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A B S T R A C T

Many European cities are investigating how to transition to climate-neutral transport systems. Due to the
transport system’s complexity and uncertainty about the future, identifying drivers and choosing effective
policies to make the city more sustainable is challenging. Additionally, the chosen policies need to be supported
by relevant actors. This study aims to support the municipality of The Hague in generating robust policies
supported by and within the municipality. We build on participatory modeling and decision-making under deep
uncertainty to create a novel approach to address this goal. In two workshops, the participants formulated goals
and objectives, created Causal Loop diagrams, and identified potential interventions. Using a set of possible
futures, the interventions were then stress-tested to evaluate their robustness. By explicitly linking, for the first
time, participatory modeling and decision-making under deep uncertainty approaches, the participants could
understand the system better and deal with uncertainty. Participants gained insight into systemic complexity
and methods to deal with it, the inter-relatedness of interventions and their effects, and a shared understanding
of the problem and its scope. This study demonstrates the potential of a novel approach to generate supported
robust interventions to achieve the goal of a climate-neutral transport system.
1. Introduction

Many European cities are investigating how to transition to climate-
neutral transport systems in the next years (European Union, 2022).
Owing to the complex nature of the system and uncertainty about
the future, identifying drivers to make the city more sustainable and
choosing effective policies is challenging. Policies that seem effective in
the present may have unintended consequences under different future
trends or events that alter the systems’ functioning. Transitioning to
sustainable mobility has been described as a ‘‘very piecemeal, con-
tested, and often fragmented process’’ (Berger et al., 2014). As such,
the transition of the transport system toward climate neutrality is a
long-term planning challenge that involves dealing with deep uncer-
tainty (Lyons et al., 2021). To confront the current mobility challenges,
new perspectives, knowledge, and approaches are needed (Glaser et al.,
2019).

Deep uncertainty emerges when decision-makers lack clarity or
agreement on the system, governing actions and their outcomes, which
outcomes should be considered, and their relative importance (Lempert
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et al., 2003). Deep uncertainty is especially evident in decisions made
over time in dynamic interaction with the system. In striving for
climate-neutral transport systems, the overarching goal may be clear,
yet decision-makers face the challenge of dealing with the intricacies
inherent in the system. Transport systems are intertwined with other
systems, such as energy, land use, and societal dynamics, that amplify
the complexity (Lyons, 2004). Moreover, stakeholders engaged with
the transition often hold diverse perspectives on the challenges faced
and may advocate for different preferred courses of action (Jittrapirom
et al., 2021).

Successful policies need support from relevant actors (e.g., decision-
makers, civil servants, and local citizens). Engaging stakeholders in
the policy-making process through participatory modeling can help
to elicit their knowledge, foster social learning, and mobilize support
and sustained commitment to transformative initiatives (Voinov et al.,
2018; Mingers, 2011; Cockerill et al., 2009). In this context, we define a
stakeholder as anyone affected by (e.g., local inhabitants) or able to af-
fect a situation (e.g., decision-makers, public servants). Although many
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stakeholders are important in achieving a climate-neutral transport
system, the government is vital as a key stakeholder (Sunitiyoso et al.,
2023). While participatory systems modeling is not a novel method,
participatory techniques rarely focus on uncertainty or restrict it to
variability in input parameters to the model (Voinov et al., 2016).

To address deep uncertainty, the field of decision-making under
deep uncertainty (DMDU) provides several approaches that support
long-term planning for complex systems under deep uncertainty (Mar-
chau et al., 2019a). However, DMDU studies have been mainly fo-
cused on developing analytical approaches, with little explicit regard
for shared sense-making and coming to a decision (Führer et al.,
2024; Malekpour et al., 2020; Stanton and Roelich, 2021). The liter-
ature highlighting and addressing this niche is increasing (e.g., Lem-
ert and Turner, 2021; Bhave et al., 2018; Linnerooth-Bayer, 2021;
ojórquez-Tapia et al., 2021; Johnson, 2021), but still limited.

In this paper, we address the gap in the literature by proposing
novel qualitative participatory modeling approach, building on par-

icipatory modeling and decision-making under deep uncertainty ap-
roaches, and applying it to a case study in The Hague, the Netherlands.
he proposed approach brings together interdisciplinary stakeholders
ithin the municipality to develop robust policies to realize a climate-
eutral transport system that the municipality would support. We
how participants are well-equipped to envision alternative systems and
olutions under uncertain futures. Moreover, we contribute a holistic
iew of the system with multiple stakeholder perspectives that com-
lement the current research on modeling mobility transitions that
end to focus on single innovations (Hoekstra and Hogeveen, 2017;
ensen et al., 2017; Harrison and Thiel, 2016), or a narrow selection
f policies (Köhler et al., 2010; Mercure et al., 2018). By linking
hese different approaches, which so far have been used separately,
he new approach enabled participants to understand the system better,
eal with uncertainty, and generate supported robust interventions to
chieve their common goal, in this case, the climate-neutral transport
ystem.

This paper is structured in the following manner. We start by in-
roducing relevant theory on participatory modeling under uncertainty
nd the wicked problem of mobility transitions in Section 2. Then, we
escribe the methods and the case study in Section 3, followed by the
nterpretation of results in Section 4. We conclude with a discussion
f the process, the outcomes, and implications for future research in
ection 5.

