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A B S T R A C T   

The viability of novel network-level circular business models (CBMs) is debated heavily. Many companies are 
hesitant to implement CBMs in their daily practice, because of the various roles, stakes and opinions and the 
resulting uncertainties. Testing novel CBMs prior to implementation is needed. Some scholars have used digital 
simulation models to test elements of business models, but this this has not yet been done systematically for 
CBMs. To address this knowledge gap, this paper presents a systematic iterative method to explore and improve 
CBMs prior to actual implementation by means of agent-based modelling and simulation. An agent-based model 
(ABM) was co-created with case study participants in three Industrial Symbiosis networks. The ABM was used to 
simulate and explore the viability effects of two CBMs in different scenarios. The simulation results show which 
CBM in combination with which scenario led to the highest network survival rate and highest value captured. In 
addition, we were able to explore the influence of design options and establish a design that is correlated to the 
highest CBM viability. Based on these findings, concrete proposals were made to further improve the CBM 
design, from company level to network level. This study thus contributes to the development of systematic CBM 
experimentation methods. The novel approach provided in this work shows that agent-based modelling and 
simulation is a powerful method to study and improve circular business models prior to implementation.   

1. Introduction 

The Circular Economy (CE) is a regenerative economy in which 
resource inputs and outputs such as waste, energy and emission are 
minimised through slowing, closing and narrowing loops (Lüdeke--
Freund et al., 2019). CE is being considered a promising sustainable and 
competitive alternative to the traditional linear economy, in which 
materials and energy are produced, sold, used and disposed of (Ghi-
sellini et al., 2015). Therefore, it has gained wide attention among policy 
makers, businesses and scholars (Geissdoerfer et al., 2018). CE requires 
bottom-up efforts from companies, for example through actively 
encouraging closed loop value chains (Bressanelli et al., 2019). Although 
closed-loop value chains are a key part of the circular economy, the 
transition requires a broader approach than just establishing new supply 
chains (Schenkel et al., 2015): it requires rethinking the whole business 
logic, often transcending internal business functions across supply 
chains and even industries (Bocken et al., 2015). Hence, network-level 

business model innovation is seen as a key pathway for the transition 
towards a circular economy (De Angelis, 2016; Schenkel et al., 2015). 

Up to date, the effect of novel circular business models (CBMs) on 
their intended future outcomes - to create sustainable value according to 
the principles of CE - remains unknown (Lüdeke-Freund et al., 2019). 
Many companies are reluctant to implement CBMs in their daily practice 
(Schroeder et al., 2019). Experimentation methods are required to 
support companies in the transition from traditional business models to 
CBMs. Iterative testing of new business models with stakeholders is 
crucial for gaining insight in the viability of CBMs (Bocken et al., 2019; 
Bocken and Antikainen, 2018; Weissbrod and Bocken, 2017). 

Computer simulation models offer opportunities for CBM experi-
mentation. If a simulation model is co-created with the stakeholders, it 
helps them to increase their knowledge about the system they operate in 
(Bas, 2017; Batten, 2009; Smetschka and Gaube, 2020). Co-creation 
with stakeholders has three main advantages: it improves the design 
of the models, it structures communication between the modellers and 
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practitioners, and it helps in identifying impact potentials (Epstein, 
2008; Smetschka and Gaube, 2020). Computer simulation models are 
particularly suitable for studying the effects of business model design 
and externalities before actual implementation, which is attractive for 
firms because it may avoid economic, social and/or environmental risks. 

This study contributes to the development of CBM experimentation 
methods. It proposes a novel systematic method to explore CBM designs 
prior to implementation using agent-based modelling (ABM) and 
simulation. 

2. Background 

We first explore the literature on CBMs and discuss obstacles that 
hamper CBM implementation. Next, we show that agent-based models 
(ABMs) are particularly suitable for modelling and simulating CBMs. 

2.1. Circular business models 

There are many definitions of business models, but in general busi-
ness models describe a firm’s organisational and economic design, 
providing for insights in how companies create, deliver and capture 
value (Teece, 2010). Today’s societal and environmental sustainability 
challenges undermine the viability of traditional business models, which 
are built upon an idea of competitive advantage in a linear production 
system of take-make-use-dispose (De Angelis, 2016). Business model 
innovation is considered to be crucial to implement changes in organi-
sations (Geissdoerfer et al., 2018), and business model innovations have 
emerged to address the abovementioned sustainability challenges 
(Breuer et al., 2018; Schaltegger and Wagner, 2011; Stubbs and Cocklin, 
2008). Traditional business models are generally built up of the 
following dimensions: value proposition, value creation and delivery, 
and value capture (Osterwalder and Pigneur, 2010; Richardson, 2008). 
Sustainable business models aim not only to create, deliver and capture 
economic value for the company involved, but also to contribute to 
environmental and social value creation among a broader span of 
stakeholders (e.g., Breuer et al., 2018; Stubbs and Cocklin, 2008). In line 
with this, business model innovation is regarded crucial to implement 
CE principles (De Angelis, 2016; Schenkel et al., 2015). Hence, circular 
business models (CBMs) are a specific type of sustainable business 
models (Bocken et al., 2014; Geissdoerfer et al., 2018). CBMs (some-
times named Circular Economy Business Models or CEBMs) are business 
models that create value according to the principles of CE, through 
reducing waste and consumption, and by closing, slowing and narrow-
ing resource loops (e.g., Bocken et al., 2016; Lüdeke-Freund et al., 
2019). Companies can do so by constructing a business model through 
combining a variety of design options, that affect the business model 
across all its dimensions (Lüdeke-Freund et al., 2019). Inspired by the 
work of D’Souza et al., 2015, Magretta (2002) and Osterwalder (2016), 
we thus consider a circular business model to be viable, when its design 
provides for a long term effective value proposition, value creation and 
delivery and value capture to foster closing, slowing and narrowing 
loops. Business model experimentation methods provide opportunities 
to understand the viability of CBMs (Bocken et al., 2019). However, the 
implementation of CBMs is currently slow and CBM experimentation 
studies are limited to a small number of cases. 

