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This paper aims to investigate which factors affect companies’ choice of subscription to an online platform
designed to support the creation of industrial symbiosis (IS) relationships, and the effectiveness of such platform
from the economic and environmental perspectives. The analyzed platform finds optimal symbiotic partners by
pursuing an economic objective and proposes the fair sharing of the additional costs of IS, enabling subscribers
to avoid search and negotiation costs at the expense of a subscription fee. An agent-based model is developed

where the companies’ choice of subscription is dependent on potential savings in transaction costs, future
expectations, and past experience. The main results highlight that (1) it is possible to attract subscribers with
moderate fees by enhancing trust in the platform’s usage widespread; (2) trust ensures hedging from waste
demand and supply fluctuations; (3) the number of subscribers has a greater impact on the economic rather
than on the environmental performance of the system.

1. Introduction

IS has been recognized as one of the most promising strategic
approaches toward the circular economy (CE) and has increasingly
drawn the attention of researchers and practitioners (Neves et al., 2020;
Domenech and Bahn-Walkowiak, 2019; D’Amato et al., 2019). IS allows
companies to exchange materials, energy, and by-products, providing
them with long-term competitiveness (Chertow, 2000) and simulta-
neously reducing the environmental burden of the industrial system.
In simple words, a waste producer and a waste receiver establish an
industrial symbiosis relationship (ISR) when the waste receiver replaces
its primary input with the waste provided by the waste producer.! Both
the waste producer and the waste receiver obtain economic advantages
from the ISR, i.e., reduced waste disposal costs for the waste producer,
and reduced input purchase costs for the waste user (Fraccascia et al.,
2017; Jacobsen, 2006). Moreover, environmental advantages arise due
to the reduced amount of virgin primary inputs required and because of
landfill diversion of wastes and by-products (Lombardi and Laybourn,
2012).

Despite these benefits, several barriers from the technical, legal,
and organizational perspectives hamper the widespread of IS (Golev
et al., 2015; Neves et al., 2019; Tudor et al., 2007). Among the others,

* Corresponding author.
E-mail address: melissa.mollica@uniromal.it (M. Mollica).

information gaps, lack of mutual trust, and improper communication
among firms play a major role. Since waste is not produced upon
demand, but is generated by the waste producer as a consequence
of the production of the main output, uncertainties or unawareness
about waste availability — in terms of quantity, quality, and timing
— can hold back promising ISRs from being realized (Taddeo et al.,
2017). In fact, in absence of social ties derived from well-established
and consolidated relationships, it is challenging for firms to exchange
such information (Chertow, 2007; Golev et al., 2015).

Information and communication technology (ICT) tools (e.g., online
platforms) are claimed to be effective to support the outgrowth of
ISRs (Grant et al., 2010; van Capelleveen et al., 2018; Silva et al., 2022).
Indeed, different digital tools might be employed to provide compa-
nies interested in implementing IS with clear information about (1)
suitable partners and their geographic location, (2) quantity, quality,
and timing of waste available for (or required by) the company, and
(3) expected benefits and costs deriving from cooperation — trying
to tackle some of the above-mentioned barriers. In the literature of
IS the challenge of designing, implementing, and analyzing the effects
of these tools has been widely addressed (e.g., Akrivou et al. (2021),
Chen and Ma (2015), Liitje et al. (2019), Magbool et al. (2018) and

1 Note that other forms of symbiotic relationships can arise. However, the most commonly referred to is the cooperation among separated companies where