. Participatory modeling under (deep) uncertainty

In this study, we employ participatory modeling under deep uncer-
ainty to untangle the mobility system’s complexity and achieve the
ollowing: (1) to generate robust interventions for a transition to a
limate-neutral mobility system and (2) to mobilize support for those
nterventions among the participants.

A transition is characterized as an ongoing, gradual process of struc-
ural change within a society or culture (Rotmans et al., 2001), leading
o a profound transformation of the system’s functioning (de Haan,
010). Köhler et al. (2019) describe transitions as multi-dimensional,
o-evolutionary processes with many actors with varying characteris-
ics and values. The inherent complexity of socio-technical systems such
s the transport system arises from the involvement of multiple actors
ith potentially conflicting values and perspectives on the system and

he present issues. These actors may also have different preferences
egarding potential solutions to address the issues. Further, these actors
re affiliated and nested within various institutions, each with its own
esponsibilities and spheres of influence. Consequentially, uncertainty
egarding the system and its boundaries, as well as the appropriate
cope of the analysis, prevails. On top of that, the future is uncertain.
lanning situations with these characteristics have been described as
icked (Rittel and Webber, 1973). The domain of transport has been a

ocal point for transitions research (Köhler et al., 2019; Holtz, 2011).
2 
Mobility transitions, in particular, are not only influenced by policies
and economic conditions but also social influences, habits and routines,
cultures developed over time, and lock-in situations resulting from
earlier decisions (Mehdizadeh et al., 2022).

Modeling is a useful tool for untangling and understanding complex
systems such as the transport system. Holtz et al. (2015) highlights
three merits of utilizing modeling in the context of transitions. First,
models are explicit (Epstein, 2008). In the process of constructing a
model, clarity in assumptions, definition of variables, and their re-
lationships are required. These requirements foster transparency and
dialogue between stakeholders, making the modeling process a useful
tool for participatory processes (Vennix, 1996). Second, models provide
a means to explore dynamics within complex systems. Human compre-
hension and reasoning often fail to appropriately deal with feedback,
time delays, and non-linear behavior associated with a complex sys-
tem (Sterman, 1994). Models can aid in understanding and exploring
emergent phenomena resulting from interactions within the system,
providing some insights into underlying processes (Holtz et al., 2015).
Third, models facilitate systematic experimentation. They provide a
means to experiment and explore different policies, assess the conse-
quences of unresolved uncertainties, or evaluate inherent stochasticity.
Such experiments would be impossible in the real world as they are
prohibitively costly and socially impactful (Kwakkel and Yücel, 2012).

Participatory modeling enables us to incorporate different perspec-
tives and knowledge and gather support. Involving stakeholders in
modeling processes aims to formulate shared and formalized repre-
sentations of reality, offering an established approach to deal with
wicked problems (Voinov et al., 2018; Mingers, 2011). The fundamen-
tal premise is that engaging stakeholders in modeling facilitates the de-
velopment of a shared understanding of the problems. The participatory
process also fosters ownership of the problems and necessary actions
to resolve them among the participants (Franco and Montibeller, 2010;
de Gooyert et al., 2022). Participatory modeling functions as a social
learning journey for participants, providing a platform to deepen their
understanding of the complexity of the system, enhance agreements on
causalities (Jittrapirom et al., 2021; Rouwette et al., 2011), and develop
an appreciation for the uncertainty inherent in data and methods (Cock-
erill et al., 2009). Stakeholders can be involved in any component of
a participatory modeling process, but it is unlikely that any particular
stakeholder is involved in all of them (Voinov et al., 2016).

To generate robust interventions that are effective and not harmful
in different futures, we consider deep uncertainty. While there are
different levels of uncertainty (Kwakkel et al., 2010), deep uncertainty
describes situations in which stakeholders do not know or cannot
agree upon the system and its boundaries, the outcomes of interest
and their prioritization or desirability, and probabilities for uncertain
key variables and parameters (Lempert et al., 2003). A variety of
approaches have emerged to support decision-making under deep un-
certainty (DMDU), such as Dynamic Adaptive Planning (Walker et al.,
2001), Dynamic Adaptive Policy Pathways (Haasnoot et al., 2013),
and Robust Decision Making (Lempert et al., 2003). Within DMDU,
models are intended to be used as exploration tools for generating
and examining possible futures (Marchau et al., 2019b). A central
goal of DMDU is to identify robust policies. Robustness is a metric
that summarizes how well a policy or intervention performs under a
wide range of (uncertain) conditions, and not just in the most likely
ones (Lempert and Collins, 2007; McPhail et al., 2018).

Summarizing, the mobility system (1) is complex, wicked, and
dynamic, with uncertain futures, and (2) involves various actors who
influence the system and have different views on it. Therefore, we
combine participatory modeling and decision-making under deep un-
certainty to reach our goal.

3. Research design

We applied our combined participatory decision-making under deep
uncertainty approach to a case study in The Hague, the Netherlands.
This section introduces the context of the case study and the approach
followed.
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3.1. Case study: The challenge for the municipality of the Hague

The Hague is the third largest city in the Netherlands, with about
half a million inhabitants. The Hague is one of 100 cities participating
in the EU mission for climate-neutral and smart cities by 2030 (Euro-
pean Union, 2022). As part of this mission, the municipality seeks to
reduce emissions in all sectors, including its transport sector. The mu-
nicipality has identified some potential projects to achieve its ambition,
such as an on-demand transport service, an expansion of the zero-
emission zones, and an implementation of e-cargo bike hubs. However,
it was challenging for the municipality to generate additional ideas and
select and prioritize potential projects, as stakeholders have different
opinions and preferences. The municipality also wants to consider ex-
plicitly the interactions between the mobility system and other systems
that the municipality is responsible for, such as the housing sector or
spatial development.