2.2. Gaps in literature that hamper CBM implementation 

Firms operate in a complex and evolving environment, caused by 
factors that are not manageable by them (D’Souza et al., 2015). Com-
pany representatives recognise the complexity and accompanying un-
certainties that may affect the viability of CBMs, both on the firm level 
and the network level (Lindgren et al., 2010). Companies are therefore 
still reluctant to implement these CBMs (Circle Economy, 2020). Un-
certainties are preferably recognised and dealt with before imple-
mentation of the business model to avoid financial risks. Since CBMs are 

rather novel, detailed information is lacking that could convince com-
panies of their CBM viability (Breuer et al., 2018; Fichtner et al., 2005; 
Herczeg, 2016). In this article, we focus on the following gaps in liter-
ature that have been identified as obstacles for CBM implementation:  

• Effects of scale and time are hardly explicated and accounted 
for. Although rarely mentioned in CBM literature, the performances 
of technical artefacts (e.g., production outputs of processing equip-
ment) are depending on the scale and fluctuations in resource input 
quantity and quality (De Meyer et al., 2014), particularly when waste 
is used as inputs in circular initiatives (Paes et al., 2019). However, 
scale and time are barely addressed in literature regarding CBM 
viability (Lüdeke-Freund et al., 2019).  

• Effects of individual actor behaviour and social interactions 
among partners are hardly accounted for. Actions of individual 
humans within firms influence the interaction between firms on the 
network level (Andrews, 2000), thereby affecting the captured value 
(Lüdeke-Freund et al., 2019). Thus, to keep all actors in a circular 
network involved, both explication of actor behaviour and incenti-
vising collaborative interaction are important (Geissdoerfer et al., 
2017). Although business models include a brief description of 
partnerships and customer relationships, literature that explicates 
actor behaviour and social interactions affecting the business model 
viability is still lacking (Lüdeke-Freund et al., 2019).  

• Effect of external environment on business model viability is 
hardly addressed. The emerging studies on CBMs are mostly case- 
specific. Every case differs because of the variety of natural and so-
cietal contexts. Thus, case-specific outcomes have limitations with 
respect to their transferability to multiple contexts (Lewandowski, 
2016). 

In the light of circular business model experimentation, the gaps 
make clear that there is a need for a generic method to provide ex-ante 
insights in dynamic relationships between technical artefacts, social 
actors and environment. An understanding of complexity and dynamics 
of CBMs on both the firm level and the network level is crucial (Lew-
andowski, 2016; Ünal et al., 2019). Academic literature that provides for 
the required level-transcending methods and tools to systematically 
experiment with the CBM’s key elements is lacking. Thus, ex ante CBM 
viability experimentation, addressing complexity and multi-stakeholder 
interdependencies, is required to contribute to the transition towards a 
circular economy. 

2.3. Agent-based modelling and simulation 

Agent-based models (ABMs) are exceptionally suitable for modelling 
and simulating complex adaptive socio-technical systems (Dam et al., 
2013). Agent-based modelling serves as a tool to better understand a 
system, its components and the interaction among them (Janssen, 
2005). It provides an opportunity to understand the functioning of the 
system ”in-silico”, by allowing us to consider a wide range of system 
properties and values which can prove to be (in)efficient and (in) 
expensive in the real-world (Holland, 1992). The modelled agents 
represent the social, autonomous actors that possess certain behaviours 
and technical artefacts with properties that enable certain processes to 
occur (Dam et al., 2013). Through the interaction among these agents 
with differing properties, patterns emerge which provide insights into 
the overall functioning of the system (Janssen, 2005). Thus, agent-based 
modelling and simulation offers opportunities for CBM experimentation 
to explore interactions between environment, actors and technologies 
on the micro- and meso-level that result in practices that are in line with 
the principles of the circular economy. 
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2.4. Existing agent-based modelling studies related to circular business 
models 

In the fields of Industrial Ecology and Complexity Sciences, some 
agent-based models have already been used to study the complexity and 
dynamics of circular economy practices. Numerous studies focus on the 
creation of partnerships among agents to improve economic profitability 
and resource efficiency (e.g., Albino et al., 2016; Gang et al., 2014; 
Ghali et al., 2017; Mertens et al., 2016; Raimbault et al., 2020; Yazan 
et al., 2018). In these studies, some CBM elements have been modelled, 
for example products, partnerships, costs and revenues. Other studies 
also included environmental value creation (e.g., Batten, 2009; Cam-
parotti, 2020; Cao et al., 2009; Romero and Ruiz, 2014). Moreover, 
social value creation was studied using an ABM, for example Chan-
dra-Putra et al. (2015) modelled factors that affect the evolution of in-
dustry in liveable, well-balanced cities. Mantese and Amaral,@ 
(2017;2018) validated, evaluated and categorised indicators for 
capturing value. Some ABMs have been used to study customer accep-
tance (e.g., Lieder et al., 2017; Zheng and Jia, 2017). Zhu and Ruth 
(2013;2014) used ABMs to analyse the resilience of resource efficient 
collaborative networks in various contextual settings. 

The abovementioned ABMs have proven their capability of exper-
imenting with scale, time, actor interactions, individual behaviour and 
context. Network-level dynamics that emerge as result of the modelled 
individual-level actions and interactions were explored under varying 
circumstances, such as different market prices and behaviour profiles. 
Although not directly linked to CBM literature, these models implicitly 
included some elements within the business model dimensions (value 
proposition, value creation and delivery, and value capture). However, 
to our knowledge an agent-based modelling approach has not yet been 
used to systematically test business model viability from the CBM 
perspective. This article aims to fill this gap, by proposing and testing a 
systematic method for ex ante CBM experimentation, explicitly 
including value proposition, value creation and delivery and value 
capture. 

3. Proposed iterative CBM experimentation method and 
application to an illustrative case 

In this section we illustrate how we contribute to explorative CBM 
experimentation by presenting the proposed method and applying it to a 
case study. 

We created and used an agent-based model (ABM) by means of an 
iterative and participatory design science approach (Lange et al., 2017). 
Design science research is a methodological approach that combines 
finding practical solutions with scientific knowledge development 
(Hevner, 2007). Design science research is considered a suitable 
research approach when working in close collaboration with practi-
tioners; to test new designs in a realistic context, while solving a domain 
problem through the construction of an artefact (Dresch et al., 2015). In 
this study, our ABM is exactly that artefact: allowing to iteratively find 
new knowledge and solutions, by researchers and practitioners, aimed at 
collaboratively and incrementally improving the CBM viability. This 
also means that our ABM is not intended to provide the answer to a 
question of what the best or optimal settings for high CBM viability 
would be by a straightforward quantitative analysis of a multidimen-
sional design space. Instead, the ABM describes how a combination of 
multiple design options in two CBMs in different contexts affect single 
agents. Furthermore, from the interactions among these modelled 
agents, mechanisms and outcomes emerge on the network level. 

