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Abstract

Finding leverage points for sustainability transformation of industrial and infrastructure systems is challenging, given that
transformation is emergent from the complex interactions among socio-technical system elements over time within a specific
social, technical and geographical context. Participatory multi-modelling, in which modellers and stakeholders collaborate to
develop multiple interacting models to support a shared understanding of systems, is a promising approach to support sustain-
ability transformations. The participatory process of modeling can serve as a leverage point by facilitating social learning
amongst stakeholders, in which models can function as boundary objects that facilitate dialogue between stakeholders from
different social worlds. We propose that participatory multi-modeling allows for the creation of a boundary object ecology,
which involves a set of interacting and co-evolving boundary objects emerging throughout the modeling process. To explore
this, we analyse the participatory multi-modelling process in the Windmaster project in the Rotterdam Port industrial cluster
to understand which design choices were key to the creation of boundary objects. Our analysis shows that two types of design
choices were key: design choices that enabled translations between participants, and those between participants and their
organisation. We conclude that conceptualising participatory multi-modelling as a process of an evolving boundary object
ecology, creating and adapting multiple interacting boundary objects provides a novel perspective that is useful for analysis
and design of future participatory multi-modeling processes.

Keywords Boundary object - Participatory modelling - Sustainability transition - Transdisciplinarity - Energy
infrastructure - Backcasting

Introduction

The transformation of industrial and infrastructure systems
is key to solving sustainability problems like climate change,
resource depletion and the increasing human environmen-
tal impact. Industrial systems and the infrastructures that
enable them to function are complex socio-technical sys-
tems that involve highly diverse social entities (individuals,
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firms, governments, NGOs, etc.), institutions (law, regula-
tion, norms, culture), as well as technical elements (pipe-
lines, chemical factories, power grid, etc.), which all act and
interact over time in a co-evolutionary way (Van der Lei
et al. 2010). Finding leverage points for the transformation
of such socio-technical systems is a challenging task, given
that transformation is the emergent result of complex inter-
actions between system elements over time. These interac-
tions are governed by laws of nature, such as conservation of
mass and energy, as well as by social rules, such as markets
and laws. They involve a wide range of stakeholders, often
with conflicting, individual and organizational rationalities
and interests. Due to this complexity, any deliberate attempt
at transformative change is a wicked problem (Rittel and
Webber 1974), that is hard to solve due to the many diverse
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ways in which stakeholders understand both the problem
definition and possible ways to address the problem.

Models and simulations are powerful tools for repre-
senting complex socio-technical systems and exploring the
deep uncertainty intrinsic to wicked problems (Kwakkel
et al. 2016; Lempert 2003; Calder et al. 2018). They can be
used to systematically create a shared conceptualisation of
a wicked problem, and systematically explore the possible
consequences of decisions and events across many differ-
ent scenarios. Such models typically include interactions
between technical, organisational, institutional, and social
dimensions. Given the complexity of the socio-technical
systems, single perspective models are not able to capture
all relevant dimensions and we must turn to multi-mod-
elling. A multi-model can be understood as a collection
of interacting models, each describing a specific part of
reality from a specific perspective, providing stakeholders
with a coherent, formalised and reproducible representa-
tion of the system of interest and its dynamics over time
(Bollinger et al. 2018, 2015).

Especially when developed and used with stakehold-
ers in transdisciplinary settings, such models can provide
leverage by providing opportunities for alignment and
social learning amongst stakeholders (Voinov and Bous-
quet 2010; Voinov et al. 2016; van Bruggen et al. 2019).
According to Meadows (2008), one of the most effective
leverage points for changing system behaviour is to change
the mindsets or paradigms out of which the system arises.
Participatory modelling is one of the ways in which such
a change can be achieved.

Therefore, when dealing with wicked problems, the pro-
cess of modelling is more important that the results of a
model (Vennix 1999). Developing and using models with
stakeholders has been given various labels, such as group
model building, modelling with stakeholders, collaborative
modelling, or participatory modelling (Voinov and Bous-
quet 2010; Barreteau et al. 2010, 2012; Basco-Carrera et al.
2017). Regardless of the exact label, the practice of mod-
elling with stakeholders is gaining increasing attention in
research and planning. For instance, participatory modelling
has been used in environmental planning and environmental
resource management such as in river basin management
(Videira et al. 2009), air pollution (Yearley et al. 2003),
water resource management (Castelletti and Soncini-Sessa
2007), and fisheries management (Rockmann et al. 2012).

If the participatory process is to be the leverage point for
changing mindsets, and thus a leverage point for transform-
ing industries and infrastructures, it is crucial to have a solid
understanding of what these processes are and how they can
be designed to be more effective. Several authors have used
the notion of boundary object as a concept to explain how
a model can facilitate interaction among various stakehold-
ers in participatory modelling (Barreteau et al. 2012, 2013;
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Jakku and Thorburn 2010). Boundary objects can be defined
as (Star and Griesemer 1989) :

“...objects which both inhabit several intersecting
social worlds [...] and satisfy the informational require-
ments of each of them. [...][They] are both plastic
enough to adapt to local needs and the constraints of
the several parties using them, yet robust enough to
maintain a common identity across sites.”

Boundary objects can thus provide interpretive flexibility
to actors with different worldviews and rationalities, which
allows them to collaborate or communicate despite different
backgrounds, different understandings of results, or different
meaning attached to the boundary object (Star and Griese-
mer 1989).

Although earlier studies (Barreteau et al. 2012, 2013;
Jakku and Thorburn 2010) have shown that a model, as a
boundary object, can facilitate interaction and joint sense-
making amongst stakeholders, it is not clear how a participa-
tory multi-modelling process can deliberately be designed
in a way that it delivers a model that functions as a bound-
ary object. We contend that this requires the creation and
interaction of several other boundary objects throughout the
modelling process that, in a concerted way, enable a model
to function as a boundary object, i.e. a boundary object ecol-
ogy (see Section 2).

Therefore, in this paper, we address the following
research question: What design choices are key to the func-
tioning of a participatory multi-modelling process as a
process of boundary object ecology creation, and what are
implications for leveraging sustainable transformation of
industrial systems?

