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Abstract

Reducing light pollution and promoting sustainable lighting practices require new tools that
integrate environmental, social, and technical considerations in design processes. Urban
Digital Twins are emerging as powerful instruments for this purpose, enabling integrated
evaluation of lighting impacts on both people and ecosystems. This paper presents an
exploratory evaluation of NorDark-DT, a recently developed urban digital twin designed
to support the sustainable planning of lighting infrastructure in green urban areas. This
exploratory assessment was conducted with master’s students engaged in lighting design
practices. Participants performed two task-oriented exercises of planning and comparing
lighting configurations after-dark for a site in Uppsala, Sweden. Results show that NorDark-
DT effectively facilitates the exploration of alternative lighting solutions within realistic
green urban area contexts and encourages reflection on issues such as light pollution,
biodiversity, and ecological preservation. Nevertheless, further improvements are required
to enhance the user interface, expand analytical capabilities, strengthen integration with
professional lighting software, and optimize performance for varying hardware setups.
Beyond professional practice, the tool also proved valuable for educational purposes by
promoting interdisciplinary collaboration and broadening students” understanding of
sustainability in lighting design. Overall, this study provides an initial step in a usability
assessment of NorDark-DT, confirming its potential to support environmentally responsible,
socially aware, and well-informed lighting interventions.

Keywords: digital Twin; urban digital twin; urban lighting design; urban data visualization;
assessment

1. Introduction

Light infrastructure has become closely intertwined with the development of modern
cities, not only serving as a driver of economic growth and urban activity [1,2], but also
enhancing safety and comfort [3,4]. However, the rapid expansion of artificial lighting
has also resulted in increasing levels of light pollution, which over the past decades has
emerged as a major environmental concern [5-7]. Changes in natural light conditions have

Buildings 2025, 15, 4425

https://doi.org/10.3390 /buildings15244425


https://doi.org/10.3390/buildings15244425
https://doi.org/10.3390/buildings15244425
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0009-0004-7030-3864
https://orcid.org/0000-0003-3791-3981
https://orcid.org/0000-0001-6132-1252
https://orcid.org/0000-0003-0385-2770
https://orcid.org/0000-0002-2443-7640
https://orcid.org/0000-0001-9772-263X
https://doi.org/10.3390/buildings15244425
https://www.mdpi.com/article/10.3390/buildings15244425?type=check_update&version=1

Buildings 2025, 15, 4425

20f 18

been shown to affect both human health and ecological systems negatively, highlighting
the need for more systematic approaches to mitigation [8-11]. Consequently, there is a
growing demand for innovative methods that support the sustainable design of lighting
infrastructure, strengthening multidisciplinary collaboration and fostering the education of
new professionals capable of integrating ecological, social, and technological perspectives
in lighting design. Such approaches should combine technological development and urban
planning with participatory and collaborative strategies to balance human needs and
environmental protection [11-13].

Urban digital twins have emerged as keystone tools in modern city planning and
administration, anchoring the evolution of intelligent cities [14,15]. These dynamic and data-
rich virtual representations of physical urban environments not only facilitate long-term
strategic development but also provide real-time insights that enable adaptive decision-
making [14]. More formally, an urban digital twin is defined as “a dynamic high-fidelity
representation of real-life entities of city systems and sub-systems that reflects their states and
behaviour across their lifecycle and that can be used to securely monitor, analyse, and simulate
current and future states using data analytics, data integration, and artificial intelligence aimed at
improving the quality of life and well-being of citizens” [14]. Typical applications range from
planning to monitoring and optimization of daily operations of urban areas, including,
among others, traffic management, road planning, and urban pedestrian analysis [16-20],
pollution and waste management [21-23], building conservation [24], sustainable city
development [25], community engagement [26], and lighting infrastructure design [27-30].

In parallel with the emergence of urban digital twins, other visualization and simula-
tion technologies have been increasingly explored for lighting design and analysis. Virtual
reality (VR), for instance, has proven particularly effective for representing lighting envi-
ronments and studying perceptual, emotional, and behavioural responses to light [31-34].
Such immersive tools provide designers and researchers with the ability to evaluate selected
human-centered lighting conditions without the need for costly or time-consuming physical
prototypes. However, despite their advantages, VR-based approaches have some limita-
tions to simulate real-world lighting; also, they typically lack the dynamic, data-driven
capabilities needed to support continuous, real-time analysis and long-term planning
within urban contexts [35].

Recent studies have therefore begun to bridge this gap by linking virtual representa-
tions with real-world data streams. For example, Tabbah et al. [30] developed a lighting
design framework that integrates data exchange between physical and digital environments,
demonstrating the potential of digital twin concepts for lighting applications—though still
limited to indoor settings. This highlights the need for tools capable of addressing outdoor
and ecological dimensions of lighting design.