To explore the efficacy of the studied CBMs and design options, this 
article proposes a methodological approach for CBM experimentation, 
by following and applying these modelling and simulation steps in an 
illustrative case:  

1 Case selection and description (section 3.1);  

2 Participatory and iterative model conceptualisation (section 3.2);  
3 Software implementation (section 3.3);  
4 Experimental design (sections 3.4);  
5 Explorative and iterative CBM experimentation and analysis (section 

4). 

During the modelling and simulation steps, we conducted 11 semi- 
structured interviews, five roundtable discussions and 17 individual 
feedback sessions with case practitioners and experts. Furthermore, we 
used written feedback from the case participants to iteratively construct, 
improve and calibrate the model assumptions, mechanisms and out-
comes. Extensive background information on the process and results can 
be found in a repository (Lange et al., 2021a): https://www.comses. 
net/codebase-release/1f328ca2-653e-4f9c-98e6-d6a11752f1a6/https 
://doi.org/10.25937/3ewr-yt59. This includes information on empirical 
data collection methods, a model description according to the ODD 
protocol by Grimm et al. (2020), source codes, flowcharts, input data, 
and simulation results. 

3.1. Case selection and description: industrial symbiosis network around 
anaerobic digestion 

For case selection and model conceptualisation we used the method 
of Lange et al. (2017). We used three case studies to be able to model a 
realistic narrative of real-world industrial symbiosis networks (ISNs) as 
described in Mulder et al. (2020, 2018). Rooted in the field of Industrial 
Ecology, ISNs are defined as collaborative webs of actors that aim for 
value creation through resource efficiency and information sharing 
(Cecchin et al., 2020; Doménech and Davies, 2010). Although it is not 
the only archetype of business models within CE practice, scholars 
consider ISNs to be crucial in the transition towards a circular society 
(Baldassarre et al., 2019). ISNs can be vulnerable to unexpected events, 
causing the collaborations to end and the network to collapse (e.g., 
Chertow and Ehrenfeld, 2012; Chopra and Khanna, 2014). For example, 
ISNs collapse when (residual) resource suppliers stop exchanging their 
streams with the users (or processors), or when the users stop utilizing 
these local residuals. Hence, in this article ISNs are considered a fair 
representative of the CBM viability challenges. 

For conciseness, only the case used for this study’s simulation is 
described here. This concerns the case of an urban ISN initiative in 
which anaerobic digestion is used to process local organic waste. Bio-
digestion is considered one of the key technologies to close biobased 
materials loops in the circular economy (EMF and McKinsey, 2014). In 
developed countries, at least 58% of the food waste occurs in firms, such 
as food manufacturing, service, retail, and distribution (Mirabella et al., 
2014). In Amsterdam, the Netherlands, there are several ISN initiatives 
that attempt to address this problem by collecting, processing and 
reusing organic and food waste from companies locally (Mulder et al., 
2020, 2018). 

One of those initiatives emerged at a former shipyard area called 
NDSM wharf, which was one of the largest of its age between the 20s and 
80s of the twentieth century. Today the area is a commercial area and a 
hotspot for creative activities, such as festivals, markets and fairs. Two 
organisations are actively involved in the management of the area, a 
cooperative that aims to foster the renewable energy transition 
(approximately 60 members), and a foundation that aims to serve the 
interests of around 400 companies. Both organisations are aware that 
the companies they represent have to comply with the municipality’s 
Circular Economy agenda, which follows the EU regulations that in 2023 
organic waste and kitchen waste has to be collected and processed 
separately (Municipality of Amsterdam, 2020). In 2017, the renewable 
energy cooperative tried to set up a symbiotic network for small-scale 
biodigestion of organic waste to produce energy for local use. This 
idea did not yet take off, mainly because the proposed business model 
did not provide for assurance that the network would survive with 
regards to waste supply, and product demand (i.e., gas and digestate). 
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The case participants required insights in the effect of reshaping the 
business model, offering an opportunity to use this case for business 
model experimentation. 

3.2. Model conceptualization 

We iteratively conceptualised and calibrated a model in collabora-
tion with our case participants (Fig. 1). Furthermore, the model builds 
upon recently published work of the authors (Lange et al., 2021b). 
Within the modelled ISN, firms act either from the role of waste supplier 
or from the role of local waste processor. Traditionally, waste suppliers 
in our case study have their waste brought to an incinerator. In the new 
ISN, suppliers negotiate with the local processor to establish a synergy 
that leads to local waste exchange and treatment. As shown in the 
process overview (Fig. 2), the model represents the production of biogas 
and digestate from local waste. Based on interviews with case partici-
pants, it is assumed that these products are fully reused within the area. 
Selling gas and digestate are therefore modelled as an infinite sink. Many 
decisions that determine the interaction among waste suppliers, pro-
cessor and incinerator depend upon the CBM design. 

In consultation with our case participants, we test two CBMs: Cir-
cular waste management (CBM 1) and Waste as by-product (CBM 2). 
Using the CBM morphology by Lüdeke-Freund et al. (2019), Table 1 
shows how CBM design options come about in our case study, forming a 
so called ‘patterns’. Our case study shows high similarities with the three 
generic patterns that Lüdeke-Freund et al. (2019) propose for organic 
feedstock: recycling, the cascading or repurposing. 

The value proposition of CBM 1 focuses on two aspects: offering a 
waste removal service and producing an energy carrier for business-to- 
business (B2B) customers. Value creation and delivery is mostly per-
formed and directed by the waste processor and facilitated by the waste 
suppliers. The waste processor creates revenues from selling energy and 
collecting waste. In CBM 2 the value proposition focuses on the value of 
waste as a resource for the production of the biogas as an energy carrier. 

The waste processor creates revenues from selling energy and digestate 
as fertiliser. The supplier sells waste as a valuable resource to the pro-
cessor. Value creation and delivery are performed and directed by the 
waste processor as well as the waste suppliers, who now put more effort 
in the increase of the quality of their valuable by-product. 

3.3. Software implementation 

This section provides a generic model description, which is param-
eterized and used in the case study. We implemented the model in 
NetLogo (Wilensky, 1999). The model code including an extensive 
description and flowcharts can be found in the repository (Lange et al., 
2021a). 