In order to explore this question, we analyse the “Wind-
master” case (Wurth et al. 2019), a project in which a partic-
ipatory modelling approach was used to identify investment
strategies for energy infrastructure development in the Rot-
terdam Port Industrial Complex (RPIC) in the Netherlands.
The project was a collaboration initiated by several key
stakeholders to explore the infrastructural requirements and
options when more than 5 GW offshore wind energy will
have to be transported onshore in the region by 2030. The
initiators included the Dutch gas and electricity transmis-
sion grid operators TenneT (TNT) and Gasunie (GAS), the
regional distribution system operator Stedin (STD), together
with the Rotterdam Port Authority (RPA), Siemens (SIM),
industry representative Deltalings (DTL), The Institute for
Sustainable Process Technology (ISPT), the Province of
South Holland regional government (PZH) and Delft Uni-
versity of Technology (TUD).

The remainder of the paper is organised as follows. In
Sect. 2, we elaborate on participatory modelling as a trans-
disciplinary process of boundary object ecology creation. In
Sect. 3, we introduce the case of the Windmaster project in
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more detail and explain the methodology we use for analys-
ing the participatory modelling process. Section 4 presents
the analysis of boundary objects and key design choices in
all phases of the Windmaster project.

Section 5 provides a discussion, reflecting on key design
choices in the participatory modelling process, and suggest-
ing avenues for further research. Finally, in section 6 conclu-
sions are drawn.

Participatory modelling as a process
of boundary object ecology creation

Multi-models and participatory modelling

Since large-scale transformations of industrial systems are
an emergent outcome of interactions between social, tech-
nical, and physical elements, any model for supporting
decision-making on large-scale transformations must have
“requisite variety”” (Ashby 1968), i.e. capture the key system
elements and their interaction dynamics. It is impossible
to adequately describe elements of complex systems using
a single modelling formalism or mathematical techniques
(Mikulecky 2001; Mitchell 2003). For example, describing
the behaviour of interacting individuals requires a different
formalism than calculating load flows in an electricity net-
work or addressing the uncertainties of long-term develop-
ments and the ambiguities regarding stakeholder views and
preferences.

Multi-modelling and multi-model ecologies have been
suggested to support planning and decision-making on
large-scale industrial transformation (Bollinger et al. 2018,
2015). Given the wicked (Rittel and Webber 1974) nature of
realising intentional transformative change, any multi-model
representation — regardless how accurate or detailed — will
be a incomplete, biased, and contestable description, fraught
with deep uncertainty (Walker et al. 2013) and ambiguity.
Furthermore, unlike models of natural phenomena, which
are based on laws of nature and can be used to produce pre-
dictions which can be validated by empirical experiments,
models relevant for transformation of industrial socio-tech-
nical systems cannot be used in a predictive manner (Bankes
1993; Hodges 1991).

This raises the question: how can we make such models
useful for decision-making? A variety of model-based robust
decision-making approaches have been put forward in recent
years in response to this question (Kwakkel and Haasnoot
2019; Herman et al. 2015; Walker et al. 2013). The common
basis of these approaches is the use of systematic what-if
analysis using computational experimentation, also known
as exploratory modelling (Bankes 1993; Bankes et al. 2013;
Kwakkel and Pruyt 2013).

There is a lot to gain from stakeholder engagement
through participatory (multi-) modelling. Participatory mod-
elling implies a process in which stakeholders and modellers
develop and use models together. The structured, system-
atic, and collective activity of conceptualising, constructing,
and using models by a group of stakeholders or stakehold-
ers provides unique insights to the stakeholders and ample
opportunities for social learning (Pahl-Wostl and Hare 2004;
Henly-Shepard et al. 2015). This may lead to higher-order or
second-order learning with regard to problem formulation
and principal solutions to solve the problem (Argyris 2002).
Such higher-order learning is required for paradigm change
(Argyris 2002) and may thereby become a leverage point for
system transformation (Meadows 2008).

Boundary objects and translations between social
worlds

A boundary object “inhabits several intersecting social
worlds and allows for translation between those worlds”
(Star and Griesemer 1989). It is a “partial and temporary
bridge which is fairly unstructured when used jointly and
highly structured when used within one of the worlds
involved” (Trompette and Vinck 2009). The concept of a
boundary object is frequently used in studies on interdisci-
plinary and transdisciplinary collaboration (Nicolini et al.
2011; Feldhoff et al. 2019; Kimble et al. xxx) and modelling
(Barreteau et al. 2013). Boundary objects can be physical
(e.g amap or digital interface) as well as conceptual (a frame
or concept, such as ‘leverage point’).

Sustainability transformation of industrial systems is a
clear example of concerted action and interaction across var-
ious societal domains and social worlds; it extends beyond
single organisations and sectors, thereby requiring new col-
laborations between organisations and sectors (Vernay and
Boons 2015; de Bruijn and Tukker 2002; Niesten et al. 2017,
Loorbach et al. 2017). Such collaboration can be challeng-
ing, because these stakeholders typically work in different
sectors or institutional fields (DiMaggio and Powell 1983),
where each stakeholder has its own culture, norms and prac-
tices and operates technical assets of vastly different natures.
Boundary objects enable bridging different social worlds,
allowing for collaboration between stakeholders within
different institutional fields, from different organisations,
and with different backgrounds, expertise, and rationalities
(Trompette and Vinck 2009).

An organisation is embedded in an institutional field
(Fig. 1). An institutional field is “a recognized area of insti-
tutional life: key suppliers, resource and product consumers,
regulatory agencies, and other organizations that produce
similar services or products” (DiMaggio and Powell 1983).
Thus, an institutional field is a network of organisations. The
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Fig. 1 Visualisation of relations between individuals, organisations
and institutional fields

behaviour of individuals within organisations is shaped by
both the organisation, and the institutional field.

Organisations and institutional fields can be considered
different social worlds. Social worlds are “forms of com-
munication, symbolization, universes of discourses, but
also ... palpable matters like activities, memberships, sites,
technologies, and organizations typical of particular social
worlds.” (Strauss 1982)(p. 121).

Individual participants are usually engaged in multiple
social worlds simultaneously. An individual is embedded
in (at least) two nested social worlds, the organisation and
the institutional field (Green et al. 2008) (Fig.1).

In a participatory multi-modelling process these social
worlds need to be bridged. Traditionally, analysis of par-
ticipatory modelling processes focuses on a single bound-
ary object, the model itself. We contend that, before a
model can function as a boundary object, other boundary
objects need to emerge, which together create a boundary
object ecology. In this, the multi-model can be viewed as a
boundary object ecology that overarches and ties together
a collection of boundary objects that emerge during the
participatory modelling process.

