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Abstract.  The circular economy (CE) is increasingly discussed as a way to address climate change 
and sustainability. The idea is deceptively simple to explain. It is claimed that development is led 
primarily by practitioners, while the rigorous scientific system design effort is mostly ignored as the 
pressure mounts to act in the face of climate change urgency.   

In 2018 Swedish and Finnish authors distilled six limits and challenges of CE. These elements were 
used as a boundary object to define and co-create a simulation model environment. Reference models 
were introduced to develop an initial conceptual model for discussion. An international team of geo-
graphically separated researchers and practitioners used this simulation model to develop an under-
standing of initial requirements. The first outcomes of the approach are promising and accentuate the 
importance of starting early with the co-creation effort to develop a common language and simulation 
models for understanding. 

Introduction 
The concept of the Circular Economy (CE) can be traced back to the late 1980’s and has been growing 
in importance. Governments, local councils and businesses are hoping that implementing this concept 
may help them manage waste and energy consumption through material re-use, adoption of cradle-
to-cradle manufacturing life cycles and by harnessing waste-derived energy (Ghisellini et al., 2016). 

Braungart et al. introduced the idea of eco-effectiveness as a set of strategies to retain materials as 
resources. They included cradle-to-cradle design, materials pooling and flow of information amongst 
actors in the supply chain to open the opportunity for up-cycling (2007).  They note that an essential 
part of eco-effectiveness was the formation of a community of willing industrial partners keen on 
reducing and replacing toxic and hazardous materials, using market forces to drive the use of pre-
ferred materials up, and making it commercially viable by designing with the materials bank in mind. 
By also bringing biological metabolic cycles into play to reprocess materials using ecological tech-
niques, the replenishment of natural systems was foreseen.  In some countries industrial waste and 
biomass repurposing complexes are now designed as part of regional or city business and innovation 
parks (Envi Grow Park: a virtuous circle of recycling and waste management in southern Finland).  



 
The potential for synergy between modern regional planning and integrative approaches towards zero 
emissions was discussed by Varga and Kuehr (2007, 1373-1381).  They claim that the regional in-
tervention must meet the requirements and needs of local communities and must have clear ways to 
monitor their effectiveness in meeting societal, business and environmental targets.  One of the most 
important aspects highlighted in that early paper is that of community understanding of sustainability 
concepts and involvement in all processes.  Secondly, the operational and business models must be 
self-sustaining.  In short, the value proposition and the concept solution design must be co-created 
by actors drawn from the community, representing the intricate dynamics of views, needs and desires.  
One of the questions this current paper tries to address is how to develop a method of co-creation 
where the prototype solution concept is open for interaction and inspection by a broad range of soci-
etal players. 

Between 2007 and 2020 the world has moved rapidly towards a radical techno-industrial revolution, 
the so-called Fourth Industrial Revolution (I4.0).  The pull of applications and simultaneous technol-
ogy push are major drivers for Industry 4.0 (Lasi et al., 2014).  Artificial Intelligence, Virtual Reality, 
Additive Manufacturing, Robotics and the Internet of Things are the technologies and applications 
that will most likely have a massive effect on business and information systems engineering as In-
dustry I4.0 unfolds.  Clearly this power may be harnessed to improve the way that materials are used 
and to move society away from the linear consumer model of ‘take-make-waste’ (Lacy and 
Waughray, 2018).   

The call is  for CE to be introduced widely to combat the effects of climate change and to help society 
stay within the limits of so-called planetary boundaries.  Lacy and Waughray (2018) point out that at 
the current rate three Earths will be needed to replenish the projected resource consumption by 2050. 
From a technology perspective there is the hope that I4.0 will unlock the efficiency required to make 
the CE processes financially viable and technically possible: hyper-intelligent sorting systems in 
waste management plants, fast and intelligent robots with super-human strength for assembling and 
disassembling technology products, and logistics chains with micro-credential ‘passports’ to enable 
the use of intelligent material streams in the recovery and recycling process.  Finland is basing a long 
term growth strategy on the CE concept and the use of all aspects of I4.0 (Pantsar and Herlevi, 2016). 
Conceptual solutions will have to be open to using these rapidly changing technologies. 