3.3.1. General model 
We modelled three types of agents: the waste processor, the waste 

supplier and the waste incinerator. Each simulation step represents 1 
month to be able to model changes in waste quantity and quality over 
the year. The waste processor and supplier go through all process stages 
for local exchange and treatment of organic waste to product as shown 
in Fig. 2. For the sake of conciseness, we explain these steps briefly: 

1 Waste suppliers produce waste. Suppliers that already have a con-
tract with the local processor make transactions, determined by the 
CBM design and context.  

2 The waste processor checks its available production capacity. If 
necessary, it asks all waste suppliers in the network to reveal their 
waste quantity and quality.  

3 The processor selects and prioritizes potential supplying partners, 
from highest to lowest waste value. The waste value is determined by 
the waste quantity and quality, thus modelling the fitness to process 
the waste in the biodigester. 

4 Bilateral negotiations take place between the processor and pro-
cessor’s most preferred supplier. For this, both agents determine 

Fig. 1. The modelled Industrial Symbiosis Network (ISN). Waste suppliers and processor exchange waste and money if a contract is established. Residual waste is 
brought to the incinerator (Lange et al., 2021a). 
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target and limit prices of the waste. These prices are formed based on 
waste quantity and quality, market prices, and the actor’s intention 
to form a synergy. The model of behavioural intention was based on 
the Theory of Planned Behaviour (Ajzen, 1991), since this is a suit-
able theory to use in modelling synergies among companies (Ghali 
et al., 2017).  

5 If an agreement is made, a contract is established. The contract 
specifies the maximum amount of waste to be transacted each 
month, the agreed price and the contract duration.  

6 The new supplier delivers the waste to the processor and monetary 
transactions are made. If the processor capacity is not reached, steps 
3 to 6 are repeated with the next potential supplying partner. 
Otherwise, the model goes to step 7.  

7 The incinerator takes up all the waste that is left. 
8 Waste supplier and processor agents evaluate their cash flow out-

comes and the extent of biodigester usage. If the waste supplier loses 
too much money, the agent decides to leave the network. 

9 If the processor leaves the network, for example because of insuffi-
cient waste input or because cashflow results are below a threshold, 
the whole network fails. The simulation either ends after the network 
fails, or after running a set time span. 

3.3.2. Modelling of CBMs and design options 
Business models are the complete set of elements that create a story 

(Magretta, 2002), and therefore CBMs determine the model narrative. 

To experiment with the two CBMs as described in Table 1, we modelled 
these as exogenous variables, i.e., as input parameters set to our model. 
By using a switch, the course of events during model start-up is deter-
mined, which sets the agents’ roles, aims and actions, see Table 2. 

Design options are the instantiations of the set of design variables 
within our model, that affect the course of events made within the CBM 
narratives. We quantitatively modelled 20 CBM design variables, which 
are related to the CBM dimensions, see Table 3. 

To increase the model’s validity, we iteratively developed the model 
input variables according to the case study and assessed the outcomes. 
This process was repeated until the model outcomes met the expecta-
tions of the case study participants. 

3.4. Experimental design 

3.4.1. Aim and setup 
According to Magretta (2002), a viable organisation is built on a 

viable business model. In addition, stakeholders should be motivated to 
be part of the business model by capturing value (D’Souza et al., 2015). 
In our model, the value captured is calculated as the relative cash flow 
compared to the initial state, i.e., using incineration costs as a bench-
mark. The simulated ISN fails to capture value, if the waste processor 
leaves before the given time span of 5 years. Therefore, our main per-
formance indicators for viability of CBMs are [1] the ISN survival rate 
(percentage of runs with surviving ISNs) and [2] the value captured, 

Fig. 2. Schematic of the process of exchange and treatment from waste to product. Adapted from Lange et al. (2021a).  
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expressed as the average cash flow each actor generates per tonne waste 
(Euro/tonne waste/actor). 

Aiming to test and improve CBM viability, our study thus searches for 
CBM designs with highest network survival rates and captured value by 
the ISN. To do so, we simulated the two CBMs of section 3.3, including 
the range of design variables, environment and behaviour values 

Table 1 
Both modelled and tested CBMs including design options (inspired by Lüde-
ke-Freund et al., 2019).   

CBM Dimensions Design options Explanation 

CBM 
1 

Value 
proposition 

Products Products based on 
recycled waste 

Production of 
energy (heat, 
electricity from 
biogas). 

Products Waste as 
recyclable 
production inputs 

Organic waste is 
input for 
biodigestion 
process. 

Services Take-back 
management 

Offering a safe 
deposit system for 
separated organic 
waste. 

Services Waste handling, 
processing 

Service of handling 
and processing 
organic waste. 

Value 
delivery and 
creation 

Target 
customers 

Business-to- 
business (B2B) 
Customers 

Waste removal 
from firms, and 
energy delivery to 
firms. 

Target 
customers 

‘Green’ customers Customers with a 
‘green interest’ ( 
Bocken et al., 
2016): using 
biogas as energy 
source instead of 
fossil resources fits 
with these 
interests. 

Value 
delivery 
processes 

Taking back 
waste 

Waste removal. 

Value 
delivery 
processes 

Sharing waste Sharing waste to 
gather a stable 
amount of input 
for the production 
of energy. 

Partners and 
stakeholders 

Collectors of 
waste 

Proprietor of the 
biodigester. 

Partners and 
stakeholders 

Suppliers of waste All firms that 
separate organic 
waste for supply to 
the biodigestion 
facility. 

Value 
creation 
processes 

Taking back 
waste 

Safe and agile 
removal of the 
waste to prevent 
plague or 
biological hazard. 

Value 
creation 
processes 

Using waste as 
input 

Traditionally 
waste was seen as 
sunk costs, in this 
CBM it is seen as an 
input for energy 
production. 

Value 
capture 

Revenues Additional 
product revenues 

Selling biogas. 

Costs Waste handling, 
processing 

Opportunity to 
save on waste 
disposal costs. 

Costs Resource inputs Saving on energy 
costs by not paying 
to ‘traditional’ 
external energy 
suppliers. 

Costs Transportation, 
logistics 

Opportunity to 
save on waste 
disposal costs. 

CBM 
2 

Value 
proposition 

Products Products based on 
resources 

Production of 
energy (heat, 
electricity from 
biogas). 

Products Organic waste is 
input for  

Table 1 (continued )  

CBM Dimensions Design options Explanation 

Waste as 
recyclable 
production inputs 

biodigestion 
process. 

Services Delivery of by- 
products (organic 
residuals) 

Offering a safe 
deposit system for 
separated organic 
waste. 