As part of the municipality’s effort to drive the initiative of climate
neutrality by 2030 forward, it organized regular consortium meetings
involving stakeholders from different sectors, such as transport oper-
ators, user groups, infrastructure companies, and other businesses, to
discuss and gather their opinions. The research team came into contact
with the municipality and started a co-creation process that explored
how a participatory modeling process can support the municipality’s
decision-making concerning the climate neutrality initiative.

As part of the project, the research team conducted two workshops
aimed at enhancing a collective understanding of the city’s transport
system among the participants. These workshops employed approaches
such as modeling and stakeholder engagement. The goal was to lever-
age these workshops to elicit expert knowledge within the municipality,
thus facilitating the co-creation of knowledge, formulating a shared
system understanding, and fostering cross-departmental collaborations
that will lead to effective interventions that are robust and supported by
workshop participants. The process also embraces uncertainty by iden-
tifying potential future trends and events and their impacts on possible
actions, enabling the robustness of these actions to be evaluated.

3.2. Planning of the workshops

The workshops were planned in close collaboration with our con-
tact persons from the municipality. At the outset of the project, the
objectives and desired outcomes of the workshops were discussed
and determined. Based on these objectives and desired outcomes, the
planning of the activities commenced. After several rounds of discus-
sion, we formulated the agenda for two workshops that lasted three
hours. The agenda and activities within each workshop were designed
by researchers, with multiple feedback rounds from the municipality
contacts.

We identified potential workshop participants, aiming to gain a
wide range of expertise from various teams related to the mobility
transition within the municipality. Our contact persons from the munic-
ipality chose and invited participants from various departments, such
as transport planning, sustainability, smart city, and electric vehicle
infrastructure. The participants were selected based on whether their
work is related to the mobility transition. The goal was to gather insight
from different departments within the municipality. In this way, we
aimed to get a system perspective of the city’s mobility system and a
broad range of possible interventions. Moreover, we also considered
the socio-demographic attributes of the potential participants to get a
diverse group in terms of socio-demographic attributes, as far as that
was possible within the municipality.

In addition to the workshops, we designed a survey to evaluate
the process and to get insight into what participants consider the
main outcomes and what they learned. We conducted a survey with
open-ended questions before and after each workshop.
3 
3.3. Workshop objectives

The overall aim of the workshops communicated to the partic-
ipants was to support the municipality in accelerating a transition
towards climate neutrality in Hague City, focusing on the urban mo-
bility system by involving members of the municipality in a participa-
tory model-building exercise. The objectives of the workshops are as
follows:

(A) define and clarify the exact problems, objectives, desirable fu-
ture states, and barriers to achieving them

(B) elucidate the current understanding of the system (in this case,
the transport system) and the relationships with other systems

(C) explore different options (of actions and measures) that con-
tribute toward realizing the objectives and visions

(D) identify different possible futures and uncertainties that can
influence actions and preferences on different courses of actions

These objectives guided the design of the workshop steps.

3.4. Design of the workshops

We used DMDU as an overarching framework for the design of
the workshops’ structure. A DMDU analysis follows three general
steps (frame, explore, and choose), each consisting of several ele-
ments (Führer et al., 2024). There is no strict order, and differ-
ent DMDU approaches emphasize different elements (Marchau et al.,
2019b; Lempert, 2019). We used the elements of the first two DMDU
steps (Framing and Exploring) as a guiding framework for the work-
shop activities. First, framing the analysis includes formulating the
problem, specifying the system and its boundaries, and identifying
alternative policies. Second, exploring involves specifying uncertainties
or disagreements about external forces or policy changes, outcome
indicators, and the relative importance of specific outcomes. The third
step, Choosing, is not included in the scope of the project as the
selection of options to realize the goal may require consideration of
other factors, such as political feasibility or public support, that are
beyond the scope of the project. Based on this, the workshops followed
six steps:

1. Clarify the goal and scope of the project
2. Define objectives and KPIs
3. Create Causal Loop Diagrams
4. Identify potential interventions
5. Generate possible futures
6. Evaluate the robustness of the interventions

The first step was to clarify the goal and scope of the project.
The previously set goal is climate neutrality or net zero emission
of all activities within the urban area by 2030. This goal provides
specific, measurable, and time-bound outcomes; however, clarification
was needed to know what it entails for the mobility system. To clarify
the goal, we asked participants to elaborate on what images of the
future mobility system the goal of a climate-neutral city suggests to
them. We then elicited the relevant scope for this project along the
dimensions of space, time, and jurisdiction. We chose these dimensions
because they inform the types of interventions that are possible and
help to think about who would be responsible. We used nominal group
technique for both questions to elicit the outputs (Harvey and Holmes,
2012). This technique has two main steps: participants first generate
ideas silently and individually before sharing them with the group in a
round-robin fashion.