NorDark-DT builds upon these developments as a specialized urban digital twin
designed to visualize natural environments during nighttime and to support the planning
and implementation of sustainable outdoor lighting infrastructure. Beyond its technical
capabilities, NorDark-DT was conceived to integrate multiple societal and ecological per-
spectives, reflecting the diverse concerns and interests present within urban environments.
By simulating after-dark environmental and human conditions, the tool enables urban
planners and designers to craft lighting strategies that promote both nature conservation
and human well-being [29]. A distinctive aspect of NorDark-DT is its more-than-human
perspective, which allows users from difference domain to visualize nighttime environ-
ments and assess the potential impacts of lighting infrastructure not only on humans but
also on wildlife. This integrated and transdisciplinary approach positions NorDark-DT as
both a collaborative decision-making platform and an educational resource for exploring
the intersections of urban design, ecology, and sustainable lighting.
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NorDark-DT has been applied in preliminary analyses across several scenarios, in-
cluding exploratory investigations of how vegetation density affects the illumination of
public spaces and can be used to reduce light pollution in natural areas, and walkability
index assessments under different lighting configurations [28,29]. These initial applications
not only provided promising insights but also demonstrated the potential of the tool as
a resource for research, professional practice, and educational purposes in sustainable
lighting and urban design.

This paper presents a preliminary, exploratory usability assessment of NorDark-DT,
focusing on its application by lighting design graduate students from the KTH Royal
Institute of Technology (Sweden). The aspiring lighting designers tested the DT through
task-oriented activities involving the analysis of outdoor lighting design problems and the
comparison of alternative lighting options. This work aims to explore initial user experi-
ences and perceptions of the tool in order and thus provide early insights to inform future
validation studies with educational institutions and professional practitioners, including
light designers, urban planners, municipal stakeholders, and real-world projects.

2. Materials and Methods
2.1. NorDark-DT

NorDarkDT is an urban digital twin designed to support the development of sustain-
able lighting infrastructure for urban green spaces [29]. This digital twin has been created
as part of the NorDark project, (https:/ /nordark.org/ (as of September 2025)), an interdis-
ciplinary initiative aimed at generating new knowledge for sustainable design in urban
environments after dark. The foundation in sustainable design of lighting infrastructure
lies in balancing multiple factors, including human well-being and behavioural patterns,
and low energy consumption, while also minimizing negative impacts on wildlife.

The current version of the digital twin contains 3D environments related to the two
study locations of the NorDark research project: one in Alesund, Norway, and another
in Uppsala, Sweden (Figures 1a and 1b, respectively). Field experiments involving mod-
ifications to lighting infrastructure and wildlife monitoring were conducted exclusively
in Uppsala. Furthermore, the tool was designed with the flexibility to create simulated
environments for additional locations beyond the initial sites.

(a) Alesund site. (b) Uppsala site.

Figure 1. NorDark-DT screenshots. (a) 3D environment set to the Alesund site. (b) 3D environment
set to the Uppsala site.

The NorDark-DT architecture comprises four components (see Figure 2): (1) Data Man-
agement, which handles data from the twin itself and external sources, focusing on lighting
infrastructure configurations and approximative luminance calculations; (2) Parameter
Specification, defining parameters for simulating scenarios like sky conditions, weather, and
vegetation distribution; (3) Computation, involving luminance score assessment and aggre-
gation of variables (e.g., luminance, slope, speed limit) using weighting-based schemes;
and (4) Visualization, enabling analysis through luminance score displays, comparisons,
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and map-based visualizations of aggregated results. For more details regarding the require-
ments and features of the Nordark-DT, the reader may refer to [29].

Visualization

Scene Navigation Light/Energy Measurement Visualization Map-based Visualization
FretpeTsor Computed Luminance Luminance Luminance Vect:r/raster
Navigation Luminance Visualization Visualization Map | data
Visualization in a Line in a Rectangle Visualization Visualization
Computation . .
Light Measurements Energy Data Aggregation
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Data 1 1 1
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Parameters

Figure 2. NorDark-DT arhictecture.

Figures 3 and 4 show screenshots of the digital twin, illustrating some of its
main features, including navigation across different positions in the 3D environments
(Figure 3a,b), modeling of weather conditions (Figure 3c,d), computation of luminance
scores (Figure 4a,b), change in the lighting infrastructure (Figure 4c), and comparison of
different lighting intervention alternatives (Figure 4d—f). Enlarged versions of the fig-

ures can be found in Supplementary Material S4. NorDark-DT can be downloaded from
https:/ /nordark.org/ (As of September 2025).

(c) Raining condition. (d) Snowing condition.