Services Waste handling, 
processing 

Service of handling 
and processing 
organic waste. 

Value 
delivery and 
creation 

Target 
customers 

B2B Customers Waste selling to 
and buying from 
firms, and energy 
delivery to firms. 

Target 
customers 

‘Green’ customers Customers with a 
‘green interest’ ( 
Bocken et al., 
2016): using 
biogas as energy 
source instead of 
fossil resources fits 
with these 
interests. 

Value 
delivery 
processes 

Taking back 
waste 

Purchasing waste 
as by-product. 

Value 
delivery 
processes 

Sharing waste Selling waste as a 
valuable by- 
product (resource) 
to gather a stable 
amount of input 
for the production 
of energy. 

Partners and 
stakeholders 

Collectors of 
waste 

Proprietor of the 
biodigester. 

Partners and 
stakeholders 

Suppliers of waste All firms that 
separate organic 
waste for supply to 
the biodigestion 
facility. 

Value 
creation 
processes 

Taking back 
waste 

Safe and agile 
removal of the 
waste to prevent 
plague or 
biological hazard. 

Value 
creation 
processes 

Using waste as 
input 

Traditionally 
waste was seen as 
sunk costs, in this 
CBM it is seen as a 
valuable resource 
for energy 
production. 

Value 
capture 

Revenues Additional 
product revenues 

Selling biogas. 

Revenues Additional 
product revenues 

Selling waste as a 
valuable by- 
product. 

Costs Waste handling, 
processing 

Opportunity to 
save on waste 
disposal costs. 

Costs Resource inputs Saving on energy 
costs by not paying 
to traditional 
external energy 
suppliers. 

Costs Transportation, 
logistics 

Opportunity to 
save on waste 
disposal costs.  
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(Fig. 3). 
The environment and agent behaviour moderate the mechanisms 

and outcomes during the simulations. Billing by the incinerator occurs 
outside the ISN. Based on the cases, two incinerator billing scenarios 
were included in our experiments. In scenario A, waste suppliers pay the 
incinerator per month. In scenario B, waste suppliers pay the incinerator 
per mass unit waste. This may occur when a collection system is 
equipped with sensors to measure the amount of waste. This implies that 
in scenario B, the waste supplier avoids costs by bringing waste to the 
ISN (see design variable 16, Table 3). 

3.4.2. Input parameters and simulation runs 
To experiment with the CBM design, we ran multiple simulations 

with our model. We thus explored random combinations of CBMs and 
design options by means of 50 input parameters: 20 parameters related 
to design variables, and an additional 30 inputs for environment settings 
and agent behaviour. The parameter settings for the design variables 
and environment variables were calibrated by means of interactive 
discussions with case study participants and experts. The behaviour 
parameter settings were set in such a way that all kinds of actor 
behaviour were represented in the simulation. A complete parameter 
setup table can be found in the repository (Lange et al., 2021a). 

We used a Latin-hypercube sampling (LHS) algorithm to decrease 
simulation runtime while still exploring the full simulation space. Based 
on the requirements of the case study, we simulated both CBMs over 5 
years, a maximum of 60 simulation steps. Each simulation was repeated 
100 times in order to create data with enough statistical significance, 
thus creating 10000 runs for each CBM including design options. 

The simulation results comprise data regarding local synergy 
participation, waste exchanges, whether or not the ISN survived, cash 
flow outcomes per agent, and average value captured by the ISN. 
Following the scope of this study, this data was then used to analyse the 
CBM viability on the network level. In the next sections, the results, the 
contributions and limitations with regard to this CBM experimentation 

Table 2 
Two modelled CBMs.   

Model variables Input 
value 

Description 

CBM 1: Circular 
waste 
management 

Waste-as-by- 
product? 

FALSE The target customer is the 
waste supplier, and the waste 
processor offers the service of 
removing and treating waste. 
This implies that the supplier 
pays the processor to remove 
the waste. In the model, 
during the negotiation stage, 
the supplier acts as a buyer, 
and the processor as a seller. 

WSQualPenalty? FALSE Waste of too low quality 
cannot be processed locally. 
However, since the supplier 
pays for the waste collection 
and processing service, no 
additional costs are charged if 
the quality of the waste 
delivered does not meet the 
minimum quality threshold. 

CBM 2: Waste as 
by-product 

Waste-as-by- 
product? 

TRUE This CBM is focused on 
production of energy (biogas) 
and/or fertiliser (digestate). 
The waste supplier is the seller 
and the local waste processor 
is the buyer of local resources. 

WSQualPenalty? TRUE Waste of too low quality 
cannot be processed locally. If 
the waste supplied is of poor 
quality, the supplier pays a 
compensation for the 
processor’s production losses.  

Table 3 
Modelled design variables the relation to CBMs.  

Design variables in the model Relation to CBM 
Nr. Design variables Explanation Dimension 

CBM Partners 
1 ISNSize Amount of potential 

ISN participants 
(number of firms) 

Value creation 
and delivery. 

CBM Quantity control parameters 
2 MaxQuantityAllowed Maximum biodigester 

capacity (kg/month). 
Value creation 
and delivery. 

3 WPMinProcThresholdPerc Minimum required 
amount of waste (kg/ 
month) to keep the 
biodigestion process 
running. 

Value creation 
and delivery. 

4 WPProcThresholdPerc Acceptable amount of 
waste (kg/month) for 
the processor. 

Value creation 
and delivery. 

5 I/Oratio Mass of digestate out: 
mass of waste in (kg/ 
kg). 

Value creation 
and delivery. 

6 GasProdRatio Volume of biogas out: 
mass of waste in (Nm3/ 
kg). 

Value creation 
and delivery. 

CBM Quality control parameters 
7 WPQualThresholdPerc Quality is defined as: 

“the extent to which 
the residual can is 
suitable as an input for 
production at the waste 
processor.” The waste 
processor strives for 
the highest input 
stream quality and can 
determine whether to 
accept residuals based 
on quality 
observations. 
The minimum allowed 
quality is determined 
by using this minimum 
quality threshold, 
which can be increased 
or decreased. All waste 
below that quality is 
discarded by the waste 
processor and send to 
the incinerator. 

Value 
proposition, 
value creation 
and delivery, 
value capture. 

8 WSWQualControl Increase of waste 
quality by the supplier 
by means of active 
separation at the 
source. 

Value 
proposition, 
value creation 
and delivery, 
value capture. 