The second step was to define objectives and key performance
indicators (KPIs) that are coherent with and contribute to realizing
the set goals. First, the participants were asked to identify specific
objectives that can be set to realize the goal. These objectives were
required to be tangible and measurable with KPIs. The participants
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were also asked to specify the stakeholders responsible for reaching
these objectives. The aim was for the participants to be explicit about
the objectives and actions leading to the set goal.

The third step involved developing a qualitative model in the form
of Causal Loop Diagrams (CLDs). Causal Loop Diagramming is a qual-
itative modeling technique showing the system as causal relations
between key variables that are assumed to explain dynamic behavior.
Its small number of conventions makes it straightforward to use with a
non-technical audience (Lane, 2000). CLDs were employed to visualize
complex relationships between variables influencing the utilization of
different modes of transport, such as bicycles, public transport, personal
cars, and shared cargo bikes. We chose Causal Loop Diagramming over
other participatory modeling methods because it allows the creation
of a comprehensive overview of the system with directed relationships
(as opposed to, e.g., concept mapping) and is qualitative (as opposed
to, e.g., Bayesian networks) (Voinov et al., 2018). Additional steps to
develop the CLDs into quantitative models were considered by the team
but were discarded as more workshops would be required, and the
municipality felt quantitative models would have limited benefits at
this stage.

We began by identifying all transport modes that the participants
believed should be included. Then, a voting session was conducted to
determine which modes were most important to the participants. We
explained the basic elements of the CLD and created one CLD with the
whole group to illustrate the modeling technique before dividing the
participants into groups of two to three to create one CLD each. Four
modes that received the most votes were assigned to each group to
work on. We used the corresponding Group Model Building script to
provide step-by-step instructions (Hovmand et al., 2012). Group Model
Building (GMB) is a participatory method for involving stakeholders
in developing system dynamics models (Vennix, 1996; Andersen et al.,
2007). The steps for creating a CLD included first collecting all variables
from the group with the nominal group technique to support effective
brainstorming. To do this, the participants wrote down variables in-
dividually before sharing them round-robin. The facilitators collected
them on the wall and asked for clarification where necessary. Second,
the variables are connected in the CLD. The central problem variable
is the use of the mode that the diagram is created for. When creating
the CLD, the variables directly affecting the use were first connected.
Then, other variables were connected to create causal chains. In the
end, feedback loops were identified and discussed with the participants.

The fourth step was to identify potential interventions that would
enable the goals and objectives to be realized. First, the participants
wrote down their ideas individually. For each intervention, participants
answered the following questions:

• What would be done?
• Which mode will be affected?
• What type of intervention is it? (e.g., infrastructure, financial in-

centives, rules, new technology, changing values and paradigms,
etc.)

• Who would be responsible for implementing the intervention?
• Over what time horizon does it take effect?
• Which objective(s) from the second step does it contribute to?

hen, all interventions were collected on the wall, clustered in a matrix
n which the rows represented the mode affected by the intervention,
nd the columns showed the type of intervention. Clustering the in-
erventions in this way helped to visualize whether there was variety.
articipants then voted on the most promising interventions to continue
ith for the following exercises.

In the fifth step, participants were encouraged to think of possible
vents and trends in the future that can affect the potential interven-
ions identified in the previous step. The outcomes of this step are then
sed to stress-test the interventions. We used the widely recognized
nvironmental scanning framework STEEP as a guide to get a varied

election. The framework helped to identify potential future events and t

4 
rends within five categories: social, technological, economic, environ-
ental, and political. Like the previous steps, participants noted their

deas individually before collecting them on the wall.
The sixth step was to evaluate the robustness of interventions using

xploratory thinking (Malekpour et al., 2016). Exploratory thinking
s an approach that considers alternative perspectives to a planning
ssue. Participants are asked to think creatively and challenge routine
ssumptions. Doing so can potentially reveal some blind spots in the
usiness-as-usual-planning (Malekpour et al., 2016). Policies are stress-
ested by asking under which conditions a policy will fail to deliver its
ntended consequences. The goal is to create a shared understanding
f the vulnerabilities of different policy candidates (Moallemi and
alekpour, 2018). As a result, some policies might be deemed highly

ulnerable and therefore undesirable; some remain viable if their ro-
ustness is enhanced through some additional measures (Moallemi and
alekpour, 2018). We modified this approach by first collecting future

onditions instead of just asking under which conditions a policy might
ail. We did this to generate a wide range of future conditions from
hich to choose. This exercise was performed in groups of two to three
articipants. First, participants were asked to describe the consequences
f their intervention on the transport system, linking the interventions
ith the CLD created in the third step. Second, they were asked to select

utures from the previous step that may affect the intervention and
escribe the impact. These impacts might be positive or negative con-
erning the goal and objectives. The assessments help to determine the
ecessity for additional actions to safeguard the interventions should
hese futures occur, making the interventions more robust (i.e., the
nterventions are effective in any given future).

.5. Data collection and analysis

We collected data through audio recordings, observation, and a
hort survey before and after each workshop. This data included the
roducts of the workshop activities, as well as the opinions and insights
f the participants. We report the products resulting from the workshop
n the next section, classifying them into visible outputs, such as the
oal and the model, and the less visible outputs, such as improved
ommunication and shared understanding (c.f., Franco and Rouwette,
022).