Figure 3. NorDark-DT features. (a,b) Navigation from one location to another. (c) Simulation of a
rainy condition. (d) Simulation of a snowy condition.
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(e) Comparing configurations under snowfall. (f) Comparing luminance maps.

Figure 4. Screenshots of the NorDark-DT features used to measure luminance, change lighting design
infrastructure, and compare light design. (a) Computation of luminance along a line. (b) Computation
of a luminance map. (c) Addition of a light pole in a target site. (d) Comparison of two configurations.
(e) Comparison of the two configurations under snowy conditions. (f) Comparison of luminance
maps computed according to the two selected configurations.

2.2. Evaluation Protocol

This paper introduces an exploratory evaluation of NorDark-DT through a task-
oriented activity conducted with master’s students engaged in lighting design practices.
To evaluate the functionality and relevance of Nordark-DT in lighting infrastructure de-
sign, we carried out a task-oriented assessment involving next-generation profession-
als—individuals who are typically more receptive to technological innovations. This
approach allowed us to explore both the educational and professional dimensions of
NorDark-DT, highlighting its potential to support learning outcomes and enhance design
processes through task-driven engagement.

Task-oriented assessment in computing and software development is implemented
through goal-driven activities that evaluate systems and learning outcomes based on
real-world tasks. It is particularly effective for assessing software usability by simulating
real-world scenarios that reflect user behaviour [36]. In education, task-based assessments,
such as those used in the Bebras initiative, help measure students’ computational thinking
through structured problem-solving activities [37,38].
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The task-oriented activities implemented focused on three key objectives: Assess
participants’ initial familiarity with digital technologies and digital twin (DT) applications
in lighting interventions for green urban areas. Evaluate the usability of Nordark-DT,
including the accessibility and intuitiveness of its core features. Explore changes in under-
standing regarding the role and potential of urban digital twins in lighting design after
interacting with the tool. In addition to these objectives, we gathered participants’ first
impressions of the broader value of urban digital twins in enhancing lighting design for
green urban spaces.

2.2.1. Participants

Nineteen students enrolled in the MSc Architectural Lighting Design program at
the KTH Royal Institute of Technology in Sweden participated in the assessment of the
NorDark-DT tool. This evaluation took place during the H52008 Light and Space-Outdoor
course in the Fall of 2023. The students enrolled in the MSc Architectural Lighting Design
program at the KTH Royal Institute of Technology are typically international, multidis-
ciplinary graduate students with academic or professional backgrounds in architecture,
interior design, engineering, or other lighting-related design fields.

All participants were asked to sign the Consent Form. The purpose of the Consent
Form was to obtain formal agreement from the students to participate in this research. This
is a necessary requirement when conducting surveys that may involve the collection of sen-
sitive information. The consent form outlines the objectives of the study, that participation
is voluntary and can be stopped at any time, and briefly describes how the collected data
will be used (see Supplementary Material S1).

2.2.2. Assessment Procedures

The assessment session began with a brief introduction to the NorDark research
project, providing participants with the context and objectives of this research, as well
as the purpose of the NorDark-DT tool in supporting the design of sustainable lighting
infrastructure.

Subsequently, a presentation on NorDark-DT was delivered, demonstrating its func-
tionality and key features, including the ability to explore different scenes (Uppsala and
Alesund sites), modify weather conditions, modify lighting poles, and add vegetation. A
user manual for the digital twin was also provided. Participants were then invited to down-
load and install the tool on their own computers, with compatible versions available for
Windows, macOS, and Linux. After installation, participants were invited to develop two

tasks (see Supplementary Material S2) and to answer a questionnaire (see Supplementary
Material S3).

2.2.3. Task-Oriented Description

The objective was to analyse the lighting conditions along a pathway in a natural area
under varying environmental (day and night-time) and weather scenarios (Task-01), and to
propose a new lighting design that enhances visibility and safety after dark (Task-02). The
selected location was a site in Uppsala, Sweden—chosen because it is the only NorDark
study site where both lighting infrastructure modifications and wildlife monitoring have
been implemented (refer to [29] for a description of the study areas). To support the task-
oriented activities, participants were provided with a detailed guide outlining each step
(see Supplementary Material S2).

In Task-01, participants familiarized themselves with the digital tool by following a
series of steps to recreate the Uppsala study scenarios. Task-01 began with participants
opening the 3D scene of the Uppsala site and adjusting parameters such as date, time, and
weather conditions. This allowed them to observe variations in natural light conditions
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across seasons (summer and winter) and times of day (Figures 1b and 3a). In the next
step, participants were instructed to navigate or walk along the path to simulate how a
person might perceive different lighting conditions at the after-dark site and under different
environmental conditions (Figure 3a—d). Finally, participants generated luminance-based
measurements using the computational tools available in the NorDark-DT platform. This
was performed by drawing a line between two points in the 3D scene and generating a
luminance graph (see Figure 4a).

