the energy domain. Local administrations com-
mitted to achieving energy targets usually identify subgoals to reach in a specific time horizon. In the
case of Gothenburg the city energy plan identifies decarbonization goals up to 2030, while property
owners organize their strategies on a 5 to 10 years planning. Thus, scenarios should be able to offer
multiple time scales to answer the needs of different groups of decision-makers. Additionally, while
current results underscore the potential energy savings in the building stock, which are hypo-
thetically achievable by applying the indicated renovation strategies, the renovation scenarios are
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applied to all buildings without considering constraints such as cultural heritage value or economic
feasibility. Results are thus showing the technical potential for energy reduction in the Gothenburg
building stock. Richer datasets may be included to facilitate the assessment of the feasibility of the
measures.

The testing and the assessment of the CDTE highlighted that reliability is a very important factor
for users. Showing scenarios’ results seems to be not sufficient to gain trust in the tool without
complementary sources and documentation that explain in detail the modelling methods and the
assumptions behind the calculations. How to promote data reliability in digital twins is a key topic to
address in future studies. A second important factor is the previously debated usability of the viewer.
As for other technological tools, the learning curve might vary according to age and natural
predisposition to using digital environments. This might explain why the answers of the two groups
of users are sometimes contradictory. Further testing should include additional background
questions to try to explain these variations.

Finally, while the CDT in this study focussed on information about building stocks, related
energy use and climate impact, future development of the CDTE should consider adding real-time
data from sensors (for operational energy, connection to electric vehicles for energy storage or
supply). From a broader perspective, the methodological approach for the CDTE development and
use of the CDT has the potential to be extended beyond scenario-construction purposes. Future
testing should explore the development of CDT for supporting crisis management through real-time
data on a diverse set of systemic and environmental issues such as traffic, flooding, drought, heat
waves, wind flows. These explorations should also help to identify spatial datasets to enrich viewer
platforms and users’ experiences.

Conclusions

The paper presents a participatory approach used for the development of the CDTE of Gothenburg
as a tool to support stakeholder communication and decision-making processes in the urban energy
transition domain. The study describes the development process including co-creation workshops,
the modelling of energy scenarios, the development of the user interface and finally reports on the
evaluation by test users. The results further show the relevance of engaging future users in such a
process to build a baseline understanding of needs and limitations in using digital twins for decision-
making.

Three sets of scenarios were selected through previous workshops and showed the importance of
enriching data that describe current city characteristics with data that envision possible future
conditions and that can support more robust choices in the energy sector. Scenarios should emerge
from the needs of local actors and municipalities to address the most relevant concerns and the
variety of spatial and temporal scales required in different phases of energy-related planning. In the
Gothenburg case, energy scenarios addressed the changes in energy demand due to planning
models, climate warming and renovation measures applied to the building stock. Additional energy
scenarios should include the cost of delivered energy and renovation measures, peak consumption
during extreme climate events (heatwaves and coldwaves) and on daily and monthly periods, the
potential of energy production through renewable sources, supply capacity of powerplants and
networks, and the demand of charging electric cars.

The development of the online CDTE viewer further confirmed the necessity of co-creation and
constant feedback loops with potential users. The assessment results showed that the implemented
scenarios were perceived as relevant by the different user groups and most of the interface
functionalities were valuable and intuitive for all stakeholders. Aspects highlighted as the most
important were the visualized scenarios in the CDTE and their ability to start and guide the
discussions between the different stakeholder groups and communicate different perspectives
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including goals, conflicts and overlaps. Local stakeholders, by exploring possible uses of the CDTE
in decision-making, indicated that clarity and readability of the scenarios’ content are key values for
boosting interactions among different administrative spheres. Further observations on the reliability
and quality of the data pointed out that it is fundamental to build trust in the tool by giving access to
detailed documentation about simulation methods, data sources and pre-processing, as well as
modelling assumptions.

Finally, future research, while continuing to improve the technological solutions for digital twins
should promote the interactively involvement of users along the development of more user-friendly
interfaces. Developing Digital Twins interfaces is still often addressed as a solely technical matter
assuming experts as general users. However, digital twins are the key instruments for better planning
in many domains including the energy one, and many decision-makers with different roles, different
levels of digital capability and expertise should be able to use them. Digital twins are important
instruments for the future planning of our cities and have the potential to surpass the traditional
sectionalization and compartmentation of knowledge to finally offer shared bases to facilitate
synergic decisions between cities, energy providers, companies and citizens.
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Björk C, Reppen L and Nordling L (2009) Så Byggdes Villan: Svensk Villaarkitektur Från 1890 till 2010 [So
Were the Houses Built: Swedish House Architecture from 1890 to 2010]. Stockholm, Sweden: Formas.
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Lantmäteriet (2020c) Laserdata NH. https://www.lantmateriet.se/sv/Kartor-och-geografisk-information/
geodataprodukter/produktlista/laserdata-nh/ (accessed 10 November 2020).
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