the input of one company is replaced with waste from the other company.
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Aid et al. (2015)), and theoretical findings support the economic and
environmental advantages derived from their adoption (Fraccascia,
2020; Fraccascia and Yazan, 2018). However, starting from the earliest
platforms employed in real contexts, e.g., WasteX (Clayton et al., 2002),
or the Facility Synergy Tool (FaST) of the DIET toolkit (Dubester,
2000), such tools experienced some issues. For instance, when WasteX
was created by The University of West Indies with the support of The
Environmental Action Program, it encountered discouraging results: the
Canadian International Development Agency had to recognize that the
platform was not able to achieve the critical mass of users, despite its
functionalities (Grant et al., 2010). A similar negative fate was encoun-
tered by FaST, which was claimed to have costly usability concerns
to overcome (Grant et al., 2010). Later attempts to use this kind of
platforms to support IS facilitated programs were still not successful. By
way of example, during the project of development of the first Italian
platform for IS — promoted by the Italian Agency for new Technologies,
Energy and Sustainable Economic Development (ENEA) —, despite more
than 690 potential matches among companies were found by the
platform, several barriers hampered the actual implementation of those
ISRs: environmental regulation, lack of cooperation and trust between
industries in the area, economic barriers, and lack of information
sharing (Cutaia et al., 2014). Also Fortuna and Diyamandoglu (2015),
analyzing the performance of the NYC WasteMatch — a publically
owned online facilitated materials exchange platform operated in New
York City — found out that it did not contribute significantly to waste
diversion in NYC, mainly because of lack of business awareness and
integration into the local economy. Basically, these platforms encoun-
tered companies’ resistance to subscription and unwillingness to share
information (Yeo et al., 2019b; van Capelleveen et al., 2018). In the
last years, several new platforms have been developed and tested in
different regional contexts and industrial areas (King et al., 2020;
Grimmel et al., 2024; Patricio et al., 2022). These tools are claimed to
be effective just because they succeeded in finding a large number of
potential advantageous matches among waste streams or because they
address limitations previously detected in the literature, but without
considering and reporting whether they actually determined the cre-
ation of ISRs. Moreover, no information is given regarding companies’
evaluation and attitude toward such platforms over time. Only (Krom
et al.,, 2022) addressed the problem by interviewing some platform
providers, who confirmed that most companies are still unwilling to
subscribe and commit to this kind of platforms in the long run. Hence,
digital platforms supporting IS actually have a high chance of failure
in achieving their goals and to fall in disuse after a really short time
span (Benedict et al., 2018). Therefore, their effectiveness is hampered,
but the literature of IS devoted scant attention in investigating how to
drive companies’ subscription and commitment to them.

This paper is aimed at addressing this research gap in the literature
of ICT tools for IS by building a theoretical model to study the behavior
of companies when deciding whether to subscribe to an OP aimed at
supporting the creation of ISRs, and the effect of their choices from the
economic and environmental perspectives. In particular, the method-
ological framework of this study is rooted in the well-know field of
agent-based modeling (ABM). This is a modeling approach particularly
suited to represent systems made of independent and heterogeneous
agents interacting freely with each other (Giannoccaro and Pontran-
dolfo, 2009). Hence, its effectiveness in studying the dynamics of IS —
especially the birth-stage, i.e., the cooperation decision-making process
— has been widely recognized (Demartini et al., 2022; Batten, 2009).
Several agent-based (AB) models have been proposed in the literature
of IS, in which the cooperation decision of companies is modeled under
different setting environments — with the aim of analyzing how these
settings can influence the development of ISRs (Albino et al., 2016;
Fraccascia et al.,, 2019). In this paper, other than exploiting ABM
to model the companies’ choice of cooperation, this methodology is
employed to simulate the subscription decision-making process to the
IS online platform, too. Therefore, the proposed AB model introduces
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a double decision-stage for companies, which represents a novelty in
the literature, as the setting environment in which companies have to
decide whether to cooperate is no longer imposed from above but it is
shaped by companies’ own decisions.

In addition to these literature streams related to IS, i.e., ICT tools to
support IS and ABM to study the dynamics behind the development of
IS, this work relates to the wider research field of business-to-business
(B2B) digital platforms. Specifically, it is linked to the digital platforms’
subscription-decision problem and builds on the economic theory of
two-sided markets.

Indeed, the IS platform considered in this study — just like any
traditional two-sided platform — enables the interaction between two
groups of users (i.e., waste producers and waste receivers) — thus
creating a two-sided market, i.e., a market where the benefits of the
members of one group depend on the number of users belonging to
the other group (Rochet and Tirole, 2004; Rysman, 2009; Fraccascia,
2020). Such phenomenon, known as cross-side (or indirect) network
effect, is responsible of peculiar dynamics that occur when potential
users have to choose whether to adopt a platform, which is no more
dependent solely on the price.

Specifically, the online platform investigated in this paper aims at
finding optimal symbiotic partners among subscribed agents, i.e., com-
panies. The objective of the platform is to maximize the economic
benefit achievable by the system — made of the agents subscribed to
the platform. Subscription requires the agents to pay a subscription fee,
but determines a number of benefits, which might result in economic
advantages compared to companies not using the platform. In particu-
lar, subscribed agents are not in charge of searching their partner from
their own nor to negotiate the terms of the ISR (i.e., they can reduce
transaction costs), and they can be sure that the platform will provide
them the optimal solution, restricted to the subsystem of subscribers.