In Task-02, participants evaluated two different lighting infrastructure designs, which
were built upon the results of Task-01 by introducing a new lighting design and comparing
the two. Participants were asked to place and relocate light poles within the scene (Figure 4c)
and define their specifications using 3D models (object representation) and IES files (light
intensity distribution). They then measured the luminance conditions of the new design
and saved the results. In the final step, participants compared the initial configuration from
Task 01 with the new design from Task-02 by analysing luminance maps and configurations
(Figure 4d-f).

2.2.4. Questionnaire

The questionnaire addressed five different aspects. First, it focused on participants’
familiarity and previous experience with digital tools, including digital twins, and their use
in planning, lighting interventions, and lighting design within urban green areas. Second,
it assessed the usability of NorDark-DT during Tasks-01 and Task-02, evaluating how easy
it was to complete these tasks. Third, it collects information on the participants’ perceptions
of the tool’s potential for supporting lighting design and evaluating alternative lighting
configurations. Fourth, the questionnaire evaluated the improvement in participants’
understanding of digital twin technology following the task-oriented activities. This was
achieved by asking the same question before and after using NorDark-DT: “How do you
rate your understanding of how digital twins work before/after using the tool?”. Fifth,
it gathered qualitative feedback through two open-ended questions: “Do you have any
comments or suggestions to improve the digital twin?” and “How useful do you find the
digital twin for your professional domain?”

3. Results
3.1. Participants’ Familiarity with Digital Tools

Figure 5 provides an overview of the participants’ familiarity with digital tools, digital
twins, and tasks related to the planning of lighting interventions in urban green areas.
Most of the participants expressed a “Medium” to “High” level of familiarity with lighting
design processes (Figure 5a). However, their familiarity was lower in the context of urban
green areas, where most of the participants experienced a “Low” level (Figure 5b). The
participants were lighting design graduate students, most with a background in architecture
and other building design professions, and while outdoor lighting is a part of the course
curriculum, related coursework had just begun shortly before this study.

In relation to their familiarity with the use of digital tools, most participants indicated
“Medium” to “Very high” familiarity (Figure 5a). Concerning the use of urban digital twins
for lighting intervention planning (Figure 5d), participants reported varied levels, including
lower levels of familiarity, being mostly from “Medium” to “High” and “very low.”

When asked about their familiarity with using digital tools for designing lighting
interventions in green urban areas, participants were distributed relatively evenly across
the spectrum—from “high” to “very low” familiarity (Figure 5e). However, when specif-
ically asked about the use of urban digital twins in these contexts, participants reported
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significantly lower familiarity. The majority indicated a “Medium” level of familiarity,
followed by “Very Low” and “Low” (Figure 5e).

How do you rate your familiarity
with light design initiatives for
urban green areas?

How do you rate your familiarity
with light design initiatives?
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Figure 5. Results of the questionnaire assessing participants’ familiarity with digital twins and urban
digital twin tools for lighting interventions in urban green areas. The x-axis represents categories of
familiarity, ranging from “Very low” to “Very high.” The y-axis indicates the number of participants.
n denotes the total number of participants. (a) Familiarity with design initiatives. (b) Familiarity with
light design initiatives for urban green areas. (c) Familiarity with digital tools for light intervention.
(d) Familiarity with digital twins for light intervention. (e) Familiarity with digital tools for light
intervention in green urban areas. (f) Familiarity with digital twins for light intervention in green

urban areas.



Buildings 2025, 15, 4425

90f18

3.2. Evaluation Regarding Task-01

Figure 6 summarizes the results of the evaluation of Task-01. Overall, participants
found the task approachable, with most reporting positive experiences across its com-
ponents. Scenario Setup (Figure 6a): The majority rated this step as “Very Easy” (13),
“Easy” (2), or “Normal” (3). Only one participant found it “Difficult,” and none rated it as
“Very Difficult.”

3D Scene Navigation, walk in the path (Figure 6b): Five participants rated it “Very
Easy,” nine “Easy,” and two “Normal.” Three found it “Difficult,” while none selected
“Very Difficult.”

Luminance Condition Assessment (Figure 6¢): Ratings were predominantly positive,
with four participants selecting “Very Easy,” eight “Easy,” and six “Normal.” Only one
participant rated it as “Difficult,” and none as “Very Difficult.”

Overall Task Execution (Figure 6d): Most participants found Task-01 manageable, with
four rating it “Very Easy,” eight “Easy,” and six “Normal.” Again, only one participant
reported it as “Difficult,” and none as “Very Difficult.”