An ecology can be defined as a totality or pattern of
relations between organisms and their environment. A
boundary object ecology, represented in Fig. 2 can then
be described as an interacting group of boundary objects
that interact and co-evolve with one another within the
context of a dynamic participatory process. The ecology
perspective on boundary objects points to the temporal
distribution of these objects, and the co-evolutionary pro-
cess through which they get constructed. The first bound-
ary object created becomes the environment within which
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Fig.2 Boundary objects (red connected dots) consisting of a bound-
ary object ecology (red cloud)

the second one is developed, and thus shapes its form and
function. One can use this aspect to deliberately try to
shape the participatory process by focusing on the order
in which boundary objects emerge.

Figure 2 visualises the conceptual framework that will be
used for our analysis. It shows how a boundary object ecol-
ogy enables interactions between participants from different
organisations and institutional fields, allowing for learning
and translations between different levels of organisation
(individual, organisation and institutional field) as well as
social worlds. Note that organisations may be part of one
or more institutional fields; for the sake of clarity we have
separated these in Fig. 2.

In the next section we will introduce the case study in
more detail, and then proceed with our analysis based on the
conceptual framework presented here.

Case study
The Windmaster project

The Rotterdam Port Industrial Cluster (RPIC) is one of the
worlds largest petrochemical clusters, and has a correspond-
ingly large environmental impact, producing approximately
30% of all Dutch greenhouse gas emissions. This cluster
has to undergo a fundamental transformation in order to
contribute to the Dutch climate goal of 49% CO, reduction
in industry in 2030. One potentially feasible transformation
pathway is through electrification of hydrogen production
and industrial heating and cooling, which could reduce over-
all CO, emissions of the RPIC by 70%. This development is
supported by expanding production of renewable electricity
in offshore wind parks on the North Sea in the next decade.
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By 2030, roughly SGW electricity from offshore wind
parks is expected to arrive onshore at the RPIC every year.
While this may seem as a vast amount of electrical energy,
it is a relatively small fraction of what is needed for indus-
trial electrification. Furthermore, the capacity of the exist-
ing electricity infrastructure is inadequate by two orders
of magnitude for accommodating this influx of additional
electricity. Investments in high-voltage transmission and dis-
tribution networks is complicated by long investment times,
high investment costs, limited space and rigid, non-adaptive
and highly resilient institutional arrangements. This is fur-
ther complicated by the fact that industry investments in
electrification depend on availability of infrastructure, while
infrastructure investments rely on industrial demand, result-
ing in a waiting game among relevant stakeholders.

The regional energy infrastructure providers have to
facilitate decarbonisation in the RPIC and the increasing
offshore electricity production at the same time, which calls
for infrastructure investment strategies that are robust in the
face of these major uncertainties and complexities. This was
addressed in the Windmaster project, which ran from late
2018 till summer 2019. Windmaster focused on the question
how to handle the SGW of offshore wind electricity onshore
in the Rotterdam RPIC region, while also enabling decar-
bonisation. The overall aim of the project was to develop and
test a participatory multi-modelling approach for identifying
robust investment strategies for future energy infrastructure
in the RPIC. The project was considered by the stakeholders
as a pilot project, and the participatory modelling process
was framed as a proof-of-principle. The motivation for this
framing was that showing the potential usability of partici-
patory multi-modelling for supporting supra-organisational
decision making on energy infrastructure investments could
mobilise more substantive funding for in-depth follow-up
research. The project was envisioned as a leverage point that
would set in motion a novel approach to infrastructure devel-
opment, able to solve the current locked-in situation. Wurth
et al. (2019) provides a detailed overview of the project, its
methods, and its results.

As the offshore wind electricity can be converted into
hydrogen, the project considered (i) the existing natural gas/
future hydrogen-grid from GTS (Gasunie), in addition to
(i1) the electricity distribution system of Stedin; and (iii)
the High Voltage electricity transmission system ran by the
Dutch national grid operator TenneT. There are various other
relevant energy networks in the RPIC, such as networks for
high and low temperature steam, but given the proof-of-prin-
ciple nature of the project and the limited time and capacity
available these were considered out of scope.

The participatory multi-modelling process fused the
expertise of the authors on participatory visioning, backcast-
ing and stakeholder engagement (Quist and Vergragt 2006;
Ligtvoet et al. 2016; Breukers et al. 2014; Cuppen 2012a;

van der Voorn et al. 2007; Quist 2013) participatory multi-
modelling (Nikolic et al. 2019; van Bruggen et al. 2019;
Bollinger et al. 2018, 2015), adaptive pathways (Haasnoot
et al. 2013) deep uncertainties (Walker et al. 2013; Kwakkel
et al. 2010)and co-creation and constructive conflict in stake-
holder dialogues (Cuppen 2012a, b; Cuppen et al. 2010) The
authors designed the participatory multi-modelling process,
implemented the models, facilitated the workshops and con-
ducted the analyses.

Participatory multi-modelling in Windmaster

Participation is a broad term that can refer to different levels
and types of engagement (Arnstein 1969; van Asselt Marj-
olein and Rijkens-Klomp 2002) In the case of Windmaster,
participation referred to interactive (Pretty 1995)and itera-
tive engagement with stakeholders in the multi-modelling
process (Voinov and Bousquet 2010; Voinov et al. 2016;
Barreteau et al. 2013) or co-learning (Lynam et al. 2007)
Participation involved all steps of the process, from the iden-
tification of project goals to the presentation of results to
decision-makers.

The participatory multi-modelling process used in the
Windmaster project consisted of four phases: (1) a pre-
project proposal, (2) qualitative modelling, (3) quantitative
modelling and (4) a sense-making phase. The qualitative
phase involved participatory visioning, backcasting, and
system decomposition in three workshops of half a day.
The quantitative phase started with the participatory con-
ceptualisation and evaluation of the multi-model, followed
by the computational exploration of deep uncertainties. The
sense-making and finalisation phases included a participa-
tory sense-making meeting for interpreting the results from
the computational exploration, and a closing session.

Table 1 shows the steps in the process and the stakehold-
ers that were involved in each step. All participants of the
workshops represented stakeholders who had co-funded the
project. At least 3 of the authors were always present; 2 to
run the workshops in collaboration with a person from Sie-
mens and a person from the regional infrastructure operator
who joined the core team, while other authors observed and
made notes.