9 WSWQualRNorm Decrease of waste 
quality variance by 
means of active 
separation at the 
source. 

Value 
proposition, 
value creation 
and delivery, 
value capture. 

CBM Revenue and costs 
10 initCPrice Different market values 

for digestate. 0 euro 
per tonne, if it is not 
sold, but pumped to the 
sewer. Approx. 3 euro/ 
tonne if it is sold to a 
farmer (Akkerwijzer. 
nl, 2011). 

Value capture. 

11 initGasPrice Different market values 
for digestate. 
Approximately 0,07 to 
0,01 euro per produced 
kWh, based on Mulder 
et al. (2020). 

Value capture. 

12 initBPPrice By-product price (used 
when Waste-as-by- 
product? = TRUE). 

Value capture. 

(continued on next page) 
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approach are shown and discussed. 

4. Explorative and iterative CBM experimentation and analysis 

This section describes how the data was analysed and used to 
improve CBM viability in accordance with the iterative design science 
method as described in section 3. Four steps were followed:  

• Step 1: we compared the two CBMs as described in Table 1 and 2 
(section 4.1);  

• Step 2: we explored the efficacy of CBM design variables of Table 3 
with the highest survival rate (section 4.2);  

• Step 3: we improved the CBM viability by optimising design variable 
ranges based on the results of step 2 (section 4.3);  

• Step 4: we explored directions for further viability improvement, by 
studying the role of context and behaviour variables (section 4.4). 

4.1. Comparing the efficacy of the two CBMs 

The simulation results for comparing the CBMs are shown in Fig. 4. It 
shows the survival rates of both CBMs in the bar charts on the left. The 
average value captured or lost per actor in the ISN (expressed in Euro/ 
tonne waste/actor) is shown in the box plots on the right. 

CBM 1 clearly shows higher survival rates than CBM 2 in both sce-
narios. In addition, it shows that scenario B - in which waste suppliers 
pay the incinerator per mass unit waste - is clearly more in favour of 
local biodigestion initiatives, regardless of the chosen CBM. When actors 
collaborate and the network survives, it generally correlates to positive 
cash flows, compared to not joining the ISN. The captured value per 
actor is generally higher for CBM 2 in comparison with CBM 1. We 
would like to stress that the value captured in the box plots does not 
represent individual profits and losses. Following the scope of this study, 
it indicates whether the ISN as a whole is capturing or losing value. 

Continuity of the ISN is evidently preferred to support the circular 
economy. We therefore decided to explore the CBM with the highest 
survival rate - CBM 1 - in the next steps. Yet, it is still evidently desirable 
to find ways for companies to increase its viability. Therefore, the next 
step describes how to explore the effect of the design variables. 

4.2. Exploring the efficacy of CBM design variables 

The results of two variables are shown in Fig. 5a, since these repre-
sent two types of outcomes, which we call Type I and Type II variables1.  

1 Type I variables show either a clear positive or negative correlation 
with both ISN survival and value captured. For example, increasing 
the gas production ratio (design variable 6: GasProdRatio), results in 

higher CBM viability;  
2 Type II variables do not show a clear positive or negative correlation 

with both viability indicators, for example the distribution of reve-
nues between processor and supplier (design variable 15: 
PercProductYield2WP). 

Table 3 (continued ) 

Design variables in the model Relation to CBM 
Nr. Design variables Explanation Dimension 

13 initWPrice Costs for waste 
handling (used when 
Waste-as-by-product? 
= FALSE), based on  
Mulder et al. (2020). 

Value capture. 

14 ProcCostsPerUnit Processing costs for 
waste treatment. 

Value creation 
and delivery, 
value capture. 

15 PercProductYield2WP Sharing of revenues. 
When 0 all revenues 
are allocated to the 
supplier, when 1 the 
processor takes all 
revenues. 

Value creation 
and delivery, 
value capture. 

16 PercAvoidedWasteCosts2WS Sharing of costs. When 
0 all avoided costs are 
allocated to the 
processor, when 1 all 
avoided costs are 
assigned to the 
supplier. (Works in 
scenario B only, see  
sec. 3.4.1.) 

Value creation 
and delivery, 
value capture. 

CBM Other contractual requirements 
17 Contract_Length Duration of a contract 

between the waste 
supplier and waste 
processor. 

Value creation 
and delivery. 

18 WSStepOutMoney Premature contract 
cancellation by the 
waste supplier, due to 
losses. 

Value creation 
and delivery, 
value capture. 

19 WPStepOutMoney Premature contract 
cancellation by the 
local waste processor, 
due to losses. 

Value creation 
and delivery, 
value capture. 

20 WPStepOutEmpty Premature contract 
cancellation by the 
local waste processor, 
due to lack of 
resources. 

Value creation 
and delivery, 
value capture.  

Fig. 3. Application of conceptual framework to the case study.  

1 The results of the other 18 design variables can be found in the repository 
(Lange et al., 2021a). 
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Increasing or decreasing Type I variables is clearly correlated to a 
higher CBM viability. However, improvement of CBM viability through 
Type II variables is less obvious: stakeholders have to decide which of 
the two indicators (ISN survival or value captured) should be given 
priority. As we decided to prioritize avoiding the risk of network failure, 
we now can find a range optimum to primarily maximize ISN survival 
rates and secondarily optimise the value captured. This is shown in the 
next step. 

4.3. Improving CBM viability 

To improve CBM viability, we listed the results of steps 1 and 2 and 
ordered these results according to the highest survival rates. Based on 
this list, it was decided which survival rates were both feasible and 
acceptable. In our example, four simulation runs had resulted in a sur-
vival rate higher than 75%. Moreover, all these runs resulted in captured 
value (no loss), and therefore no results needed to be discarded. We then 
chose a new range of input values, determined by the minimum and 
maximum values of each design variable in this top four list. 

After running simulations within the new range of design variables, 
the survival rate had increased to approximately 65%, as can be seen for 
the examples in Fig. 5b. This means that even within a favourable design 
variable range, one third of the simulation runs leads to ISN failure. The 
average cash flow per actor is slightly positive with negative outliers. 

4.4. Exploring new directions for CBM viability improvement 

The previous results show that possibilities to make the modelled 
local biodigestion initiative robust with the 20 chosen design variables 

are limited. In addition, the current design generally leads to limited 
value captured, and often value lost. Adding extra design variables to the 
model may improve the CBM viability. The current model already pro-
vides for new ideas, since context and behaviour variables were 
included. As shown in Fig. 6, the context and actor behaviour parame-
ters may also affect the CBM viability outcomes. 