How easy was to navigate (walk) in

How easy was to set the scenario the path (Task 1)?

related to Task 1?

20 -
20 1
5 )
- T 16 -
lé’ 16 %
g |2 8
S 124 3 121
5 S
£ g o
© Q
f_" 8 5 8
5 5 5
2 4 3
e 4 2 3 £ 2
2 1 z
0 0
Very Easy Normal Difficult Very Very Easy Normal Difficult Very
easy difficult easy difficult
(a) (b)

How easy was to perform
How easy was to assess the Task 1?

luminance condition (Task 1)?

20 -

20
& )
- L 16
£7%7 =
- c
& 3 12
£ 121 ]
= £
5 8 g 4] 8
- 81 6 k] 6
3] =
= ] 4
[ 4 2o
Ko 4
£ 41 g 4
2 1 z 1

0 0

Very Easy Normal Difficult Very Very Easy Normal Difficult Very
easy difficult easy difficult
(c) (d)

Figure 6. Results of the questionnaire assessing the usability of the software, based on participants’
ratings of the difficulty in completing the activities in Task-01. The x-axis represents difficulty cate-
gories, ranging from very easy to very difficult. The y-axis indicates the number of participants. The
value of n denotes the total number of participants. (a) Easiness in setting the scenario. (b) Easiness in
navigating in the 3D scene. (c) Easiness in assessing the luminance condition. (d) Easiness of Task-01.
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3.3. Evaluation Regarding Task-02

Figure 7 presents the results related to Task-02. Overall, participants showed a mixed
but generally moderate level of ease in completing the steps of this task.

How easy was to design a light

How easy was to set the scenario intervention according E)O the
related to Task 2? 20 - proposed scenario?
20 1 =
& T 16
,%, 16 A E
£ s 12
8 12 g
2}
£ g 8
3 g 7 5 81
k] 6 E s
2 4 4 g 4 3 3
s 4]
3 4
z 1
0 0
Very Easy Normal Difficult Very Very  Easy Normal Difficult Very
easy difficult easy difficult
(a) (b)
How easy was to perform
How easy was to compare Task 2?
luminance maps (Task 2)? 20 -
20 + =
s 16
I 16 =
E -
2 12 4 %
2 © 8
t o
L 5 8]
o g 5
2 E
Q 44 3
£ 47 3 2
=]
4
0 - 0 -
Very Easy Normal Difficult Very Very Easy Normal Difficult Very
easy difficult easy difficult
(c) (d)

Figure 7. Results of the questionnaire assessing the usability of the software, based on participants’
ratings of the difficulty in completing the activities in Task-02. The x-axis represents difficulty cate-
gories, ranging from very easy to very difficult. The y-axis indicates the number of participants. The
value of n denotes the total number of participants. (a) Easiness in setting the scenario. (b) Easiness in
performing the light intervention. (c) Easiness in comparing luminance maps. (d) Easiness of Task 2.

Scenario Setup (Figure 7a): Most participants found this step manageable; four par-
ticipants rated it “Very Easy,” seven “Easy,” and six “Normal.” Only one participant
considered it “Difficult,” and none rated it as “Very Difficult.”

Lighting Intervention Design (Figure 7a): This activity was most commonly rated
as “Normal” with participants, followed by four “Very Easy” and two “Easy.” Three
participants found it “Difficult,” and none selected “Very Difficult.”

Luminance Map Comparison (Figure 7c): This was perceived as more challenging.
Seven participants rated it as either “Difficult” or "Very Difficult.” Nevertheless, a substan-
tial number rated it “Normal,” while a few found it “Very Easy” (3) or “Easy” (1).

Overall Task Execution (Figure 7d): Most participants assessed Task-02 as “Normal”
(8) or “Difficult” (5). Fewer rated it as “Very Easy” (3) or “Easy” (2), and none selected
“Very Difficult.”
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3.4. Understanding of the NorDark-DT Tool

Figure 8 shows the results for the assessment of participants regarding their under-
standing of the NorDark-DT tool before and after using it. Most of the participants did not
have a full understanding of NorDark-DT before performing the assigned tasks. Fifteen
out of nineteen of them (Figure 8a) reported “Very Low” (3), “Low” (9), or “Medium” (2)
levels of understanding. Only four participants reported “High” and none at “Very High.”
The assessment changed considerably after using the tool (Figure 8b). In this case, 16 out of
19 participants reported “Medium” (5), “High” (8), or “Very High” (3) levels. Only three
participants reported “Low” understanding and none, “Very Low.”