From a systems perspective it makes sense to consider both CE efforts and I4.0 as intertwined streams 
unfolding at many levels of societal dynamics.  The complexity of this view is amplified by the fact 
that the modern world has difficulty accepting that problems are potentially open and evolving, with 
no guarantee that science will find the answers as humanity has come to expect (Allen, 2017).  It is 
as if there is a longing for an imagined world where it is simpler to resolve significant problems using 
primitive approaches.  Fisher (2006) labels this regression of the human psyche as neo-primitivism, 
with cults of the body, fundamentalism, adventure tourism, violent combat sports and more.  It im-
plies that any intervention that is complex and of regional scale must be explained in terms that can 
be ‘consumed’ by a society that has a limited appetite for complicated documents and plans. 

Schwab (2017, 27 - 106) considers the possible impact of I4.0 in detail and mentions that there is 
likely to be devastating changes in the nature of work, amongst other things and that one of the 
unintended side-effects of I4.0 could be the “re-shoring” of manufacturing to countries with advanced 
economies.  One of the key aspects of CE is to “re-mine” any industrial product for resources and re-
use and repurpose every last bit of a product or material at the source of repurposing and close to 
where the product or service is used, to cut back on carbon emissions in the supply chain.  A recent 
study in South Africa investigated the use of cooperatives and other entrepreneurial activities, similar 
to initiatives in India, to leverage aspects of CE for the benefit of communities.  The authors of that 
paper point out the hurdle of lack of technological know-how and the lack of access to I4.0 technol-
ogies that may impact on the sustainability of CE efforts (Muswema et al., 2018).  Circular 



 
Economies require a minimum level of technology know-how and ways to upskill society in terms 
of new entrepreneurial activities. 

CE is touted as an approach that will allow for economic growth and development while supporting 
a sustainable environment. From the discussion so far, it is clear that designing for and implementing 
CE systems-of-systems under the changes brought on by I4.0, will be complicated. On the other hand, 
as the concept of CE is reported on more generally and in layman’s terms in news media (Wijkman, 
2015) in the context of climate change, there is a growing expectation that, because the concept looks 
deceptively simple on paper (Figure 1),  with a few (possibly cheap) tweaks it is possible to unleash 
great benefits for the planet as well as financial savings.  As a result,  business and policymakers in 
government have taken the lead to try and deliver practical and ‘affordable’ short term application 
solutions. But, as Derrida famously said: “If things were simple, word would have gotten around” 
(Derrida, 1977, 119). 

 
Figure 1. The Concept of the Circular Economy 

With government policymakers and businesses taking the lead, Korhonen, Honkasalo and Seppälä 
state that the scientific and industrial research remain largely untouched (Korhonen et al., 2018).  
They point out six limits to any CE implementation (which will be covered later in this paper) and 
they state that at present the concept is based broadly on ideas derived from some scientific fields 
including permaculture, the manufacturing industry,  cleaner production strategies, recycling, eco-
logical economics, food production and a host of other fields.  According to Kirchherr et al. (2018, 
264-272) limited progress has been made towards implementation and their study reports on 47 in-
terviews with CE experts and surveys of 208 business and government representatives in the EU. 
The barriers highlighted in their work include lack of consumer interest and awareness and company 
reluctance to commit to the elements of the concept.  They added, in contrast to Korhonen et.al, that 
an intervention strategy need not focus on scientific research much longer, but should focus on longer 
term implementation strategies!  In another study Merli et al. (2018, 703-722) point out that CE 
studies with a focus on environmental sustainability are increasing sharply, that most studies have a 
practical slant towards process models and decision making, with a significant number focusing on 
waste and cleaner production.  There is also a sharp focus on strategies for closing material processing 
loops. From these divergent views it is clear that the field is made up of fractured information and 
knowledge domains, in an application area that includes societal and biosphere complexities as well 
as economic ramifications and uncertainty. 