For the analysis presented in this paper, we collected data
through participant observation of the workshops. This ena-
bled observations during the workshops around moments in
which there was discussion about choices within the process,
and reflection on those through the lens of our conceptual
framework. We also used other data sources, such as writ-
ten documents from the meetings, our own notes made dur-
ing workshops and intermediate meetings with the research
team, as well as various communications and face-to-face
meetings with the participants in the project.
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Table 1 Steps in the modelling process and participants involved. Organisations are denoted by their acronym, defined in Section 1. If more than
one person from a organisation is present, their number is denoted in brackets

Project phase Activity Participants

Proposal In-person and teleconference meetings TUD, SIM, TNT, GAS with all other participants, various attendance

Qualitative Visioning workshop TUD (4), SIM (3), TNT, GAS, RPA ,STD, DTL, PZH
Backcasting workshop TUD (4), SIM (2), TNT (2), GAS, RPA , DTL, STD, PZH, ISPT
System decomposition workshop TUD (2), SIM (2), TNT (2), GAS, RPA (2), STD, PZH

Quantitative Data collection Individual meetings TUD and SIM with TNT,GAS,RPA,STD
Multi-model construction in 2-day hackathon TUD (3), SIM (2), TNT (2), GAS, RPA, PZH, STD

Sensemaking Sensemaking session TUD (4), SIM (3), TNT, GAS, RPA, PZH, STD

Closing session

TUD (4), SIM (2), TNT, GAS, RPA, DTL, PZH, STD, ISPT and
several other interested organisations

Based on this data we could retrospectively identify
those boundary objects and design choices that enabled
“moments of translation” (see Sect. 2.2) in the partici-
patory modelling process. Moments of translations are
empirically visible as moments in which participants
overcome a situation of conflict, diverging views or chal-
lenges. This means that moments of translation could only
be identified in hindsight, as without knowledge of how
the process unfolded over time, it is impossible to assess
whether translation took place. We did this through itera-
tive discussions amongst the author team, and reflecting
on the data using our conceptual framework in Figs. 1 and
2. For each phase of the project we identified whether and
which boundary objects played a role in the translations.

The four phases (Table 1) are used to structure our
analysis in the next section. It is organised in two parts:
(i) description of the activities in the phase, including key
design choices; (ii) analysis of how these design choices
contributed to the emergence of boundary objects.

Analysis

This section describes the four project phases in detail
using the conceptualisation presented in Sect. 2.

Each of the four project phases involves different types
of translations and boundary objects. The proposal phase
involved translations between the boards of the involved
organisations and the modellers/research team, and
between participants and the modellers/research team.
In the qualitative phase, translations were taking place
between participants, so more on the individual level, as
well as between the boards of the organisations around the
Go/No Go decision at the end of this phase. The quantita-
tive phase involved translations between participants, as
well as translations between participants and modellers.

@ Springer

In the sense-making and finalisation phase a new type
of translation emerged, namely between participants in
the process and their own organisation (colleagues and
boards). Figure 3 presents the various translations and the
evolving boundary object ecology throughout the project.

Proposal phase

The proposal phase involved (Fig. 3) the creation of the ini-
tial boundary object ecology, through interactions between
organisations with closely related institutional fields and
broadly overlapping social worlds. A small number of indi-
viduals were closely involved in shaping the initial boundary
objects. The involved organisations formed a consortium and
started the project.

Description of activities

For the stakeholders, each of the three core concepts of our
participatory multi-modelling approach was new, in order
of increasing novelty: multi-modelling, participatory mod-
elling, and exploratory modelling under deep uncertainty.
This high degree of perceived novelty constituted uncer-
tainty about the utility of the approach. In particular the
exploratory modelling approach under deep uncertainty
was challenging for infrastructure operators, who tradition-
ally strongly emphasise stability, predictability, and main-
tenance. The proposal stage was therefore key to develop-
ing joint understanding, support and commitment from the
involved stakeholders.

Over a number of iterations with a core group of stake-
holders (TUD, SIM, TNT, GAS, see Table 1), a slide pack
was produced containing the project narrative supported by
visualisations. This slide pack was a boundary object that
resulted from dialogue within the core group; it captured
their joint understanding of what the project should be about.
It was made in such a way not only to enable translation
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Proposal
phase
Project
(o0)
Qualitative =/
phase
Go / NoGo

Quantitative
phase

Sense making
session

Project
finalisation

Fig.3 Transformations and boundary object ecology development
(red cloud) throughout the project. Participants (faces) engage in dif-
ferent social worlds (blue clouds), are part of an organisation (blue
circles), and embedded in an institutional field (green circle)

amongst the individuals involved in the core group, but also
to their organisations, as to create organisational support
for the project. Once the slide pack was available, a more
detailed discussion on the scope and process could start.
The first key decision was to define a relatively small
and short project. This would allow for delivering a proof-
of-principle of the approach. This was followed by setting

spatial and infrastructure boundaries, which was relatively
easy, given the natural bounds of the RPIC, and selecting the
most relevant infrastructures, related to electricity, natural
gas, and hydrogen.

Next, a conceptually much more challenging question
surfaced. How to represent changes in energy demand from
the many industries in the RPIC? A straightforward way to
model this would entail endogenously modelling the deci-
sion-making processes of many international companies,
including the technical characteristics of more than 200 of
their current production assets in the RPIC, and their deci-
sion on which of the many novel technological options avail-
able they would implement and when. This level of detail is
highly relevant, as the involved technical assets have such
large energy consumption that any change would have a sig-
nificant impact on the energy infrastructure requirements.

Though stakeholders were greatly in favour of this con-
ceptually straightforward modelling approach, developing
the models this way would also imply a daunting model-
ling challenge, which would not be feasible within the scope
and timeline of the envisaged pilot project. Therefore, the
research team proposed a radically different approach. All
changes in energy use and technological options were pro-
posed to be exogenous to the model, and would be addressed
in the deep uncertainty analysis. It amounted to identify-
ing a large scenario space spanning every possible decision
that could lead to any possible sequence of demand changes
over time. Figure 4 illustrates the concept of scenario space,
where each pathway towards 2050, starting today is one pos-
sible sequence of energy demand changes driven by com-
pany decisions.

The scenario space approach greatly reduces model
complexity at the expense of increased computational cost.
There are approximately 10'® possible pathways, which
would require vast amounts of time (in the order of thou-
sands of years of computation) to explore completely. Using
advanced statistical sampling techniques (Kwakkel and
Pruyt 2013) only a small fraction of these paths needs to
be analysed in order to provide robust results. These two
approaches to modeling changing energy demand deliver the
same functional outcomes, exogenising demand is in essence
an advanced modelling “dirty trick”, which was unfamiliar
to the involved stakeholders. This modelling choice required
extensive explanation, which substantially increased the
uncertainty of stakeholders about the feasibility of the pro-
ject and the usefulness of the outcomes.