How do you rate you understanding

about the digital twin works How do you rate you understanding

about the digital twin works AFTER

. RN P
20 BEFORE using it?? 20 - using it??
© =
= )
E 16 ‘l‘T: 16 4
e =
£ 127 g 12
s 9 5
s ;: 8
g 81 S 81
k] 4 ‘S 5
g 49 2 g 4 3 3
5 0 g
Z 9 Z 0
Verylow Low Medium High Very Verylow Low Medium High Very
high high
(a) (b)

Figure 8. Understanding before and after using NorDark-DT. (a) Before. (b) After.

Figure 9 shows the results related to the assessment of the potential of using the
tool for understanding (Figure 9a), designing (Figure 9b), and comparing (Figure 9c) light
interventions. Most participants acknowledge the tool’s strong potential across tasks, with
over 10 rating it as “High” or “Very High.”
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Figure 9. Potential of using the NorDark-DT digital twin. (a) Understanding light design problems.
(b) Designing light interventions. (c) Comparing light intervention alternatives.
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3.5. Qualitative Assessment

Fourteen participants provided comments and suggestions to improve the digital twin.
Many users noted that the software is too heavy and demands high-performance hardware,
such as gaming laptops, to function effectively. Some comments provided include “It’s very
heavy for a laptop” and “Would be great if the software had lesser graphical demands”.

Interface and usability were also mentioned as relevant aspects to be improved in
the NorDark-DT. Elements of the interface were described as not intuitive enough in
some situations, requiring users to make additional efforts. One direction of improvement
pointed out was borrowing usability principles from Dialux (“I suggest that the environment
could be somewhat more similar to Dialux’s way of configuring the light, etc.”), one of the
mainstream lighting simulation software that most practitioners and learners in the lighting
design field are familiar with.

Improved controls for supporting navigation in the 3D environments were also sug-
gested (“a(n) easy interface to navigate, commands could be clearer, say copy, select, and move”).
Some participants reported that some controls were imprecise, giving the impression of
“flying” over the scene.

Other feature enhancements that were mentioned included the following: adding
more options to control luminaire settings for large areas, providing customizable views to
understand results for specific scenarios, and enabling scenario comparisons (e.g., lighting
designs for different seasons or weather conditions). Tools to compare graphs across
scenarios were also requested, as these additions could make the software more practical
and insightful (“...if we could compare graphs in two scenarios, it could be more reasonable”).

Regarding the evaluation of how useful the digital twin is in their domain, 11 partici-
pants provided feedback, and all of them indicated that the software is or can be useful
or very useful in the urban lighting design domain. The software was seen as a powerful
tool for urban analysis and research studies (“I believe it is a powerful tool for urban analysis
and research studies”; “I think it is very useful to find the appropriate solution for urban lighting
design”), although some users caution that its computer-based results might differ from
real-world outcomes. Nonetheless, it is valuable in supporting research efforts before
moving to fieldwork. Its potential for educational purposes was also highlighted, especially
in teaching sustainability and interventions through small projects, allowing students to
better understand and engage with these concepts. One comment on that direction was, “It
... also might be good in education with more information or diving deep into the purpose (with a
small project?) to understand or educate students on the sustainability or interventions, etc.”.

4. Discussion

Lighting design must balance human needs with environmental protection, which
requires tools that enable the integration of knowledge from several fields [11,39]. Such
tools should not only support sustainable design practices but also contribute to the
education of future professionals by fostering interdisciplinary collaboration, broadening
their perspective beyond human-centered needs [40,41]. In this context, educational and
professional tools that emphasize sustainability—such as energy efficiency, reducing light
pollution, and ecological considerations—are particularly valuable in lighting design and
urban planning. Urban digital twins have emerged as promising instruments for advancing
sustainable design and facilitating cross-disciplinary collaboration. However, as their
application in specific domains remains at an early stage, it is crucial to develop, test, and
implement methods to validate their usability. In this paper, we present an exploratory
assessment of the urban digital twin NorDark-DT [29], developed to support the sustainable
design of green urban lighting infrastructures. The assessment was carried out with MSc
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students in Architectural Lighting Design through a task-oriented evaluation involving
potential users of the tool.

4.1. Overview of the Main Findings

Our results showed that most participants reported moderate to high familiarity
with design initiatives, digital tools, and digital twins (Figure 5). Nevertheless, they
indicated less experience with the design of interventions for urban green areas, which may
represent a limitation to the validity of the conducted assessment. This gap underscores the
importance of reinforcing digital tools in education, particularly in architecture and lighting
design programs, where exposure to emerging technologies can better prepare students for
professional practice and interdisciplinary challenges [40,41]. The digital twin can provide a
practical testing environment for evaluating lighting scenarios while also arousing curiosity
for obtaining knowledge relevant to urban green areas and more-than-human perspectives
in an educational context. Integrating new technological tools into architectural and urban
planning education is essential for equipping future professionals with the skills required to
address complex urban and environmental challenges [42,43]. Despite participants” limited
experience with certain application domains, their backgrounds in design and planning
make this preliminary usability assessment of the NorDark-DT relevant for informing
future developments and validations.