The use of simulation modelling at the system-of-systems level for similar purposes is well estab-
lished in the military environment for the development of doctrine (Roodt et al., 2007), acquisition 
and integration of equipment (Smith et al., 2012), integration with existing systems and development 
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of future solutions (Roodt et al., 2010) and in manufacturing (Heilala et al., 2008).  Product service 
systems,  smart services and model based systems engineering were combined recently to develop a 
method for smart service architecture definition, including for CE, also pointing the way to a possible 
approach to developing system-of-systems solutions (Halstenberg et al., 2019).  

The next sections will briefly cover the key theoretical considerations for developing credible simu-
lation models of complex phenomena.   It will cover the practicalities of working across disciplines 
to include a broad perspective from stakeholders and includes the previously mentioned limits to CE 
as boundary objects for the work.  The paper continues with a reflection on the development of an 
early discussion simulation model artefact to establish a baseline for geographically dispersed devel-
opment and concludes with plans for further development.  

Developing Credible Simulation Models and Solution Spaces 
The reason for modelling, according to Cilliers (2001, 135-147), is simply that we cannot deal with 
the complexity of reality.  Models result from contextual framing, which introduces distortions and 
conflicting views of the world.  Mental models are truncated and reduced versions of the world - our 
perceived reality.  Cilliers posits that models help us understand the asymmetric hierarchical structure 
(including dynamics) of complex systems.  Setting the boundaries of the models (and the focus of 
any study of a complex system) will be problematic, because boundaries play a part in forming the 
identity of a system.   As a result, it is important to reflect on these arguments as it has a direct impact 
on the methods and approaches used in the work reported on in this paper.   

Complexity of Socio-Enviro-Technical Systems 
Circular Economy systems contain people, technology and processes, environmental (including eco-
logical) components and biological systems in the context of cultural, legal, financial and political 
frameworks. Ilya Prigogene showed that complex systems are subject to temporal behaviour that is 
not symmetrical (Prigogine, 1997). Their past and future states are not interchangeable. Knowing the 
past trajectory of a system may have no bearing on its future.  Complex systems are inherently irre-
ducible (incompressible), implying that it is impossible to discover all the ‘discrete parts’ of the sys-
tem that give rise to the system.  This is, in part, a consequence of the non-linearity of complex 
systems.  The non-linearity may be circular or even recursive, which means that the system generates 
the elements that are in themselves part of the system, that gives rise to the system.  Properties of the 
system may emerge that cannot be traced back directly to specific elements.  Emergence results from 
the non-linear interaction of elements in a system and cannot be predicted. 

The elements of a complex system, or ‘agents’ as some call them, are networked, but no single ele-
ment is connected to all other elements.  It relies on its other connected neighbour elements to access 
information about the system and to adapt and reflect on the system.  No element knows the system 
completely, but acts solely on local information passed to it by its network (Cilliers, 1998).   

Complex systems are open to their environment. It is not reasonable to expect to always know how 
or when the environment will affect the system under investigation (Richardson, 2004). 

In many instances the mathematical modelling effort requires deep mathematical or statistical skill, 
is prone to error, is labour and resource intensive, is expensive, and as a result may lead to “analysis 
paralysis” (Hes and Du Plessis, 2015).  Hes and Du Plessis see computer and mathematical modelling 
as “useful backroom tools to inform stakeholder engagement”.  Checkland and Poulter (2010, 196) 
state that the complex world cannot be objectively modelled.  They believe that modelling has a place 
in debating the nature of the problem, but it has little to say about the solution. They propose methods 
that rely on dialogue and development of tangible (physical or virtual/web based) artefacts to encour-
age positive change.  Some of the tools do some number crunching, but it happens “behind the 
scenes”.    