The final scoping discussion in the pre-project phase was
about the time horizon of the scenarios and simulations.
Two different time periods were considered: a 10-year hori-
zon ending in 2030, and a 30-year horizon ending in 2050.
For the involved stakeholders this was a major issue. Ten
years ahead is a natural horizon for large-scale infrastruc-
ture projects, but this time horizon is meaningless from the
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Fig.4 Visualisation of the
deep uncertainty concept, used
to communicate exogenous
company decisions. A,B,C etc
are specific company decisions
that could(not) happen at some
point in time. The permutations
of these (non)events creates a
vast combinatorial space, with
each specific sequence of events
being a possible transition
pathway

modelling and decision making under deep uncertainty per-
spective. The year 2050 is given as a boundary by the Paris
agreement and government policy and is an obvious choice.
However, it is "very far away* for the stakeholders involved,
as their investment horizons are shorter term. One of the
individuals involved “completely understood the need for
2050, but feared to be laughed at back at the office when
agreeing to a time horizon of 30 years”. In the end, it was
decided that the project would proceed with a 2030 horizon,
but the 2050 horizon would also be explored where possible,
but would not be considered as a project deliverable.

Once the project plan was complete, with all modeling
and scoping choices settled, it was presented for approval to
the responsible boards of the funding stakeholder organisa-
tions. At that moment, the novelty of the approach and thus
uncertainty about what the project would deliver was raised
again. On the request of the stakeholder organisations this
was solved by adding a Go/No Go decision halfway in the
project. This proved to be an important decision later on in
the process (see Sect. 4.2.2).

2020

Key design choices, boundary objects and translations

The key design choices and boundary objects are summa-
rised in Table 2.

Several boundary objects were constructed during the
proposal phase, presented in Table 2. As evolving objects,
all four show clear characteristics of a boundary object that
helped participants and the research team to “negotiate
their differences and establish agreement on their respec-
tive points of view” (Trompette and Vinck 2009) Several
of these boundary objects concern specific process design
choices, most notably the uncertainty space visualisation and
the 2030 time horizon. The decision to use the time horizon
of 2030 ‘with an optional exploration towards 2050’ served
to negotiate the different meanings of 2030 (“too short to
do meaningful analysis” versus “in line with investment
horizon™). As a boundary object, it allowed for translation
between the modellers and the senior decision-makers at
the organisations involved. The visualisation of the adap-
tive pathways tree in Fig. 4 turned out to be a key boundary
object for communication, that helped to explain the nature
of the modelling approach and the type of insight that could
be achieved.

Table 2 Proposal phase key

. . Key design choices
design choices and boundary

Boundary objects

objects
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» Combining specific scientific concepts

» Framing the project as a proof-of-principle

* Choosing for Exogenous company dynamics and adaptive pathways
‘tree’

* Choosing for dual 2030/2050 time horizon

* Introducing of a Go/No Go moment

* Proposal slide pack
* Project specification

* Uncertainty space visualisation

* The 2030 time horizon
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Qualitative phase

During the qualitative phase (Fig. 3), a new social world
consisting of individual project participants was created.
The initial boundary object ecology was used to develop
new but related boundary objects. Project participants were
involved in creation of these boundary objects, but were not
fully engaged, pending the Go / No Go decision. Participants
translated the qualitative phase outcomes to their organisa-
tions, leading to a collective Go decision.

Description of activities

The qualitative phase was meant to support a shared under-
standing of the future, through the development of a shared
set of visions and associated transition pathways. These
visions and pathways were suppose to facilitate communica-
tion and collaboration among the involved participants, and
as such, function as boundary object. The phase consisted of
a visioning workshop, a backcasting workshop, and a system
decomposition workshop. Each workshop was attended by
one or two participants from each organisation.

Before the workshop, a questionnaire was filled in by
participants, in which participants were asked about issues,
interests and motivation, key aspects, preferences, trends
and expectations. Based on these inputs, the research team
proposed 4 visions, using two dimensions resulting in a
2x2 matrix: (1) the growth of fossil cluster in RPIC ver-
sus the decline of fossil cluster in RPIC, and (2) minimal
hydrogen produced from wind energy versus maximum use
of hydrogen. The idea was that with this two-dimensional
space the visions would cover divergent futures. However,
during the visioning workshop it appeared that participants
considered the minimal use of hydrogen as less interesting
and less relevant.

As aresult, the following two visions were further elabo-
rated by the stakeholders in the workshop: (1) decline of the
fossil cluster, while using as much hydrogen produced as
possible, and (2) growth of the fossil cluster, also using as
much hydrogen produced as possible (see text boxes Future
vision 1 and 2).

Interestingly, in this workshop, the discussion about the
time horizon of the project arose again. All participants
agreed that it would not be useful to take the year 2030, as
10 years is too short for the large infrastructural changes
that were explored in the project. The participants explicitly
mentioned that 2030 is just one investment cycle and would
therefore be of limited use. Therefore it was decided to use
2050 as a time horizon for the visions.

Future vision 1 - High amounts of H, produced from
wind, decline of fossil cluster: Recycled plastics will be
introduced in the beginning of 2020. These sustainable
plastics will be produced using recycling techniques such

as waste to chemicals. By 2030 some factories with oil as a
feedstock, including refineries will be closed down leading
to a (temporarily) smaller RPIC . Electricity production from
coal is phased out. Offshore wind allows for the production
of green hydrogen. By 2030, 5 GW of energy will be pro-
duced from off-shore wind farms. Until then, blue hydrogen
(hydrogen produced from natural gas in combination with
CO2 storage and utilisation) will occupy an important posi-
tion. There will be an infrastructure for transport of blue
hydrogen that can later be used for green hydrogen (hydro-
gen produced from wind). At maximum production, 1 to
2 GW of wind energy will be generated for the supply of
hydrogen. The remaining 3 to 4 GW of the total 5 GW of off-
shore wind can be converted into electricity, heat and steam.
Buffer capacity can be created through the storage of com-
pressed hydrogen or the production of synthetic fuels. The
hydrogen infrastructure will be managed by an independent
party such as Gasunie. The industrial culture will gradually
become more hydrogen-oriented and the grid operators will
proactively invest in this.