The observation was done by a research team member who was
ot involved in the facilitation process. Throughout the session, they
oted the variety of perspectives, who is participating and who is not,
hen communication happens, and when participants are open to new

deas. For each workshop step, there were observations specific to that
tep, such as considerations for decisions or disputed aspects. Before
nd after each workshop, the participants answered a short survey.
efore the workshops, we asked about expectations for collective as
ell as personal outcomes, as well as concerns they may have. After

he workshops, we elicited the key outcomes and insights.

. Interpretation of results

We conducted two workshops of three hours each, involving nine
articipants from the municipality. Participants included municipal
mployees from various departments and various layers of the organi-
ation, but they were not all familiar with each other. All participants
ould contribute equally to the workshops, independent of whether
hey were involved in the workshop initiation and design phase. The
irst workshop occurred on May 8, 2023, and the second on June 5,
023. The workshops were designed and facilitated by the research
eam. During the workshops, two researchers acted as facilitators and
ne as an observer. The research team guided the participants through

he process but did not contribute to group discussions.
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4.1. Visible products of the workshops

As a result of the six workshop steps, there are six visible products
of the workshops: (1) the overall goal, (2) objectives and KPIs, (3)
a Causal Loop Diagram, (4) a list of potential interventions, (5) a
selection of possible futures, (6) and the robustness evaluation of four
of the interventions.

4.1.1. Overall goal
In the first step, we formulated an overarching goal based on the

responses from the participants. The goal is A healthy, clean, safe,
inclusive, and climate-neutral transport system that provides diverse se-
lections of sustainable mobility options accessible and affordable to all
travelers by 2030. The scope of this goal was defined along the following
dimensions:

Spatial: Neighborhood, city, Rotterdam-The Hague metropolitan area
(depending on the measure)

emporal: pilots and temporary measures as soon as possible, climate
neutrality by 2030, national goals by 2050

uridical: all levels, including national and EU

.1.2. Objectives and KPIs
We defined objectives as measurable targets that contribute toward

ealizing the goal that was set. A summary of all objectives that
articipants named in step two of the workshops is the following:

alking and cycling: Increase the share of walking and cycling trips
in the modal split

ublic transport and shared mobility: Increase usage of public
transport and shared mobility services

Energy use and emission of the transport sector: Transition
energy source for transport sector toward sustainable sources

Land use and access to facilities and green space: Adjust land use
and transport services to minimize trip distance and maximize
accessibility and livability

Private vehicles and associated externalities: Reduce personal ve-
hicle use and associated externalities

Implementation processes and collaborations: Increase the num-
ber of successful pilot projects and collaborations with stake-
holders

Each objective also has a set of Key Performance Indicators (KPIs).
While the objectives are quite comprehensive, it is notable that there
were no objectives related to financial or operational aspects of the
transport system. The participants identified various stakeholders that
they deem responsible for reaching the objectives, primarily the munic-
ipality, public transport companies, and the city’s residents. Further,
they also considered other levels of government, such as the Euro-
pean Union and the national and regional governments. Besides these
central stakeholders, others include shared mobility providers, local
businesses, other municipalities in the region, housing developers, and

large employers. l
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4.1.3. Causal Loop Diagrams
As part of the third step, participants created Causal Loop Diagrams

(CLDs) that illustrate how different key variables affect the emissions of
a transport mode of their choice. Within the given time, the participants
were encouraged to write down as many variables as possible that
would influence the emission level of the selected modes. They then
had to identify the causal connection between the variables. In the
diagram, an arrow with a ‘+’ signifies a positive relationship, meaning
that a change in the influencing variable causes a change in the same
direction for the influenced variable (i.e., more of variable A leads
to more of variable B). Vice versa, a negative relationship is marked
through an arrow with a ‘-.’ It means that the change caused by a
variable is in the opposite direction (i.e., more of variable A leads to less
of variable B). We explained the activity by creating one CLD with the
whole group; the result can be found in Fig. 1. Participants were then
split into groups. The results from the four small groups can be found
in Fig. 2. After the first workshop, the outputs from this exercise were
synthesized by the researchers to provide the main insights within one
diagram that helps to understand the underlying factors that affect the
usage of a transport mode and to identify possible actions and policies
that will influence the usage (Fig. 3).

The key message from the diagram is that the usage of a transport
mode is initiated by travel demand and can be affected by influencing
variables (e.g., cost, availability of the mode and alternatives, parking
facilities, and frequency of the service). These factors can increase or
decrease the usage of a mode. The usage can be further influenced by
reinforcing variables (e.g., ownership, perceived safety, space, conve-
nience, and habit). Reinforcing variables are part of a loop that links
back to the variable and further exacerbates the effect in the initial
direction of change (i.e., increase leads to further increase, decrease
eads to further decrease). Using these modes will generate emissions,
hich substitution with a greener mode with lower emissions can

educe. For example, according to the participants, the usage of bikes is
irectly influenced by whether a bike path is available. This is a positive
elationship; the assumption is that more bike paths lead to more bike
se. A reinforcing variable in this case is, for example, bike ownership;
high bike ownership can lead to more bike usage, and a high bike

sage can lead to a further increase in bike ownership. Knowing these
ariables and their relationship can help identify interventions to influ-
nce the usage and ownership of a transport mode. However, compared
ith existing transport System Dynamics models (Wiman et al., 2022),

he variables describing the changes in demand, such as developments
n the population, job market, or general attractiveness of the city, were
mitted. Further, it is notable that no negative loops were identified,
eaning that limiting factors were not taken into account.