 
The authors of this paper believe that a well-designed simulation using inclusive design techniques 
may achieve similar goals and have the added advantage of being open to computational pattern 
development that can aid in structured decision making.  From a practical perspective not all systems 
are fully observable, or available for experimentation. But this does not negate the need to plan for 
the future and understand and design systems to address issues being faced today.  The circular econ-
omy is a good example of such a system intervention that may carry great risk to global and local 
environmental sustainability, because as Korhonen et al. (2018, 42) explain, cyclic flows do not nec-
essarily lead to sustainable outcomes!   

In summary it is clear that complex systems will be hard to deal with.  But humans, by nature and 
necessity,  rely implicitly on models to make sense of the world, as Cilliers (2001, 145) points out: 
“Although we cannot escape the use of models, we can also not escape the responsibility involved in 
using them – a responsibility that can never be shifted onto the models themselves”. The position of 
the authors of this paper is that a combination of models of different kinds can support scientific 
design and implementation needs of CE and support the rational and traceable development of un-
derstanding.    

Reference Model and Conceptual Models 
The goal of modelling and simulation (M&S) is to answer questions in order to understand phenom-
ena, make decisions and to develop anticipatory memory to deal with future trajectories of a system.  
By considering the issue to be resolved or investigated, a modelling question is specified by devel-
oping a rich description of phenomena to be explored.  An explicit and rigorous statement is made 
of what is known and assumed about the system under investigation and/or the system to be designed 
and developed.    

To capture the broad Systems Engineering (SE) view (system inputs, functional operation, outputs 
and interfaces, usability, maintainability, service availability, performance, effectiveness, and cost 
versus utility trade-off) it is useful to introduce and define a reference model (Tolk et al., 2013):  

“A reference model is an explicit model of a real or imaginary referent, its attributes, capabilities 
and relations, as well as governing assumptions and constraints under all relevant perceptions and 
interpretations”. 

Because it contains different perspectives (different lived realities in terms of transdisciplinary ap-
proaches), the reference model will reflect uncertainty and contradiction.  A conceptual model is 
derived from the reference model and focuses on the agreed upon consistent elements.  It forms the 
basis of the specification of the digital simulation model, because a computer implementation re-
quires consistency.  Several different types of conceptual models can be derived from the same ref-
erence model (Figure 2).   

A modelling & simulation system development framework (MS-SDF) was proposed by Tolk et.al  
(2013) to tie together current SE and M&S approaches.  It has six steps: 

1. Capture the understanding of the situation to be addressed 

2. Make assumptions and constraints explicit 

3. Construct the agreed upon ‘reality’ – the reference model 

4. Formulate the focus modelling question(s) 

5. Create the conceptual model by capturing how we intend to answer the modelling ques-
tions 

6. Create the simulation model in an appropriate simulator environment 



 
The six steps assume that the process proceeds within the boundaries of our understanding of com-
plexity. The transdisciplinary knowledge production framework will be discussed shortly, but it is 
important to note that the steps above are not executed in a waterfall fashion. It is the position of the 
current paper that simulation model development of complex societal phenomena is inherently trans-
disciplinary and recursive. Edgar Moran (Morin, 2008, 49) explains recursiveness in this context as: 
“A recursive process is a process where the products and the effects are at the same time causes and 
producers of what produces them”. Thus, reference model development allows the modellers to ad-
dress aspects of models in ‘hind-sight’ to account for required or discovered emergent properties in 
concept models. 

 
Figure 2. Conceptual models derived from the same Reference model. 

Transdisciplinarity Expands the Solution Space 
Basarab Nicolescu states that transdisciplinarity is a recent approach to generating understanding and 
knowledge and that it was formally introduced by Jean Piaget in 1972 (Nicolescu, 2010). Transdis-
ciplinarity means between, across and beyond the disciplines and is a recursive process, as mentioned 
before.  The transdisciplinary approach expands the solution space by facilitating knowledge sharing 
and solution development by a broader stakeholder set, rather than focusing on the requirements and 
know-how of the initial owner of the problem and their reality.   