The AB model is developed to simulate the dynamics behind the
reasoning and the choices undertaken by companies when deciding
whether to adopt the platform . In particular, the agents can choose
whether and when to enter and/or leave the platform according to
a rational economic reasoning dependent on (1) potential savings in
transaction costs, (2) future expectations, and (3) past experience.

The present study aims at answering to the following research
questions:

* (RQ1): Which are the main drivers of companies’ choice of sub-
scription to an online platform designed to support the creation
of ISRs, assuming they act as rational economic agents?

» (RQ2): How does the strategic choice of subscription impact the
environmental and economic benefits achievable through IS by
the overall system?

To answer these research questions the developed AB model has
been employed to analyze the average number of subscribers and the
related overall economic and environmental benefits achieved by the
system. Specifically, the influence of three main factors has been stud-
ied: (1) market dynamicity, (2) subscription fee, and (3) average level
of trust in the usage widespread of the platform by other companies.

This paper provides a novel contribution to the literature of IS in
terms of both content and methodology. Indeed, it is the first study to
consider the issue of subscription from the companies’ decision-making
perspective in the research stream of ICT tools for IS. Furthermore,
from the methodological perspective, this paper introduces a double
decision-stage in the AB model, where the former decision-stage in-
fluences the setting environment of the latter, i.e., the subscription
decision shapes the setting environment in which companies make their
cooperation decisions.

The remainder of this paper is structured as follows. Section 2
provides the theoretical background of the paper. The AB model is
developed in Section 3, while the logic, the setting and the metrics
employed in the simulations is provided in Section 4. Section 5 contains
the results and Section 6 the discussion. Conclusions are reported in
Section 7.
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2. Theoretical background

This Section develops the theoretical background of the manuscript
and it comprehends three subsections.

Section 2.1 addresses the existing literature on ICT tools for enabling
IS with a two-folded aim: (1) introducing the empirical context in which
our model is rooted, and (2) recalling the main contributions of the
literature to the topic — thus highlighting the research gap we are
going to address.

There is a wide variety of tools discussed and available in the
literature of IS, but we will focus on a specific one, i.e., an online
platform to support the creation of ISRs. An overview of the literature
on B2B digital platforms in a broader context is proposed in Section 2.2
to emphasize the relevance of the subscription decision problem in the
literature of platforms and to provide a deeper understanding of the
main related issues.

Finally, Section 2.3 shortly describes the foundations of ABM and
elucidates the methodological approach proposed in the paper. Specifi-
cally, we will discuss how this methodology has been extensively used
and recognized as a proper technique to study the development of
IS — thus justifying its employment in this study — and highlight the
novelty of the proposed AB model, i.e., the introduction of the double
decision-stage.

2.1. ICT tools for IS

The potential of ICT to support the creation and the development
of IS is a matter of fact and has been soon recognized (Grant et al.,
2010). Indeed, it was even before the year 2000 that the earliest tools
to support the creation of ISRs were developed (Brown, 2002; Boyle and
Baetz, 1998). Given the expected potential of these tools, many efforts
have been made to leverage them and promote the widespread of IS
(e.g., Chen et al. (2006), Mirata (2004) and Young (1999)). However,
most did not fulfill the expectations. As Grant et al. (2010) posed the
attention on the high failure rate of these attempts, increasing interest
in the issue has risen in the literature of IS (e.g., Dietrich et al. (2014),
Dhanorkar et al. (2015), Chen and Ma (2015) and Ghali et al. (2016)).

Specifically, researchers have focused on three related research
streams: (1) overview, classification, and evaluation of existing tools,
(2) conceptualization and design of new tools, and (3) theoretical
studies on these tools effectiveness.