Overall, the proposed tasks were perceived as moderate to easy (Figures 6 and 7),
with Task-02 considered more complex, likely due to the need to compare luminance maps.
This task also required users to save and later reopen a configuration file, making it more
demanding. Despite these challenges, participants showed a marked improvement in
their understanding of how the digital twin operates as they progressed through the tasks
(Figure 8), suggesting that most features become manageable once users gain experience
with the tool. To further reduce the learning curve, usability principles and lighting-related
terminology from mainstream simulation software, such as Dialux, could be selectively
integrated. However, if the long-term aim is to position the digital twin as a tool for
broader urban planning applications, reliance on field-specific terms and functions may
limit accessibility for non-specialists. In that case, early developments might best focus on
intuitive visualization of illuminated environments to support the exploration of future
scenarios involving humans, non-humans, and ecological contexts. A balanced incorpo-
ration of established lighting principles, while maintaining accessibility for users from
diverse professional backgrounds, could strengthen the tool’s utility across both specialized
and interdisciplinary domains. In this context, integrating multi-criteria assessment proce-
dures [44] into the digital twin can support participatory and informed decision-making
on different lighting scenarios, involving both experts and non-specialists.

Responses to the open-ended questions emphasized that NorDark-DT is particularly
valuable for simulating lighting changes before they are implemented in real-world en-
vironments. This capability is especially relevant in complex contexts such as outdoor
interventions in green spaces, where designers must balance human perception with eco-
logical impacts while evaluating alternative solutions [11,43]. By enabling the visualization
of selected light fixtures within realistic environments, the tool offers a practical means to
test and refine designs, leading to better-informed decision-making. Its current features,
such as importing 3D models and comparing scenarios through luminance maps, further
strengthen its utility. However, we acknowledge that luminance is only one photometric
parameter, and more nuanced estimations of human visual perception at low light lev-
els, visual comfort, and species-specific responses will require the inclusion of additional
metrics in a future, updated version. The current NorDark-DT version functions primar-
ily as an intuitive design tool that integrates standard-relevant calculation features with
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game engine capabilities; it is a first step toward future capabilities, including identifying
and planning of dark corridors and light barriers, simulating spectral characteristics of
illumination to evaluate potential influence on humans and other species, and analysing
brightness—contrast ratios to assess discomfort glare from various viewpoints. Looking
ahead, future developments could enhance the digital twin with more precise and informa-
tive visualizations of light effects—such as distribution and colour appearance (and spectral
characteristics)—by incorporating additional light source and luminaire data-based metrics
and related visual representation.

Overall, the software was widely regarded as a valuable tool, particularly for outdoor
lighting projects and for developing a broader understanding of lighting design through
visual simulations informed by real-time data from specific testbed sites. It is essential
to note that, at this stage, NorDark-DT functioned as a prototype, a “simulated visual
representation” rather than a data-driven reflection of reality. Previous studies used a
virtual reality tool to assess perceived safety, motivations to visit park environments [45],
and subjective visual comfort, combined with fatigue assessment. These studies are eval-
uated through parameters of illuminance levels and correlated color temperature (CCT)
values [45,46]. The results of the studies suggested that various combinations of these
parameters could result in different experiences of perceived interest, safety, and exhaustion.
The highest light level (10 1x) combined with the warmest (2500 K) and coolest (6500 K)
CCTs negatively affected the experience of the study’s participants. The results of the other
study indicated that the average illuminance levels defined in the study (2, 6, and 10 1x)
were the most important factor in determining physiological fatigue, regardless of CCT
(3000, 4300, and 5600 K). However, existing studies examine the various influences of a
limited set of lighting parameters in an isolated manner, without taking into account the
dynamic, site-specific conditions. The digital twin model could support the implementation
of these parameters, along with additional ones relevant for low-light exterior conditions,
to facilitate more holistic assessments related to the planning and material conditions of
specific exterior sites in the future.

The potential of a digital twin in lighting design practice and education lies in its
ability to generate predictive scenarios based on real-time information, illustrating how
designed outdoor lighting interacts with various site conditions such as varying weather
(e.g., snow cover or rain), sky conditions, and pedestrian or cyclist movement. Previous
studies have shown these factors to be relevant in amplifying light pollution under cloud
cover [47] while positively affecting human well-being through enhanced natural light
exposure from snow cover [48]. Such an interaction would allow planners to analyse,
predict, and further implement adaptations while the virtual reality interface remains
limited to test a set of conditions in a pre-modelled environment that cannot dynamically
reflect the real site circumstances.