The German-Swiss-Austrian schools of transdisciplinarity claim that there are three types of 
knowledge resulting from the transdisciplinary approach to problems and issues: systems knowledge, 
target knowledge and transformation knowledge (Hadorn et al., 2008).  Systems knowledge is de-
rived from the quest to discover and understand the current state of the world from an ecological 
(society is part of the broad ecosystem in this context), technological and economic perspective.  
Faced with the situations, stakeholders experience a need for change and develop well-reasoned goals 
for better societal practice.  This is called Target knowledge.  Transformation knowledge aims to 
bring about the improvements and to introduce new practice through experimentation and solution 
development.   

Transdisciplinary co-creation of understanding and design of reference models can aid in addressing 
complex phenomena and it can be used to deliver robust scientific conversation and answers to key 
questions in emerging fields like CE.   
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Addressing the Challenges of the Circular Economy 
As was stated in the introduction, six limits and challenges of the CE concept were identified: 

1. Cyclical systems are subservient to the laws of thermodynamics and consume resources 
and create waste and emissions.  The sustainability contribution of CE projects must be 
assessed on a case-by-case basis. 

2. Systems have temporal and spatial boundaries.  Care must be taken to ensure that problems 
are not just shifted along the product and service life cycle, while it must be recognized 
that the short-term  use of  non-renewables can support development of long-term renew-
able infrastructure 

3. The economy (regional and otherwise) dictates the scale of the infrastructure interventions 

4. Lock-in of first technologies and path dependency impose limits on what can be changed 

5. Governance and management impose limits on material and energy flows 

6. Society and culture dictate world views and how waste is defined, managed and handled.  
These views are fluid and change over time. 

These six insights can be used to consider the boundaries and assumptions during reference model 
development.  Cultural inputs (item 6) for example must come from the groups that will be impacted 
by any intervention and may reflect their reluctance to take business risks, cultural perceptions on 
the re-use of waste streams, preferences for energy generation, etc.  Governance (item 5) could in-
clude local and regional laws or policies on water management, landfill establishment, etc.  As a final 
example, item 1 dictates that any processing of materials requires a transition of energy from one 
state to another with the loss (entropy) reflected in the external energy required for the process.  It 
also means that there is always a certain amount of waste, and even if most physical waste products 
can be used on site, there may be other factors that prevent the full cycle to be completed in one 
geographical area, which brings to bear item 2.   

Without a carefully selected initial team to develop the reference model and a considered reflection 
on the 6 challenges, the derived concept models will be viewed with suspicion. From previous dis-
cussions in this paper and from a transdisciplinary position, actors on the team must include those 
with a clear understanding of the ecological, technological and economic realities of the area where 
the CE is considered.  Included societal actors must be clear about the situation that necessitates the 
use of the CE solution and willing to develop well-reasoned desired outcomes (that can be translated 
into system requirements).  Proposed conceptual solutions must be transparent to inspection, must 
have layers that can be communicated easily and must address uncertainty.  It must also be able to 
address questions around aspects that may be seen as socially desirable and efficient – implying that 
there are some defined normative goals, something that may be different from one community to 
another (Sauvé et al., 2016).   

The way that the information is captured by the design team will be dictated by the context of the 
region or sub-region where the elements of the CE are to be introduced.   Several methods and tools 
exist (Design Thinking comes to mind) to guide dialogue and to shift stakeholders to a positive co-
creative position, where they are all heard and contribute to the future by reflecting on aspects of 
culture, place, broad knowledge and experience.   

The design process can productively include computer-based scenario and strategy models. By em-
ploying complex system design principles using transdisciplinary research methods, system engi-
neering (SE) and a modelling & simulation system development framework (MS-SDF), it is possible 
to create hybrid software simulation models that can act as artefacts for knowledge generation, 



 
knowledge and data capture and localization, act as cognitive mediators (bringing data and theory 
together), systems integration,  and communication.   