Regarding the first research stream, van Capelleveen et al. (2018)
classified ICT tools aimed at facilitating the identification of IS into
six main typologies characterized by the type of support provided,
the openness of information, and the technologies and techniques
adopted. The aim of the authors was to propose future directions to
enhance these tools’ effectiveness: product and service development,
data integration and adoption of intelligent learning have been recom-
mended. Benedict et al. (2018) analyzed existing ICT tools for IS against
the background of platform ecosystems theory to underline the main
limits of existing platforms. Specifically, (1) the lack of standardized
data and interoperability between different systems, (2) the scarce at-
tention to the social component, (3) the need for integration of different
methods, and (4) the non-accessibility or the low level of awareness
of such tools have been recognized as the major ones. Later on, Yeo
et al. (2019b) analyzed IS tools available in the literature with respect
to each step of the IS creation process, i.e., (1) preliminary assessment,
(2) businesses engagement, (3) synergy opportunities identification, (3)
business feasibility assessment, (4) implementation of transactions, and
(5) documentation and reinforcement. Through a systematic literature
review, the paper investigated the specific techniques and approaches
used, the tools’ main requirements, and their application contexts.
Results highlighted that relevant tools mainly focus on performance
evaluation in order to identify proper synergy opportunities and make
use of process input—output stream-based matching techniques coupled
with a corresponding IS facilitation program. Recently, Krom et al.
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(2022) addressed the way in which digital platforms can overcome the
barriers of IS through qualitative, semi-structured interviews conducted
with some platform providers. According to the authors, platforms
should be easily accessible and user-friendly, ensure compatibility with
the systems already in use, and provide clear information about the
financial benefit derived from joining.

Strictly connected with the suggestions proposed by the above-
mentioned studies, the second research stream of the literature of ICT
tools for IS is concerned with designing new tools that might overcome
the identified barriers. For instance, Kerdlap et al. (2019) proposed
the introduction of an Industrial Symbiosis-Life Cycle Analysis (IS-LCA)
Engine to assess the environmental performance of IS through process-
based LCA using a matrix-based model. Hsien et al. (2019) presented a
web-based graph database engine for companies to find out how to con-
vert their wastes into resource, and then extended the database query
processor to identify such eco-efficient pathways according to user’s
preferences (Hsien et al., 2020). Yeo et al. (2019a) proposed a method
for creating a self-learning waste-to-resource database (W2RDB) to
minimize time and effort required in the long-term maintenance of IS
knowledge repositories.

As the third main research stream, the literature of IS addressed
the issue of platforms to support the creation of ISRs from the the-
oretical perspective, too. In particular, Fraccascia and Yazan (2018)
employed an AB model to compare the economic and environmental
performances of a self-organized industrial symbiosis network (ISN)
in the presence of an information-sharing platform with those of a
baseline scenario (i.e., without the platform), showing the positive role
of the platform from both perspectives. Later on, Fraccascia (2020)
highlighted the importance for these kind of platforms of reaching a
large number of subscribed companies, to exploit the benefits deriving
from the network effects. Indeed, the higher the platform usage rate,
the higher the individual benefits for users will be, ceteris paribus.
Moreover, the higher the usage rate, the higher the economic and
environmental advantages obtained by the ISN, ceteris paribus.

Despite the literature detecting several key issues concerning dif-
ferent existing ICT tools for IS and trying to propose solutions (first
research stream), the analysis overlooked the identification of the
strategic drivers for companies’ subscription and commitment to them.
Moreover, while the improvement of these tools’ functionalities and the
fine-tuning of technological issues are critical for them to be successful
(second research stream), these efforts take the risk of being in vain
if companies are not willing to use them. In the existing theoretical
studies (third research stream), companies are not allowed to choose
whether to use or not to use the platform, thus the decision-making of
companies is disregarded once again. Therefore, there is a gap in the
literature of ICT tools for IS concerning the strategic decision-making of
companies toward these tools’ subscription and commitment, and this
paper is aimed at filling this research gap.

2.2. B2B digital platforms

The digital transition is markedly transforming traditional B2B re-
lationships. In particular, B2B - or industrial®- digital platforms are
gaining an increasingly prominent role in the industrial landscape.
The meaning of the word “platform” itself is source of considerable
confusion in the literature (De Reuver et al., 2018). Indeed, different
types of industrial digital platforms exist, varying from those internal to
the single company (e.g., internally connected systems providing basic
services) to the ultimate platform ecosystems (Jovanovic et al., 2022;
Hein et al., 2019). A recent studied by Madanaguli et al. (2023) raised
the issue of the need for a more appropriate and concrete definition
of the concept and revised the existing literature of industrial digital