Future vision 2 - High amounts of H, produced from
wind, growing fossil cluster: Growth in fossil means an
increase in investment in oil refineries in the Port of Rot-
terdam. This growth will be accompanied by an increas-
ing demand for hydrogen as a result of hydro-cracking. It is
expected that this will increase the demand for hydrogen by
660 MW H2. In the period up to 2030, a methanol plant will
be built. This will lead to an additional hydrogen demand of
almost 300 MW (peak power), while the current gas plants
will also switch to hydrogen. These plants will serve as a
backup in times of low wind. Because there is an increase in
the heavy oil conversion capacity, there is also an increase in
residual gases. These gases will be used for additional heat
demand. It is assumed that existing Steam Methane Reform-
ers (SMRs) at oil refineries are replaced by water electrolys-
ers. Existing SMRs of current gas produces will remain in
place until around 2030. Little cultural change is expected
in the industry, but the replacement of SMR by hydrogen
capacity is expected to be a step towards a ’greener’ aware-
ness in the industry. The infrastructure managers will have
to invest in hydrogen infrastructure. In order to have a hydro-
gen infrastructure ready in time, pre-investments are needed,
while these are not typically done in business-as-usual deci-
sion-making at infrastructure companies.

The second workshop focused on backcasting (Vergragt
and Quist 2011)and pathway development towards the two
visions, detailing the changes and activities that needed to
be undertaken in order to realise the visions. Identification
of changes was structured using four categories of changes:
a) technical and infrastructural changes, b) economic and
policy changes, c) cultural and behavioural changes, and d)
organisational changes. Changes for both visions were put
on a timeline, while the infrastructural changes were first
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Fig.5 Example of a pathway map and transition timeline. Image aims to demonstrate the nature of the boundary object, transition pathway

details are outside the scope of this paper

Table 3 Qualitative phase key design choices and boundary objects

Key design choices Boundary objects

* Creating visions and pathways * Vision map and timeline

* Choosing for 2050 timeframe * Go/No Go document

located on a map of the RPIC, before positioning on a time-
line; see Fig. 5 for an example of one such timeline.

The third workshop was a system decomposition work-
shop and served as a bridge between the qualitative and
quantitative phase. This workshop aimed at collecting rel-
evant qualitative data from the participants about decision
making processes within their organisations on infrastruc-
ture investments and at identifying specific infrastructure
investment options. The qualitative phase was ended by the
Go/No Go moment. All parties decided positively.

Key design choices, boundary objects and translations

Table 3 summarises the key decision choices and boundary
object in the qualitative phase.

The first two workshops of the qualitative phase resulted
in two visions and pathways. The visions and pathways
served as boundary objects facilitating translations between
participants in the workshops, including the research team.

@ Springer

Their creation and form was strongly influenced by the sce-
nario space perspective (Fig. 4) which provided both the
concept and a visual language for the pathways created dur-
ing the workshops. In retrospect, the visions and pathways
helped to further engage stakeholders with the quantitative
modelling in the next phase, where the same logic of scenar-
ios as sequences of events was used. The choice to change
the time horizon to 2050 shows that indeed translations in
this phase were mainly between participants. Apparently,
at this point, participants were not concerned with transla-
tions to their organisation (that would again come at the Go/
No Go), but looked more strategically into the longer-term
future which requires more than one investment cycle.

The decision in the pre-project phase to have a Go/No
Go moment played an important role in the way the project
progressed. The Go/No Go decision set several mechanisms
into motion. First, it raised the stakes for everyone involved,
as a No Go would reflect badly on individuals involved in
the project, and the collaboration as a whole. Second, as the
project arrived at that point, curiosity and sunk cost think-
ing became apparent: “Well, we spend all this time talking,
I am curious how you will translate this into something that
works?”. Finally, it led to the creation of another boundary
object; the project team made a Go/No Go document for the
individual participants to take back to their organisations and
convince their organisations of the merits of continuation.
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Interestingly, the Go/No Go moment appeared as a moment
of translation between modellers and participants on the
one hand, and between participants and the senior decision-
makers at their organisations on the other hand. It became an
“obligatory point of passage” (Callon 1984) as once jointly
agreed upon, all participants and their organisations commit-
ted to the project and its approach for the quantitative phase.

Quantitative phase

The quantitative phase saw a deep involvement of the par-
ticipants (Fig. 3) with active co-creation of new boundary
objects, and further development of existing ones. The pro-
ject social world was strengthened by frequent and intensive
collaboration during hackathons.

Description of activities

The quantitative phase is conceptually and structurally
based on the modelling cycle (Dam et al. 2013) which the
stakeholders were broadly familiar with. Elements critical
for modelling, such as the problem identification and scope
definition, were discussed extensively in the pre-project
phase. Notable was the use of the XLRM framework (Lem-
pert 2003) as a precise statement and visualisation of the
modelling tasks, presented in Fig. 6.

The quantitative phase consisted of two parallel pro-
cesses: data gathering and multi-model construction. The
data gathering process started with iterative identification
and formalisation of the basic model elements necessary
to describe the RPIC, its infrastructure and how the infra-
structure might change. A small team, a researcher and a
stakeholder working for one of the infrastructure provid-
ers, developed the basic ontology (or formal vocabulary)
of the model, which enabled structured collection of data.
The created data set combined public and open data sources
and data provided by the infrastructure providers. The data
set is unique in its scope and detail, describing all major
energy conversion assets in the RPIC, such as furnaces, boil-
ers and electrolysers, and infrastructure assets like pipelines,
transformers and powerlines. Figure 7 presents a high-level
overview of the dataset. While the details are not relevant for
this paper, notable is the holistic perspective of all involved
energy carriers, infrastructures and production/consumption

External Factors
(X)

!

Policy Levers = > Relationships in System - I Performance Metrics
(L) (R) (M)

Fig.6 The XLRM framework

assets. Given the high silo perspectives on infrastructure
and industry, no single stakeholder had perceived the RPIC
energy system this way before.

Multi-model construction Throughout an intensive two-
day process, set up as a hackathon, the individual parts of the
multi-model were conceptualised, and the inter-model com-
munication protocols were set up. The three infrastructure
providers jointly defined and developed the technical models
of the high and medium voltage grid, and the gas grids for
H, and natural gas. The decision was made not to use exist-
ing, highly detailed technical models, and appropriate sim-
plifications were created. Discussing the multi-model and
the myriad of technical design choices involved is outside
the scope of this paper; a detailed description is provided by
Waurth et al. (2019). Figure 8 presents a high level schematic
overview of the created multi-model.

Two key elements in this phase are of particular rele-
vance: the scenario space construction, and the definition
and visualisation of the key model metrics.