The additional benefit of software simulation models is that they can be used in the development of 
cyber-physical systems to act as the integrator between physical assets like sensors and production 
lines,  and other computational engines, including computational intelligence and big data services, 
effectively becoming a ‘digital twin’. The researcher and designers  have complete control of the 
system under scrutiny and because simulations can be sped up, a large range of different scenarios 
and interactions can be explored in a short space of time.  Simulation models can serve to integrate 
disparate/unrelated studies into one model where the combined effect can be explored. Finally, it 
affords the utility of varying parameters to explore the outcome which is not available with paper 
based statistics and research reports (Evers and Wan, 2012).   

A Reference Model for a Regional CE BioHub 

Context and Approach 
Although there are opportunities for regional circular economy hubs (also called CE BioHubs), coun-
cils are reluctant to move away from current procedures and processes that have consented plans and 
have known risks and benefits.  They want assurance that new and costly change will deliver on 
expectations.  Local communities are  putting pressure on government, business and local councils 
to speed up action that is seen as important in the effort to address the effects of climate change and 
to ensure a lower waste and an energy secure future.  The New Zealand Government signed into law 
the Climate Change Response (Zero Carbon) Amendment Act in November 2019 which sets targets 
for emissions by 2050 (Shaw, 2019).   

During 2018 discussions started with players in CE in Europe, New Zealand and in Africa.  From an 
applied research perspective, it was important to consider approaches for New Zealand that would 
address the risks associated with the changes required to implement the CE concept in smaller com-
munities and at scales that are likely smaller than most efforts in Europe.  At the same time African 
nations want to consider the early adoption of the technologies for a cleaner and more energy resilient 
future in environments that are radically different from Europe and New Zealand.   

Methodology 
To keep costs down and to manage expectations during the development of a basic reference model 
and an initial discussion simulation model, it was decided to follow a typical spiral development 
process (Boehm, 1988).  The authors successfully followed a similar approach for the development 
of a low carbon footprint dairy farm simulation model in 2015 (Roodt, 2015).  For the current effort 
the MS-SDF approach was followed broadly, with a specific focus on developing the reference model 
to an agreed level before continuing with the development of a very simple set of concept models.  
With the timely publication of the six limits paper by Karhonen op. cit., it was decided to consider 
the six limits while continuing with the transdisciplinary systems approach of including diverse stake-
holders.   

The project was launched with a set of five short online Design Thinking work sessions to discuss 
what the broad scope of the problem was and to agree on the terms of reference for the reference 
model.  Experts in agriculture, nitrogen and carbon loading of the environment, design thinking, local 
policy and logistics were included in initial discussions.  Individuals from New Zealand, Africa and 
Europe contributed using video conferencing and e-mail discussions.  Figure 3 shows a white board 
drawing of the initial reference model during development.   

At the start it was imagined that identifying two candidate regions in New Zealand, one on the North 
Island and one in the South would support concept development.  As the initial discussions 



 
progressed, it became clear that it would be more beneficial to focus on developing a workflow that 
would be transferrable amongst regions and that was not tied to arguments about specifics of a geo-
graphical area.  As a result a ‘generic’ region was conceived of that consisted of a smaller rural 
council and community that consumes resources like energy, water and products,  and requires people 
with jobs to sustain itself.  It needs recreational facilities to retain people in the region and to draw 
tourists that help fund infrastructure. It generates waste as a result of its operations.  The waste con-
sists of several streams, including sewage, factory effluent and solid waste.  It has a population that 
varies depending on the availability of recreational facilities and jobs.   Finally, it relies on rail infra-
structure for products from outside the region and on an electricity grid that supplies power from 
outside the region. 

 
Figure 3. The BioHub reference model development. 

Some of the assumptions were that the river/water body is a tourist draw card  and that it was used 
for effluent disposal in the absence of a waste minimization facility.  Dumping waste in the water 
would be detrimental to the well-being of the region as it would negatively impact tourism and jobs 
and attract penalties from central government. It was assumed that a water treatment and recovery 
plant could be built that would have positive effects on the community and visitors. The treatment 
plant would be able to generate energy (process heat or electricity) to limit the reliance on the national 
power grid.  