2 In the following, the terms B2B digital platform and industrial digital
platform will be considered interchangeable.
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platforms from a business model perspective. The authors distinguished
the different types of industrial digital platforms according to their
level of (1) data integration, i.e., to which extent they create, deliver
and capture value from data, and (2) ecosystem integration, i.e., how
much different ecosystem partners are integrated into the platform.
To the aim of our study, we may focus on those platforms defined
by Madanaguli et al. (2023) as industrial transaction platforms, i.e., plat-
forms that create value by reducing searching and transaction costs and
act as intermediaries among companies. The most frequently studied
in the literature are the electronic marketplaces (e.g., Johnson and
Johnson (2005) and Yoon et al. (2021)), but these kind of platforms
can have different shapes. According to Shree et al. (2021, p.354),
they can be defined as “internet-based aggregators of buyers and sellers”.
Typically, they are designed to efficiently match demand and supply to
increase the transactions’ number and to provide a value-adding service
for subscribed companies.

The issue of driving users’ subscription decisions to such platforms
has been widely addressed (Ruutu et al., 2017; Casey and Toyli, 2012),
especially in the business-to-consumer (B2C) context.® Bichraoui et al.
(2013) assessed that when the platform is in the initial stages, adopters’
willingness to pay for subscribing primarily depends on stand-alone
features, while the decision-making in the following stages of the
platform considers both stand-alone features and participation of users
on the other side of the platform. According to Haurand and Stummer
(2018), the decision to adopt the platform is determined by buying
conditions (e.g. fees), perceptions of the future platform’s success (in
terms of number of participants on the other side of the platform),
prior experiences and also individual preferences. Actually, a consistent
stream of the literature on platforms focused on the issue of platforms’
adoption in their initial stages, when they have to deal with the so-
called chicken-and-egg dilemma, i.e., which side to take on board first
and how. Several launching strategies have been suggested to overcome
this initial coordination problem. Stummer et al. (2018) listed six
main strategies available for platforms, i.e., (1) single target group,
(2) platform staging, (3) subsidizing, (4) platform envelopment, (5)
exclusivity agreement, and (6) side switching. Later on, Schirrmacher
et al. (2017) distinguished these strategies between sequential and
simultaneous entry strategies and highlighted that the latters can be
employed in the case of switching user sides, i.e., if users can switch
side in the platform. Recent efforts have been made to understand
the difference between B2B and B2C digital platforms and how these
differences can impact the success of their launching strategies. In
particular, Anderson et al. (2022) proposed a value-creation framework
tailored to B2B digital platforms according to which the total value
for users on either side can be separated into three components: stand-
alone value, cross-side value and same-side value. The authors pointed
out that it is more likely for a B2B platform to leverage on stand-
alone functionality at the launching stage. However, over time, B2B
platforms’ value propositions might shift emphasis from stand-alone
value to a cross-side value. Also, Shree et al. (2021) argued that the
technological, organizational and environmental context are key in
determining companies’ the attitude toward platforms’ adoption.

While the literature on platforms has shown considerable interest
in understanding the dynamics underlying users’ subscription decisions
and has deepened the issue until deriving proper strategies to enhance
their chances of success in the long run — both in the B2C and B2B
context —, the topic has remained completely unspoiled in the field of
IS. Therefore, this paper provides the first contribution to the literature
of IS in this context.

3 B2C platforms enable transactions between businesses and consumers,
differently from B2B platforms where transactions are only between
businesses.
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2.3. Agent-based models for IS

ABM is a methodological framework to model systems made of
independent and heterogeneous agents — interacting with each other.
Agents are provided with specific sets of rules to follow and objectives
to achieve. They make choices and adjust their behavior according to
the actions of other agents and to fit with the environment. As a result,
the system evolves over time, showing the emergence of patterns,
structures, and properties.

It has been argued that ABM is particularly effective to model com-
plex adaptive systems (CASs), i.e., networks in which agents interact
freely without the presence of any central entity or control mecha-
nism (Dooley, 1997; Holland, 2002). Indeed, CASs are characterized by
adaptiveness, non-linearity, and path dependence (Arthur, 1994; David,
1994; Rammel et al., 2007): all mechanisms which analytical models
fail to address, but that can be properly modeled through ABM.