.1.4. Interventions
In step four of the workshops, the participants generated a set of 25

nterventions with great diversity regarding the mode affected and the
ype of intervention (Table 1). Interestingly, the interventions identified
uring the workshops were entirely different from the potential future
rojects of the municipality’s climate-neutral mission. From the list of
nterventions, participants then chose four interventions to investigate
urther.

.1.5. Future events and trends
The fifth outcome is a wide selection of possible future events

nd trends that can influence the project ( Table 2). Common themes
nclude AI and data, pandemics, and a shift in social awareness. In the
licited futures, negative futures are mainly shocks, whereas positive
utures are mainly trends. Many of the futures can be considered quite
ikely; less likely futures are mainly shocks. The time scale of the events
r trends is roughly the same as the goal (2030), some of them possibly

onger.
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Fig. 1. Causal Loop Diagram on car use created by the whole group.

Fig. 2. Causal Loop Diagrams created in the small groups.
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Fig. 3. Causal Loop Diagram summarizing the key insight.
Table 1
Interventions for each transport mode.

Public transport

Only electric public transport is allowed in the city center in combination with
stops/parking for the last mile
Free public transport
More space for bikes in trams and trains
Easier planning of public transport and shared mobility trips (Mobility as a
service), provide one integrated trip planner for all PT and shared mobility

Walk, bike, and cargo-bike

Core facilities (work/health/social/education) are max. 10-15 min. walking or
cycling away
Improve biking infrastructure to make The Hague a bike-friendly city
Increase the amount of safe, spacious, and accessible bike paths; every street
should have a better cycling space than car space; bikes should get priority at
stoplights
Convenient, safe, and green routes to schools
Advertise and normalize walking and bike use on a national level; car use should
be the new smoking
Every street has a shared cargo-bike

Gasoline car

Making owning a big car much more expensive than owning a small car
Introduce more car-free zones (pedestrian- and bike-focused areas), ban all cars
from the city center (except for emergency vehicles and transport for older
people)
Abolish unjustified private car ownership, no more new cars in the city
Decrease the amount of parking spaces and the amount of parking permits in The
Hague
Increase parking costs in the whole city (owner’s permit should increase by 200%
and only one car is allowed per household, visiting permits should be reduced)
Reduce speed for cars
Replace parking (car) places with greenery and bike parking when construction
starts in a street
Offer residents and local businesses to easily swap parking spots for bike spots,
spots for shared micro-mobility, green spaces, or terraces
Close streets for cars to make more safe routes for ‘slow traffic’
(Experiment with) car-free days (exception: first response vehicles, buses, etc.)
‘Cars as guests’ as the norm on all inner-city streets Substitute car trips of
employees of companies at all business areas

Electric car

Every street has a shared electric car
Automatic limit speed of electric vehicles (city center, Scheveningen area, around
schools)

4.1.6. Robustness evaluation
The sixth outcome is the robustness evaluation of the selected

four interventions. In this step, the participants first described the
consequences of implementing the selected four interventions on the
transport system. Then, they chose four to five futures from the list
of potential futures ( Table 2) and described their expected impacts
7 
Table 2
Potential futures identified with the help of the STEEP framework.

Social

Deurbanization (migration of population away from the city)
Peak car (young generation no longer feels the need for private cars)
Increased in population (100,000 more inhabitants by 2040)
Mass migration driven by extreme climate change
Individualized society (decrease in social cohesion and community)
Sharing society (increase in values, habit, and acceptance to share resources)
Increase of norm to own big cars (SUV)
Elimination of private vehicles in city
Awareness of climate change becomes more prevalent

Technological

Wide use of drones for logistics
Wide use of self-driving vehicles
Discovery of new technology or types of resources that revolutionize the energy
system
Wide use of energy sharing and optimizing system
High electricity demand leads to congestion on the electric network
Wide use of AI in the mobility sector
Limited use of AI in the mobility sector
High use of data and information to support decision-making

Environmental

Intensive and frequent flooding
Outbreaks of bird flu or other pandemics
Rising sea level
Climate change and extreme weather
Higher prevalence of viral diseases due to warm climate and high density of
bio-industry

Economic

Real costs of transport are being considered instead of economic cost
Cost for public transport use or biking are paid fully by the employer
Higher poverty rate
Localization in product consumption leads to reductions in imports
Shortage of raw material leads to more circularity
Public transport becomes more unreliable because of privatization and investment
shortage
End of Dutch fishing industry

Political

Increase in acceptance and support for climate-related restriction interventions
Rise of populism
Shift to the radical right
Phasing out of internal combustion engines and all new cars to be electric in 2030
Complete stop of emissions on a national level (car suddenly not allowed anymore)

on the interventions identified in the previous step. In this way, the
participants uncovered vulnerabilities of interventions and also ex-
plicitly examined the underlying assumptions they may have about
each of the interventions. A vulnerability could, for example, lead to
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Table 3
Robustness evaluation for the intervention ‘Free public transport’.