Focus Question 
The question that the model had to answer was what the effect of a CE BioHub treatment and resource 
recovery facility would have on the region in terms of income,  resource utilization and waste to 
landfill.   This was a basic question to act as a driver for the conceptual model development using the 
CE limits as boundaries and to act as a ‘discussion starter’ for local councils and stakeholders in 
future.   

The first conceptual simulation model is shown in    

Figure 4.  The simulator is a MacBook Pro personal computer running AnyLogic v8. We chose 
AnyLogic®  for the wealth of model libraries for rail and logistics, amongst others.  It can combine 
system dynamics, agent based models and discrete event elements within one simulation model.  This 
makes it possible to have software agents that represent the community population and the tourists, 
for example. It can also be deployed to a Cloud server to be accessed by community stakeholders. 



 
 

  

Figure 4. BioHub conceptual discussion starter model. 

Model Dynamics 
For this conceptual model the tourists were modelled as agents who generate waste that had to be 
transported to landfill. They also generate revenue for the region.   Tourists will however only be 
attracted to the region if they can take part in water based leisure activities (sense clean water).  If 
industry pollutes the river, current tourists will leave, and the town will not attract new tourist reve-
nue.  The agents will leave as the pollution in the river increases, or move to the region if the water 
is clean.   

More tourists mean more revenue, but results in increased landfill that will remain after the tourists 
leave.  Tourists increase pressure on utilities - e.g. electricity consumption.   

When the waste-to-energy CE BioHub processing plant is engaged, energy is supplied to the town 
and the grid is disengaged (a simplification for this round).  Energy cost drops and is reflected in a 
dynamic graph. The income to the region increases as the tourists arrive when they sense the water 
is being cleaned up.  At the same time some waste removal vehicles will divert from landfill to the 
CE BioHub.  After a short while the waste production increases and the effect is reflected in the 
landfill graph showing that waste to landfill is increasing.  This is a result of the increased population.  
The energy need also increases and this is reflected in the energy graph.  Similarly the trains will be 
shorter, indicating fewer consumables are required. 

The CE BioHub can be disengaged and the factory can lower production to show that a clean water 
body is possible without the CE BioHub, but at a cost to production and subsequent income loss to 
the community (jobs are lost).  

Outcome and Discussion 
During presentations of the conceptual model to three different and likely stakeholder groups, the 
fact that there is a time delay between actions of actors and the resulting consequences raised many 
comments.  It was very clear how tourists impacted the ecosystem and that some waste introduced 
by the visitors contributed to a permanent increase in the landfill content.   



 
The role of the CE BioHub treatment plant was obvious and did not raise many comments.  This is 
likely because there is an expectation that the CE BioHub should “make things better”.   

The stakeholder groups commented that the dynamic nature of the simulation helped them to quickly 
understand the concepts and to start to anticipate events.  The feedback loop between tourists arriving 
and the effect on resource utilisation and waste as a trade-off sparked some discussions.   

What did stimulate extra discussion was the interaction of the landfill servicing by the trucks, the CE 
BioHub operation and modifying the Factory output.  There were questions to try and ‘understand’ 
how the emergent behaviour was ‘programmed’.  What were the rules?  Can the rules be made more 
complex?  Is this a true reflection of what will happen in the real world?  This last question is some-
thing often faced when dealing with complex phenomena.  The only way to answer this is to verify 
and validate aspects of the reference model with subject matter experts and to update concept and 
implemented models subsequently (Koen et al., 2017).   

Interestingly the cost of establishing and maintaining such a BioHub was not questioned. Whereas 
most residents will probably agree that it is a good idea,  since it will create more local jobs, stimulate 
the local economy with eco-friendly products, generate some electricity and reduce the landfill, the 
key question is how much it will cost to build and operate the facility over its service life (it may 
have intergenerational consequences), and from where this funding will come.  Since tax revenue 
ultimately funds these types of projects, will the benefits outweigh the costs?  There is also a cost 
associated with not building the BioHub – the state may impose penalties for not mitigating environ-
mental pollution.  Should the pollution remain unchecked it could drive tourists away and have a 
negative impact on the tax revenue. 