The literature of IS has soon recognized self-organized industrial
symbiosis networks (ISNs)* as CASs (Chertow and Ehrenfeld, 2012;
Cote and Hall, 1995). Therefore, several studies in the field of IS
have been conducted relying on the ABM approach (Demartini et al.,
2022). For instance, Cao et al. (2009) employed ABM to show the
economic and environmental advantages deriving from building a hy-
pothetical Eco-Industrial Park (EIP)® in the Sichuan Province in China
to exploit the natural gas and halite resources available in the area
and to support its economic development in a sustainable way. Later
on, Bichraoui et al. (2013) stressed the important role of ABM as a
tool for shaping the behavioral characteristics of companies to study
the emergence of IS. In the paper, the authors proposed an AB model
to explore how cooperation level and learning conditions can affect
the development of an ISN. Albino et al. (2016) studied the effect
of contractual mechanisms in the creation of ISRs through ABM and
showed how these contracts should guarantee benefits for all parties
in order to facilitate the establishment of symbiotic synergies. Ghali
et al. (2017) proposed an AB model of a self-organized ISN to show how
trust and social factors can be included in the processes of knowledge
diffusion and synergy creation. Zheng and Jia (2017) used ABM to
investigate the influence of promoting strategies — associated with
various dimensions of institutional capabilities — on the identification of
IS opportunities, while Fraccascia et al. (2020) investigated the role of
different redundancy strategies on the development of an ISN. Lately,
Saghafi and Roshandel (2024) integrated the technological feasibility
of the symbiotic exchanges into an AB model aimed at simulating the
development of an EIP in a region at the south of Tehran, Iran.

Basically, AB models have been employed in the literature of IS
either to simulate and predict the feasibility of potential EIPs in some
specific areas, or to investigate which factors might affect the coop-
eration decision of companies. Specifically, in this latter stream of
the literature, the cooperation decision process of companies is typi-
cally modeled under different setting environments, e.g., with different
contractual schemes (Albino et al., 2016), with different social struc-
tures (Ghali et al., 2017), with different promoting strategies (Zheng
and Jia, 2017), and with different redundancy strategies (Fraccascia
et al., 2020). These settings are not affected by the agents’ own choices
but are imposed from above and kept stable for the entire simulation
time. Similarly, in the AB model developed in this paper, companies
undergo the cooperation decision-making process. However, companies
have to deal with a former decision-stage, which shapes the setting
environment in which they will decide to cooperate in ISRs, i.e., the
subscription decision to the online platform. Hence, this study repre-
sents a novelty for the literature of AB models for IS, since it is the first
to introduce a double decision-stage.

4 ISN arises when at least three firms exchange at least two wastes. ISNs
can arise spontaneously from the bottom-up: in this case, they are called
self-organized ISNs.

5 An EIP is a term commonly used as synonymous with ISN in the context
of facilitated IS programs or top-down approaches to IS.



M. Mollica et al.

3. The agent-based model

This section will provide the theoretical development of the AB
model. It is divided into four main subsections: Section 3.1 describes
the agents; Section 3.2 models how the agents behave; Section 3.3
provides the functioning of the platform; finally, Section 3.4 describes
the dynamics of the model.

3.1. Agents description

Let us consider two groups of agents: agents of type A (e.g., i €
{1,...,n}) and agents of type B (e.g., j € {1,...,m}).

Each agent represents a company. For the sake of simplicity, each
agent produces one main output, requiring one input and generating
one waste. The generic agent x (either of type A or B) is characterized
by a certain mean output demand d, and standard deviation oy -

The same technology characterizes agents of the same type. Hence,
for any given amount ¢;(¢) of main output to produce at time 7, agent
i of type A will require an amount of primary input r;(f) and generate
an amount of waste w;(t), which can be computed as follows:

ri(t) =R, - q;(t)
w;(t) = Wy - q,(t)

(€8]

Conversely, for any given amount ¢;(#) of main output to produce
at time 7, agent j of type B will require an amount of input r;(¢) and
generate an amount of waste w;(?), which can be computed as follows:

rit) = Rg - q;(1)
w;(t) =Wpg - q;1t)

where R,, W,, Ry, and Wy are technical substitution coefficients.
Specifically, R, and Ry denote how many units of primary input are
required by agents of type A and B, respectively, to produce one unit
of output; similarly, W, and Wy denote how many units of waste are
generated by agents of type A and B, respectively, when producing one
unit of output.