Future trends and
events

Impacts on the intervention

More inhabitants in
the city

Not enough capacity in public transport
Investments needed
More income and profitability and, therefore, more
certainty
More people means the investment goes up

Climate change
(Heat and extreme
weather, sea rise)

Public transport more desirable in hot and cold
weather than bike/scooter/walk
Fewer cars, fewer emissions, less climate change
More acceptance due to the knowledge of climate
change

Public transport
becomes privatized,
less reliable, and
more expensive

Unreliable, especially in rural areas
People will use it less, especially the disabled
inhabitants
It must be prevented!

Shift to public right No funding for public transport, intervention stops

Increasing data use
in the future

Privatization can be desirable in combination with
data
Payment in the form of data
Combination public transport and energy
infrastructure for other electric modes

the intervention failing to deliver its intended outcome or that the
interventions cannot be implemented at all. Common themes in the
robustness analysis across the different interventions were funding,
capacity, and public acceptance.

For example, one of the interventions regarded in more detail was
‘‘Free public transport outside of rush hours and the whole day for
lower-income citizens’’. The potential consequences that this group
identified are the following:

• Large increase in the use of public transport
• Ridership is more distributed over the day
• Less use of cars but also bikes and walking
• High costs (unclear where the money will come from)
• Certainty of the costs
• Lowering the income gap

The futures chosen by the participants and their impact can be
ound in Table 3.

.2. Less visible products of the workshops

In addition to the visible outputs from the workshops, we gathered
nsights on the individual and group processes through observations, a
eflection at the end of the workshops, and self-reported data in a short
urvey.

Throughout the workshop, the participants seemed motivated and
ngaged with the process. They were attentive to the instructions and
ould follow them to fulfill the tasks according to our expectations.
ven when presented with a technique that was novel to all partici-
ants, such as the Causal Loop Diagrams, the participants were able to
enerate variables, contribute to creating a Causal Loop Diagram in the
roup, and shortly after creating their diagrams in small groups with
imited guidance from the facilitators. To ensure equal contributions
rom all participants, we designed the workshop activities so that
veryone would contribute, for example, collecting ideas on post-its
irst and asking for answers in a round-robin fashion.

The workshops contributed to the participants’ learning at different
evels. At the project level, they learned facts related to the project
rom each other, such as the current mobility policy, the responsibilities
ifferent stakeholders have, and the current tasks of different munici-
ality departments related to the project. Participants reported a shared

nderstanding of the problem and the goal. At the methodology level, t
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the participants learned new tools to deal with system complexity, such
as the Causal Loop Diagrams, Systems Thinking, and the robustness
evaluation process for policies and measures. At the system level,
they reported learning about the interdependencies and complexity
of the transport system. The participants reported that the workshop
enhanced their system knowledge by illuminating the importance of the
whole picture, the interconnectedness, and the factors that influence
mobility choices. On the other hand, some of the relations with other
systems still seemed unclear. One participant reported that ‘‘we did not
get to map out everything so were not able to reach the bottom’’.

The participants noticed limited disagreement during the workshops
and that there might be a ‘‘discrepancy between what they want based
on their expertise and the political feasibility’’. Participants think the
knowledge to reach the objectives already exists, but many hurdles,
such as power, values, and norms, are not addressed yet. A surprising
insight for one participant was widening the thinking of the munici-
pality: ‘‘reframing of mobility as a journey and experience, which I do on
a personal level (how do I like to travel?) but had not talked about in a
municipal setting (what would all the co-benefits be if mobility was more
than getting from A to B?)’’. The participants agreed on the importance of
interdisciplinarity and that systems thinking and embracing uncertainty
are required in the municipality. They indicated a willingness to change
and embrace new methods in their work. Participants further indicated
a need for deeper collaboration within and beyond the municipality.

5. Discussion and conclusion

In this study, we developed an innovative approach for participatory
modeling under deep uncertainty and illustrated how such an ap-
proach can be applied to support the development of a climate-neutral
transport system for the city of Hague. This study demonstrates the
potential of the approach to generate interventions and evaluate their
robustness in the highly uncertain context of climate-neutral mobility.
Our focus with this study lies on step 1, ‘Frame’ and step 2, ‘Explore’
of DMDU (Marchau et al., 2019b; Führer et al., 2024), when there is
still room for more and different solutions (d’Hont and Slinger, 2022).

We applied the approach in a workshop setting with policymakers
and civil servants from the Hague municipality who work in transport
and related fields. Six visible products resulted from the workshops: (1)
a comprehensive list of objectives to foster a climate-neutral transport
system for the city, (2) KPIs associated with the objectives, (3) Causal
Loop Diagrams that helped participants understand the transport sys-
tem, (4) a set of interventions to realize the objectives, (5) a wide
selection of future events and trends, and finally, (6) a robustness
evaluation that surfaced areas of concern for realizing sustainable
mobility, for example, funding, capacity, and public acceptance of the
potential interventions.