The causal diagram (Figure 5) reframes the reference model into a conceptual model in terms of 
finances.  The council’s income source is tax revenue from business in the local economy and from 
permanent residents. The impact on council finances is considered from an environmental perspec-
tive: Expenses related to landfill maintenance and possible future expansion and Air & Water Pollu-
tion. The council supply electricity to the public, e.g. street lighting, transport, traffic signals, and 
other services.   

 
Figure 5. Causal conceptual model focused on financial aspects. 

The longest and most fruitful discussion (90 minutes) was had during a video-link conversation with 
an individual in Europe who was not part of the original reference model development, and only saw 
the simulation model running.  Having an interest in a local regional change initiative, they were 



 
interested in the cost of the model development, the possible scaling, and the level of effort required 
to contextualize the reference model for their environment.  What measures of effectiveness could 
be introduced? Was it possible to include empirical data into the processes?  Could the simulation 
model be connected to live information?  They could see how the model could easily be used to 
enrich strategy by running ‘scenarios’ using Monte Carlo simulations analysing risks and uncertainty 
and financial impact.  

From the perspective of the six limits and issues identified earlier, this simple conceptual model 
demonstrated that the system generates waste and that waste and energy requirements increased de-
spite the fact that a CE BioHub was introduced.  Although the CE BioHub cleaned up the river and 
allowed more tourists to visit, generating more income,  the landfill operation did not benefit as much 
as expected.  It also meant that the factory could continue to produce at full capacity.  The possible 
negative consequences of the factory continuing as before did not come up for discussion. 

Conclusion and Future Development 
The case was made that the Circular Economy is a complex environment with many ‘wicked’ prob-
lems to be addressed.  Working from the thesis that a model-based environment could be used to 
explore and communicate complex interactions and emergent behaviour, a reference model was de-
rived for a generic circular economy intervention using co-creation approaches. 

Following the modelling and simulation system design framework (MS-SDF) process within the 
context of transdisciplinary research and co-creation and using the identified six limits and issues of 
the circular economy as boundary inputs,  proved to be very valuable in speeding up the development 
cycle of a concept simulation model.  The contributors to the concept design effort could understand 
the simulation modelling approach when described against the MS-SDF process.  The Design Think-
ing approach ensured balanced contributions to structured white board discussions and knowledge 
capture.   

Doing a light-weight concept model quickly was a good choice to embed the idea of using simulation 
modelling during the life cycle of development of a circular economy intervention, because it quickly 
closed the loop between discussions, ideation and a tangible artefact.   

It was noted that there was scepticism around the validity of any simulation being used in this com-
plex environment, and even though it was limited to one individual from a specific academic disci-
pline, this will need to be addressed.  Showing how an emergent property can be discovered in the 
simulation, linked to past experience or logic arguments, can address this doubt.  The discovery 
model discussed in this paper is based on an hypothetical situation and was not planned to form the 
basis for decision making as it was not designed with a validated or verified data set as basis.   

The effort will continue to address some of the questions posed during the demonstrations.  The 
discussions with possible stakeholders were promising because it led to more detailed discussions 
around specific problems as candidates for future simulation efforts.  Follow-up discussions led to 
concept development for a regional partner in Finland.   

The reference model will be revisited with feedback received during discussions.  Specifically, as-
pects of connection to global resilience parameters for climate change, local aspects of finances, 
population growth and decline, waste and energy composition and individual cultural and local gov-
ernance aspects will receive attention. The software simulation environment will be updated to allow 
a version of the concept model to be accessed from a Cloud server.  This will allow a broader audience 
to comment on aspects of this specific conceptual model and that in turn will be used to validate and 
verify the reference model.  Finally, the model was made available to postgraduate students at insti-
tutions in South Africa, Australia and Russia and the authors await feedback and ideas for 



 
development.  As the model is expanded and validated it may conceivable be used in a gamified 
version for education at school level. 
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