As discussed previously, a key early modelling choice
was to treat all dynamics related to how industries in the
RPIC decide on when and how to change their conversion
assets as exogenous to the model. In technical terms, this
means that the multi-model describing the infrastructure
development in the RPIC is forced by a time series of events
describing changes in conversion assets. An example series
is: in 2025, refinery X closes, in 2026 gas fired boiler Y is
replaced with a electrical boiler and furnace Z is converted
to hydrogen. These series of events up to 2050 are identical
in form to the visions and pathways (Fig. 5) constructed in
the qualitative phase. Communicating both the modelling
choice and associated analysis techniques took a significant
amount of discussion during the hackathons, and required
that after the hackathons a small-sub team spend several
days identifying the relevant dimensions and constraints in
order to construct a plausible space from which to sample.

The second element is the definition of key model metrics
and their visualisation over many plausible futures. What is
a sensible metric for the success or failure of various policy
options in supporting the energy transition under a very large
number of plausible futures? Since the way the model is
used was quite unorthodox compared to how the stakehold-
ers normally use models, the usual key performance indica-
tors were not suitable. After extensive discussion, a negative
definition of success was adopted. A policy was good if it
led to the least number of missed events from the pathway
of events, i.e. potential changes in demand that could not be
accommodated because of infrastructure transport capacity
limitations.
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Fig.7 High level overview of the energy system in the Rotterdam
HIC. Dots are various energy conversion assets and energy infrastruc-
ture elements. Colours denote different type of energy carrier. Image

Key design choices, boundary objects and translations

Table 4 presents the key design choices and associated
boundary objects during the quantitative phase.

The quantitative phase resulted in a ontology for the
model, a data-set, the implemented multi-model, and a series
of visualisations of model results. Translations in this phase
involved primarily translations between participants and
modellers while developing the multi-model. We observed
that the visions and pathways from the qualitative phase
primed the participants for thinking in terms of series of
events in this phase.
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provided to demonstrate the nature of the boundary object, energy
system details are outside the scope of this paper

The last boundary object, missed events metric visuali-
sation, is particularly notable. Probabilistically express-
ing the non-delivery of infrastructure services, preventing
possible futures from happening, is substantially different
than the usual metrics. It created a space for discussing the
deep uncertainties surrounding transformations to sustain-
ability. Because this metric was so different, it turned out
to be a non-threatening way for the infrastructure provid-
ers to discuss their internal decision-making and how to
accommodate different plausible futures. The energy sys-
tem data visualisation was also notable, because it not only
served as translation between participants and modellers,
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Fig.8 High level overview of the multi-model created during the participatory modelling process. Image provided to demonstrate the nature of
the boundary object, multi-model details are outside the scope of this paper

Table 4 Quantitative phase key design choices and boundary objects

Key design choices Boundary objects

* Using the XLRM framework * XLRM framework visualisation

* Visualising the energy systems ¢ Energy system data visualisation

* Defining the missed events
metric

* Model outcomes using the
missed events metric

but also provided a translation among participants. Partici-
pants indicated that this visualisation, although based on
public data, for the first time showed all gas and electricity
networks in the area at the same time. Nothing really new
was presented to them, but having their own realities pre-
sented in such a comprehensive and visual way was a dras-
tic reminder to all of the need for collaboration and coor-
dination in the future development of the infrastructures.

Sense-making and finalisation

The sense-making phase involved (Fig. 3) stakeholders
strongly focusing on translating the relevance and utility
of the constructed boundary object ecology for their own
organisation. During the project finalisation, participants
actively engaged with the boundary object ecology, using it
to actively cross institutional field boundaries and move their
organisations towards a closer collaboration. From within
the created social world, and based upon specific boundary
object elements created by the individuals, follow up project
was defined whose purpose was to further grow the ecology

and further increase the level of collaboration between
organisations and institutional fields.

Description of activities

The final phase of the project consisted of the sense-making
session with the participants, a closing session with broader
stakeholder participation, and further finalisation activities.

The sense-making session involved a half-day work-
shop, during which results from the exploratory model-
ling scenario analysis were presented and discussed with
the participants. The goal was to create a coherent, con-
sistent and shared sense of what the exploratory modelling
method entails, what kinds of outputs they produce, and
what insights can be derived from this. The sense-making
workshop was an important moment for the establishment
of the multi-model as a boundary object ecology; it was here
that participants were presented with the complete picture
of process and the multi-model, where also the form and
usefulness of the overall approach was established.

The workshop started by reiterating the project process,
using the various boundary objects created throughout the
project, such as the uncertainty space (Fig. 4), the transition
pathways (Fig. 5), the XLRM diagram (Fig. 6), the con-
nected infrastructure networks (Fig. 7), and the multi-model
(Fig. 8). The reiteration closed with discussing the “missed
events* metric. While visualising the (emotionally nega-
tively charged) number of missed events is straightforward,
communicating the positive message, namely what kinds of
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Fig.9 Visualisation of specific investments required for support-
ing transition pathways. Every row is a simulation run of a transition
pathway, each column a specific type of infrastructure asset. A line
signifies that within this scenario pathways at least one investment of

specific investments should we do to enable the most possible
futures is nontrivial. After several iterations by the project
team, the visualisation in Fig. 9 was constructed. It presents
the full range of policy options and infrastructure assets,
many thousands of simulation runs and frequency of specific
investment types over time.

The image proved to be quite problematic, as it is hard,
if not impossible to interpret without a lot of background
information and additional explanation. This quickly
deflated the project team’s enthusiasm and pride for finding
a “clever” solution for presenting the data. During the pro-
cess of explaining the message behind the visual, it became
clear that the participants were convinced of the value of the
approach followed and the outcomes. Furthermore, their dis-
satisfaction with the visuals; “I can’t take this to my boss!”
started a fruitful debate. Participants were explicitly asking
the project team to help them formulate the insights and
possibilities of the participatory multi-modelling approach
developed in this project in a way that would help them to
convince their organisations. This resulted in a simplified
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that type of asset has occurred. Image provided to demonstrate the
nature of the boundary object, result details are outside the scope of
this paper

visualisation and a selection of short narratives describing
the key investment pathways qualitatively.

The last activity of the project was a half-day closing
session, meant to present the results and discuss potential
follow-up of the project. As the project had attracted con-
siderable attention from senior decision-makers from the
participating organisation as well as from the wider infra-
structure and energy sector, the audience was larger and
broader than during the sense-making session. It required an
adaptation of the visualisations and narrative of the project.