In this case, modifying the contract duration between the supplier 
and incinerator (context variable WSWIMaxfixedContractLength) may 
improve the survival rate. Moreover, changing leaving behaviour (var-
iable WPStepOutB) or collaborative behaviour (variable initWPB) im-
proves ISN survival rates and value captured. Thus, adding design 
variables that respond to - or even shape contextual and behavioural 
factors - may offer opportunities for improvement of CBM viability. 

5. Discussion 

In this section we discuss the simulation results, reflect on the pro-
posed CBM experimentation method, and discuss the study limitations 
and implications for practitioners. 

5.1. Validation 

Since the purpose of the model is to explore multiple possible futures, 
traditional validation by real-world comparison is not feasible. Echoing 
Dam et al. (2013), we therefore validated whether the model is useful 
and convincing for understanding the mechanisms and outcomes of this 
study and for improving the CBM. Throughout the modelling and 
simulation process, multiple interactive sessions with experts and case 
participants were conducted to iteratively validate and calibrate the 

Fig. 4. Survival rate (left) and economic benefits or losses (right) of both CBMs in two scenarios. The box plots follow standard Tukey representations, showing the 
mean value (line), the interquartile range (IQR, box), the values no further or lower than 1.5*IQR (whiskers) and outliers (dots). 
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model assumptions, simulation mechanisms and outcomes. In addition, 
we compared the results with academic literature, and business reports. 
After close examination of the agent behaviour in the model, it showed 
that the low survival rates in small sized ISNs were often a result of waste 
processors leaving due to an insufficient waste supply, which is in line 
with the expectations of the case participants. In addition, the modelled 
ISNs that failed, were not able to create new synergies after the first were 
established, which corresponds to observations by Chertow and Ehren-
feld (2012). Cash flows ranges were confirmed by experts and compared 
to data from a Life Cycle Costing study by Mulder et al. (2020). 

5.2. Discussion of the simulation results 

The results of the case study simulations offer four perspectives on 
the effect of CBMs and underlying design options on CBM viability, 
providing insights into opportunities for improvement of both the CBM 
and the model itself. 

First, by comparing survival rates and value captured over the 
complete range of design variables, the simulations increase insight into 
CBM viability under different circumstances. These insights help 
stakeholders in deciding which type of CBM to explore further. In our 
example, the decision to select ‘Circular waste management’ (CBM 1) in 
favour of ‘Waste as by-product’ (CBM 2) was based on the highest sur-
vival rate. The effect of the two incinerator billing scenarios showed that 
incinerator payment per tonne waste increases the network robustness. 
Thus, the CBM viability improves if the incinerator is convinced to 
switch to a payment-per-tonne scenario. This may be achieved by 
involving the incinerator as a network partner. Or by convincing public 
policy makers to redesign policies that encourage payment per mass 
unit. 

The second perspective was the exploration of design options, 
expressed as a set of design variables. The study showed to what extent 
and how the different design variables affect the viability. Some 

variables (i.e., Type I) both reinforce the survival rate and value 
captured, whilst other variables (Type II) may be conflicting. Decisions 
regarding CBM viability optimisation are therefore dependent on 
stakeholder preferences for either survival or value capture. 

The third perspective was to explore a range of inputs for each design 
variable, which is correlated to high ISN survival rates and positive 
captured value for the ISN as a whole. By doing so, the network survival 
rate increased from less than 25% to approximately 65%. Still, the 
relative value captured (i.e., compared to not implementing the CBM) 
remains close to zero. A value proposition could be added to the CBM to 
create extra revenues. For example, this could be done by creating 
revenue from visitors who are willing to pay for education on the process 
of biodigestion. Another way to improve CBM viability could be to 
capitalize environmental and social benefits that are related to the CBM. 

Fourth, by exploring the effects of context and actor behaviour var-
iables on CBM viability, directions for future business model improve-
ment and policy interventions were provided. The CBM could be 
improved by adding CBM design interventions that test or increase the 
behavioural intention of the processor to create synergies (Lange et al., 
2021b). 

5.3. Reflection on the proposed CBM experimentation approach and 
contribution to research 

An extensive literature review of CBM approaches by Pieroni et al. 
(2019) shows that systematically designing and testing new business 
models and design options is hardly being studied in a quantitative way. 
The proposed iterative methodological approach contributes to filling 
this gap. The simulation results show that the approach and its outcomes 
are of value to experiment with CBMs and design options that are yet to 
be implemented. The agent-based modelling and simulation approach 
helps to gain insights on complexity and dynamics on both the firm level 
and the network level, which is required for CBM innovation (Ünal et al., 

Fig. 5. Correlation between two design variables and CBM viability indicators (a.) before optimisation (section 4.2) and (b.) after optimisation (section 4.3). The 
lines and shaded areas respectively represent the polynomial regression of the average and standard deviation. 
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2019). 
This work illustrates how agent-based modelling and simulation 

offer ways to improve “the lack of clearly defined variables” in CBMs 
(Ünal et al., 2019, p. 296). The method forces the modellers and 
participating stakeholders to explicate scale, time and actor interactions 
during the modelling process. The use of agent-based modelling and 
simulation is a powerful method to experiment with CBMs and a variety 
of design options. Where ISNs are rooted in Industrial Ecology and 
focussed on resource efficiency, other types of CBM archetypes have 
different purposes that also foster the principles of CE. Based on the 
sociotechnical nature of CBMs, and the fact that the proposed approach 
encompasses the generic business model dimensions, we expect a similar 
approach can be applied to other CBM archetypes. Some examples 
already show evidence in this direction. The work of Lieder et al. (2017) 
shows that ABMs can be used to test various social business model ar-
chetypes, such as pay-per-use or buy-back strategies. Another example is 
the ABM approach of Kawa & Golinska (2010) to study Closed Loop 
Supply Chains, originating from the field of Supply Chain Management. 
More research is needed to include all business model dimensions in 
ABMs of these other CBM archetypes. 

Due to the aforementioned systematic approach to test generic 
business model dimensions, we expect that the proposed experimenta-
tion method can also contribute to collaborative business models from a 
broader perspective than that of the circular economy. For example, it 
can be used to systematically test business model designs with respect to 
demand and supply dynamics in traditional supply chains, also known as 
industrial dynamics (Forrester, 1997) or the bullwhip effect (Lee et al., 
1997). 