In addition to the visible workshop products, softer learning effects
occur when people participate in such a workshop and then return
to their regular work environment. For example, we observed the
participants built a shared understanding of a complex system (i.e., the
ransport system). Supporting participants to prevent them from falling
ack into their old way of thinking requires a deep level of learning (see
lso Pahl-Wostl et al., 2007; Bandura and McClelland, 1977; Reed et al.,
010; Akkermans, 1995). We hypothesize that this kind of participatory
orkshop fosters soft learning effects, helps build actor coalitions (see
reugdenhil, 2010), and can even help facilitate a paradigm shift, but

urther research on this is required.
What insights did we gather from applying this innovative ap-

roach? Participants found value in the systematic structure of the
pproach and how the process supported the generation and exchange
f ideas. They particularly appreciated the systems perspective gained
hrough the process (particularly the formulation of CLDs), which
eems to be a promising and integrative decision-making approach
ithin the municipal organization. Additionally, the process also en-
bled the participants to explore the robustness of possible interven-

ions and think about how to enhance the robustness in the future.
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Despite initial concerns, participants were able to gain systems per-
spectives and address the uncertainty in the process effectively. The
workshop demonstrated participants’ abilities to think causally, vary
the problem scope, envision uncertain futures, and identify unintended
consequences. Notably, the causal loop diagrams, the interventions
generated, and their evaluation are the key outcomes according to
participants.

There are two notable limitations of this study. The first limita-
tion is the limited diversity of the participants, who are municipal
employees tasked with planning and policy-making for transport and
mobility-related problems. Although these participants work in dif-
ferent departments related to mobility, it can be observed that the
group may have high homogeneity in their values and approach to
the subject. The participants were determined to foster sustainability
by sacrificing other objectives. For example, solutions that could be
controversial, such as replacing parking spaces with greenery, were
raised without much contestation among the group members and were
adopted without explicit consideration for the systemic effects on acces-
sibility (particularly for vulnerable groups, such as mobility-impaired
citizens and wheelchair users). Including a wider group of participants
may widen the perspectives on the problem and the scope. Potential
additional participants are, for example, citizens, transport providers,
or stakeholders who may not be as sustainability-focused as the current
participants.

Due to the homogeneity of the group, there were limited conflicting
viewpoints during the workshops, all of which were readily resolved
through discussions among the participants. When applying this ap-
proach to other cases, it is possible that some conflicts may emerge for
facilitators to navigate. Rouwette and Franco (2024) provide strategies
to manage emotion and conflict: establish communication norms to
create a safe environment, foster thinking regarding shared goals, and
invite participants to reflect on their reactions if a situation gets very
emotional.

The second limitation is the contextualization of the approach and
its results to the case. We designed, applied, and evaluated an approach
for participatory modeling for decision-making under deep uncertainty
in a single case study. As such, the resulting identified interventions
cannot be directly generalized to other cases. Even if those cities
are similar in size, inhabitants, or structure, they will differ in other
aspects. However, future research can examine the generalizability of
the process developed in this study by applying the process to support
policy-making in other cities that strive to be climate-neutral.

Another avenue for future research is a deeper investigation of the
Causal Loop Diagrams and interventions. The Causal Loop Diagrams are
a constructionist representation of how the participant group viewed
the system and its problem, and they helped to identify policy interven-
tions and assess these qualitatively. The facilitators guided the group
while remaining neutral on content. While the Causal Loop Diagrams
reveal the relationships among system variables, they only uncover the
existence and direction of such relationships. To address the intensity of
connections, methods such as Interpretive Structural Modeling (Duleba
et al., 2013; Sorooshian et al., 2023) could be useful when choosing
interventions for implementation.

The resulting policy interventions require further exploration and
evaluation regarding efficacy, desirability, or approval within the mu-
nicipality and by the public. We hypothesize that quantitative model-
ing, in combination with participatory approaches, can explore policy
robustness even further. Moreover, additional work is needed to in-
vestigate the potential of participatory activities closer to the actual
implementation of policies, especially when the aim is to democratize
the decision-making (Mayer et al., 2004).

To ensure the successful implementation of interventions, collabora-
tion and coordination between different municipal departments and ex-
ternal stakeholders is essential. Further research could examine factors
that contributed to the success of similar interventions implemented in

other cities and analyze how they could be applied in the context of The
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Hague. When it comes to choosing interventions for implementation,
understanding how they integrate into existing systems and policies
will facilitate the implementation process.

After implementation, evaluating the implementation and impact of
the policies requires a comprehensive framework, including key per-
formance indicators to measure success and data collection methods.
The key performance indicators developed in the workshops can be a
starting point for this. Based on this evaluation, periodic reviews and
adjustments can ensure the effectiveness of the interventions over time.

This study contributes to the practical challenges by providing
policy-makers with a systematic approach to address complex chal-
lenges, such as the transition to climate-neutral transport systems. Its
scientific contribution lies in addressing the two knowledge gaps in
DMDU and participatory modeling. DMDU methods are highly analyt-
ical and rarely participatory; their applications often involve a limited
group of experts, which can limit the perspectives and inclusiveness of
the results. On the other hand, the participatory modeling processes
rarely embrace uncertainty. The approach purported in this study ad-
dressed both by developing a protocol for participatory modeling under
deep uncertainty for climate-neutral mobility. The resulting approach
can be applied to support cities with ambitions to transition towards
more sustainability. The approach facilitates stakeholders in identifying
goals, objectives, and possible interventions. Moreover, stakeholders
familiarize themselves with uncertainty and evaluate the identified
policies in terms of their robustness, meaning they perform well under
a range of uncertain futures. In conclusion, this study contributes to
collecting viewpoints on transitioning from a fossil-fuel-dependent mo-
bility system to a climate-neutral one. We see a role for participation in
this space and demonstrate how well municipal employees are capable
of imagining a broad range of uncertain futures and assessing policy
robustness. We believe that participatory processes can help mobilize
support for actions towards climate neutrality.
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