The closing session ended with a discussion on possible
project follow up. This led to an informal project descrip-
tion and commitment by stakeholders. It was decided that
the current presentation would be made into a “glossy and
professional* slide pack communicating the project and its
outcomes to the executive boards, and to develop a project
plan for follow up projects.
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Table 5 Sense-making and finalisation phase key design choices and
boundary objects

Key design choices Boundary objects

¢ Visualisations and communica- ¢ XLRM framework visualisation

tion of the model outcomes
* Explicit project follow up * Pathways tree

* Infrastructure DNA plot

Boundary objects and translations

Table 5 presents the key design choices and associated
boundary objects during the sense-making and project finali-
sation phase.

During the sense-making session where the whole
approach was presented, several of the boundary objects
created throughout the process were re-activated, leading
to a joint understanding of, and enthusiasm about, the use-
fulness of the participatory multi-modelling approach. The
sense-making session involved translations between partici-
pants and modellers, where the boundary objects created
throughout the process were activated again. Especially the
pathways tree (i.e., Fig. 4) featured prominently. The discus-
sion on how to communicate the usefulness of the approach
to participants’ higher management showed that, although
not explicitly part of the project at this stage, participants
were also translating to their organisations. This discussion
was highly specific, demonstrating that the concepts and way
of thinking developed in the project were internalised by the
participants. By asking the question how to communicate to
their organisations, they implicitly started a process of crea-
tion of several new boundary objects between the project and
their respective organisations.

Translation to the organisations was more explicitly
taking place during the closing session. The participants
had become convinced of the proof-of-principle and were
committed to a follow-up of the project. For realising this,
other people had to be convinced as well. The boardroom
level slide pack became an essential boundary object in
the months after the project, being presented at several

Table 6 Identified boundary objects per phase

international infrastructure conferences, infrastructure
company board meetings, and meetings with government
bodies, and facilitated the formulation of three new follow
up projects.

Discussion

Table 6 summarises the boundary objects constructed during
the four phases of the project.

Our analysis has shown that throughout the participatory
modelling process, an ecology of boundary objects emerged.
The boundary objects (Table 6) were design choices that
became key because they led to the establishment of bound-
ary objects. These interacting boundary objects together cre-
ated the context in which the multi-model got to function
as a boundary object ecology. More systematic analysis of
all design choices, and which of those lead to the establish-
ment of boundary objects (and which do not) and why, could
further support the design of participatory multi-modelling
processes that allow for the creation of a boundary object
ecology. This could for instance be done in quasi-experimen-
tal settings, where different design choices are systematically
compared and evaluated.

An important conclusion that we can draw from the
Windmaster process, is that for the multi-model to func-
tion as a boundary object ecology, it appeared important to
design for translations between participants, and between
participants and their organisation. It would be interesting to
investigate in more detail for what particular types of partici-
patory processes this is the case. It probably has to do with
the shared sense of urgency perceived by the infrastructure
providers to find a way to deal with the infrastructure chal-
lenges they are facing, the high stakes, and the lacking capa-
bility of current decision-support tools to support decision-
making on these particular challenges. Comparative research
could shed more light on this.

If we reflect on the design of the Windmaster partici-
patory multi-modelling process, two issues emerge that
deserve further investigation. Firstly, the composition of
the participants group. All participants had deep knowledge

Pre-project proposal Qualitative Quantitative Sense-making

* slide pack * visions * XLLRM framework visualisation, * Most previous
boundary
objects

« the project specification in the proposal * pathways * energy system data visualisation * Multi-model

* visualisations e time horizon of 2050
* the time horizon of 2030

* uncertainty space visualization: adaptive
pathways tree

* missed event metric

* Go / NoGo documentation
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about infrastructures and were accustomed to modelling,
and thus able to quickly internalise the modelling work. On
the one hand, this suggests that the identification of partici-
pants is a crucial step for participatory multi-modelling. On
the other hand, it shows that further research is needed to
develop a more fine-grained understanding of the conditions
under which such a participatory multi-modelling approach
is viable and effective.

Secondly, the composition of the research team. The team
combined expertise on multi-modelling and expertise on
social processes and facilitation, and, importantly, the mem-
bers of the team are well experienced in working in such an
interdisciplinary team. This greatly benefited the design of
the participatory multi-modelling process. The project team
contained two individuals, one on the academic and one on
the practitioner side who jointly took the lead in the develop-
ment of the project. These project team members acted as
boundary workers (McMillan 2011) Boundary workers are
individuals that are comfortable bridging the gap between
industry and academia, commercial and nonprofit, etc and
translating each others understanding of the world and the
involved boundary objects. Countless choices, decisions and
tweaks to the design, process, communication etc were made
in frequent interactions between these individuals, with the
explicit goal to find translations and alignment between the
different social worlds. More than we initially realised, this
concerned not only translations between individuals and
modellers in the process, but also between individuals and
their organisations. This suggests that involving people in
the research team who can span different boundaries at the
same time, and who are sensitive to the needs, norms and
language of the social worlds of organisations and institu-
tional fields is key to a successful participatory multi-mod-
elling process. Also a more fine-grained understanding is
needed of how this contributes to the conditions under which
a participatory multi-modelling approach is effective. Next
to stakeholders and domain experts it is essential to involve
individuals who can function as boundary workers. Such
individuals can greatly reduce misunderstandings by trans-
lating language, identifying sensitivities and aligning social
norms between different social worlds. While different types
of boundary workers exist (Hoppe 2009) a basic requirement
would be that these individuals are willing and capable of
transgressing the boundary between academia and industry
(and/or government), and having a lead in the process design
to allow for meaningful boundary transgression.

Conclusion
This paper aimed to answer the question what design choices

were key to the functioning of the participatory multi-
modelling process as a process of boundary object ecology

@ Springer

creation in the Windmaster project. We identified a number
of design choices in each phase of the project. We can con-
clude that there are design choices that facilitate (1) trans-
lations between participants and (2) translations between
participants and their organisation. Our results show that
these design choices created boundary objects in different
phases of the process that were critical to the functioning of
the multi-model as a boundary object ecology. We conclude
that participatory multi-modelling is a process in which
there is not one, but multiple co-evolving boundary objects
that interact to create an emergent, higher-order boundary
object ecology, i.e. the multi-model itself. We argued that
further research is needed to more systematically investigate
how the exploratory notions developed in this paper can be
used to design participatory multi-modelling processes more
effectively so that they can serve as leverage points for sus-
tainable transformation.
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