Students highlighted that working with an Urban Digital Twin encouraged them to
explore aspects of lighting design beyond human perception, such as ecological protection
and reduction in light pollution. This broadened perspective not only raised awareness of
the environmental implications of design choices but also fostered a more holistic approach
to sustainability [41,43]. Furthermore, the collaborative use of the tool in task-oriented exer-
cises was seen as an opportunity to strengthen interdisciplinary skills, as students needed
to integrate insights from ecology, technology, and design in their decision-making [40].
However, its closed environment presents challenges for project management and limits
integration with mainstream tools commonly used by lighting designers. A further limita-
tion is the requirement for high-performance hardware, which may reduce accessibility for
some users. Despite these challenges, participants emphasized the considerable potential
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of NorDark-DT to enhance lighting design processes and support more sustainable and
informed decision-making.

The high level of geometric and visual detail incorporated in the NorDark-DT tool
was chosen to more accurately depict a natural forested environment both visually and in
terms of simulating the behaviour of light; however, it presents significant challenges in
reducing computational demands without compromising visual fidelity.

4.2. Practical Application

The usability evaluation indicates that Nordark-DT is a promising tool for advancing
sustainable lighting practices. By integrating environmental, social, and technical consid-
erations, it supports informed assessment of different lighting configurations for urban
green outdoor areas. Participants also recognized its value in enhancing understanding of
lighting design through visual simulations powered by real-time data from specific testbed
sites. In addition, Nordark-DT shows strong potential for use in educational contexts,
helping students develop skills in applying sustainability-oriented concepts within their
lighting design practices.

4.3. Limitations and Further Developments

The preliminary assessment of NorDark-DT was conducted with students who had
limited experience in real-world lighting design for urban green areas, which may have
influenced the depth of feedback obtained. Another limitation concerns the absence of a
control group, which prevents direct comparison with existing design tools or traditional
assessment methods. Future studies should therefore involve professional lighting de-
signers and incorporate controlled, comparative evaluations to more precisely confirm the
tool’s effectiveness and generalizability. Expanding evaluations to include participants
with mixed levels of expertise and diverse backgrounds could also generate a more com-
prehensive understanding of digital twin usage, informing both feature refinement and
future development directions in educational and professional contexts. For instance, pro-
fessionals working in outdoor environments may require functions, such as accurate light
level calculations or fixture selection aligned with established standards, while educational
settings could benefit from the digital twin’s flexibility to experiment with after-dark urban
scenarios that move beyond standardized lighting characteristics. Such complementary
perspectives highlight the potential of the tool to evolve as both a professional resource and
an educational platform, bridging practice and pedagogy in sustainable lighting design.

The usability study was not associated with real-world testing of the lighting interven-
tions explored in the tasks, which limits the ecological validity of the results. Future work
could involve evaluating selected lighting alternatives in multiple outdoor sites to better
examine their practical implications. This would be particularly beneficial in educational
contexts, where hands-on validation of design proposals could further strengthen students’
learning outcomes and contribute to sustainability-focused lighting curricula.

The hardware requirements and their usability implications may impact the practical
adoption of the tool in professional and real-world contexts. In its current implementation,
the tool employs occlusion culling within Unity 3D to optimize the rendering process by
selectively excluding non-visible objects from computation. Further optimization could
be achieved through the application of GPU instancing, which enables the rendering of
multiple instances of an identical mesh using a single draw call, thereby minimizing CPU
overhead. Moreover, the integration of Level of Detail (LoD) components would allow for
adaptive mesh complexity based on the viewer’s distance, effectively decreasing vertex
processing and enhancing overall rendering performance.
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5. Conclusions

New technological developments in urban planning and in the education of future
professionals are essential to address emerging societal and environmental challenges.
The sustainable design of lighting infrastructure requires balancing human, societal, and
economic needs with the preservation of natural ecosystems and biodiversity. In this
context, digital tools such as NorDark-DT can play a pivotal role in bridging technology,
ecology, and design education. The NorDark-DT prototype used in this study has shown
considerable potential as a tool for promoting transdisciplinary skills, enabling students
and practitioners to think holistically about the relationships between environment, nature,
and human activity when designing lighting interventions. By simulating realistic after-
dark urban and natural scenarios, NorDark-DT supports sustainable lighting design while
fostering critical reflection on ecological and social impacts.

Although the prototype tool demonstrated clear educational and professional value,
future work should include additional parameters relevant to lighting in urban forests as
well as broader validation with professionals from diverse disciplines, experience levels,
and institutional contexts to further refine its capabilities and ensure its effectiveness in
both teaching and real-world urban planning applications.
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