5.4. Limitations and avenues for future research 

In this section, we discuss several study limitations and opportunities 
for future research regarding the model, the modelling process and the 
modelling and simulation strategy. 

5.4.1. Model 
The modelled interfirm collaborations are bound to free market 

waste exchanges, based on the organisational and legal context. Other 
ways to settle agreements in ISNs, for example by joining an ISN coop-
erative in which fees are determined during a general meeting of 
members, were not modelled. Thus, the simulation results cannot be 
applied to other cases, without modifying the model and input values. 
Furthermore, this model is limited to a specific type of industrial syn-
ergies. To incorporate multi-material exchanges and processes, the 
model should be extended. Furthermore, future research should also 
entail the extension of our model with other business model designs. By 
means of the proposed participatory approach, CBMs that include newly 
introduced agents may also be tested on CBM viability, for example to 
experiment with the role of an external facilitator or a cooperative 
manager. 

CBMs and contexts can also be modelled differently, e.g., by using 
other theories. In our example, we modelled negotiation as time- 
dependent. It is also possible to use other models such as behaviour- 
or resource-dependent negotiation models, which may lead to different 
outcomes. Furthermore, the model does not include behaviour with 
respect to agent learning, habitual routine or mutual trust. Thus, we 
recommend comparing the ABM of this study to other models using 
different theories (e.g., behavioural theories other than the Theory of 
Planned Behaviour), similar cases and other business model 

Fig. 6. Correlation between moderating context and behaviour variables and CBM viability in both scenarios.  
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experimentation methods, to increase its explorative power. Adding 
agent learning to address company’s adaptive nature is another 
recommendation for future research. 

Although not yet included in this version of the model, social and 
environmental revenues and avoided costs are essential parts of CBMs 
(Geissdoerfer et al., 2018). Consequently, agent-based models for CBM 
experimentation must be developed further, incorporating social and 
environmental benefits and multi-material exchanges as well. 

5.4.2. Modelling and simulation approach 
The approach to participatory modelling and simulation is part of a 

complex sociotechnical system: the provided insights affect the ongoing 
process of business model innovation. Therefore, the model contributes 
to exploration of possible mechanisms and outcomes, rather than to 
predicting the future. Yet, it allows companies to explore potential risks 
in the future before these actually occur, which makes the contribution 
of this modelling approach to the business experimentation literature 
even more powerful. Moreover, the approach allows companies to add 
and test various new design options to improve their own individual 
benefits, as well as the benefits for the network as a whole, which is an 
important condition for network-level business models (Lindgren et al., 
2010). 

Whereas we improved CBM viability through targeted iterative 
simulation steps between researchers and case participants, another way 
to use ABMs that have matured in such processes, could be to subject 
them to a deep computational analysis, and simultaneously explore 
multiple CBMs in combination with multiple parameter sets. The 
Exploratory Modelling and Analysis methodology (Bankes, 1993) en-
ables modellers to support such robust decision making under deep 
uncertainty (Kwakkel, 2018). It could identify combinations of param-
eters and variable settings for improving CBM resilience. It helps in 
uncovering factors that dampen the negative effect of extreme exter-
nalities or in finding ways to deal with extreme events by changing the 
configuration of the CBM design according to the environment. 

As this work also allows for providing new perspectives on business 
model experimentation in the broader context of supply chain man-
agement, we advise researchers from that field of interest to consider the 
proposed modelling and simulation approach as well. It may provide 
opportunities to integrate business model experimentation literature 
and studies on the dynamics of supply chain management, e.g., Zarandi 
et al. (2008), Costas et al. (2015), Trkman et al. (2015) or Zimon et al. 
(2019). 

5.5. Implications for practitioners 

Agent-based approaches help stakeholders to understand the system 
in which they operate and what role they play. This provides insights to 
avoid missing dynamics in their environment that may lead to individual 
decisions that eventually harm their business (Bas, 2017, p. 181). 
Referring to Epstein (2008, sec. 1.9), we mainly used this model to 
“explain the system, guide data collection, illuminate core dynamics and 
uncertainties, bound outcomes to plausible ranges, demonstrate trade-offs, 
and raise new questions”. The explorative nature of the study may also 
contribute to prescriptive knowledge by training (future) stakeholders. 
Examples of beneficiaries are collectives of firms that engage in circular 
practices, but also individual companies, searching for ways to improve 
individual value creation within the collective. For public institutions 
the agent-based approach helps in designing policies to support CBM 
innovations. During the process of modelling, practitioners were 
encouraged to concretise their goals, ideas, definitions, actions and 
doubts. This approach enables potential industrial and commercial 
partners to cooperate through coevolutionary social learning (Batten, 
2009; Edmonds et al., 2019). Yet, we also observed that it is necessary to 
have companies involved that are willing to invest time and effort in this 
approach, which is in line with similar findings by Bas (2017, p. 181). 
We recommend starting with simple and small models, which are easy to 

create, communicate, understand and improve. Through multiple iter-
ation steps, larger and more complex models can be built, while 
expanding the knowledge and network of stakeholders. In the end this 
may result in a complex, yet realistic model, which can be used for more 
long term and high-risk decision making. Moreover, the model can be 
used to add or adjust design options, once the CBM is implemented. 

6. Conclusion 

This study contributes to the development of ex ante circular business 
model experimentation methods by proposing a quantitative method to 
simultaneously explore and improve CBM design options. The proposed 
method is the first to systematically explore all dimensions of CBMs with 
a dynamic agent-based simulation model, which comprehensively de-
scribes the influence of external factors and individual actor behaviour. 
It thus provides for knowledge and design solutions that are related to 
obstacles that currently hamper CBM implementation. Participatory 
agent-based modelling allows us to simulate the day-to-day activities 
and interactions of actors and technologies as a result of CBM design and 
its context. The network-level CBM viability outcomes are a result of the 
modelled micro-level processes. The results provide insights that can be 
used for the benefit of the collaborative initiative, as well as for the 
individual stakeholder. Although the case showed an example of CBM 
experimentation within the context of ISNs, the proposed experimen-
tation method bridges the gap between generic key elements of CBMs 
and agent-based modelling. We infer that this method can be applied to 
all types of CBMs which involve stakeholder collaborations. This study 
shows that participatory agent-based modelling and simulation is a 
powerful method for circular business model experimentation. Hence, 
we invite the research community to adopt it as a standard approach to 
study and improve circular business models. 
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