Let us assume that agents of type B can replace their primary input
with waste generated by agents of type A, after the waste has received
some treatment. Hence, any couple made by an agent i of type A and
an agent j of type B can establish an ISR, in which agent i is the waste
producer and agent j is the waste receiver. In particular, let us assume
that s, units of input can be replaced by one unit of waste; moreover,
let the efficiency of the treatment process, i.e., the percentage of waste
that can be used as input after having received the treatment, be equal
to f.

Being ¢;(r) and ¢;(r) the amount of output to be produced by agent i
and agent j at time ¢, respectively, the amount of waste that can be
exchanged in an ISR between these two agents at time ¢ - denoted
as e;_;(t) - is defined as the minimum between the amount of waste
produced by agent i and the amount of waste required by agent ;.
According to the literature (Fraccascia, 2019), it can be computed as
follows:

(2)

Rp - q;® } 3)

e;_,;(t) = min {WA - q;(1); B s

Let d;; be the distance in km between i and j, udc the unit waste
disposal cost, upc the unit input purchase cost, utrec the unit waste
treatment cost, and utrac the unit waste transportation cost per km.
Then, for each unit of waste exchanged at time :

+ agent i, i.e., the waste producer, obtains savings in waste disposal
costs SAV;(r) = udc - e;_, ;(1);

- agent j, i.e., the waste receiver, obtains savings in input purchase
costs SAVJ-(t) =upc - e,-_,j(t);

« additional costs arise for the treatment and the transportation of
the waste AC;;(t) = (utrec +utrac - d;;) - e;_, ;(1);
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The above-mentioned additional costs can be shared between agent
i and agent j. Specifically, the share of additional costs of IS (AC;;(1)
paid by agent i is «;;, while the share of additional costs of IS paid
by agent j is 1 — a;; (Fraccascia and Yazan, 2018). If a; € [0,1],
the additional costs of IS are shared between agent i and agent j and
the waste is exchanged free of charge. If a;; > 1, agent i, i.e., the
waste producer, bears the overall additional costs of IS and further pays
agent j, i.e., the waste receiver, to dispose of its waste. Conversely, if
a;; < 0, agent j, i.e., the waste receiver, bears the overall additional
costs of IS and further pays agent i, i.e., the waste producer, to buy its
waste (Fraccascia et al., 2020).

3.2. Agent’s decisional rules

In the following, the agents’ behavior will be analyzed with re-
spect to the actions they can undertake — specifically, the choices of
cooperation and platform subscription.

3.2.1. Evaluation of industrial symbiosis relationships

The establishment of the ISR implies transaction costs to be paid
by both agents. Let x be the generic agent (either of type A or B),
according to the literature, we can model the transaction costs paid
by agent x as made of three components (Hobbs, 1996; Williamson,
1981; Rindfleisch and Heide, 1997): (1) costs for searching a suitable
partner, i.e., search costs sc,, (2) costs for negotiating the parameter
a;;, i.e., negotiation costs nc,, and (3) costs for monitoring the partner
performance and the quality of the waste exchanged, i.e., enforcement
costs ec,. In particular, the following condition holds:

TC, = sc, + nc, + ec, )

The gross economic benefit stemming from the establishment of
the ISR for the waste producer i and the waste receiver j at time ¢,
respectively, can be computed as follows:
GEB!S(t) = SAV,(t) — a;; - AC,;(t) — ec;

(5)
GEB}S(I) =SAV,() - (1 — ;) - AC;;(t) — ec;

Note that search costs (sc,, x = {i, j}) and negotiation costs (nc,,x =
{i,j}) are sunk costs for both agent i and agent j. Indeed, these costs
contribute to the net economic benefit deriving from IS but are not
considered when evaluating whether to establish the ISR. Hence, the
willingness to cooperate for the generic agent x - being x either i or j
- at time 7 can be computed as follows (Albino et al., 2016; Fraccascia
and Yazan, 2018; Fraccascia, 2020; Fraccascia et al., 2020):

1 GEBIS(n) 1
+

— . 1- WTCI(t-1
L7770 +1 ute-e;,;(0) [ ] =D

WTC=i(t) = —
x L7 +1

(6)

where L;_’j (¢) is the number of sequential periods in which agent i and
agent j have been cooperating until time ¢ and utc is the unit traditional
cost that would be paid by agent x if IS was not implemented, i.e., utc =
udc if agent x is a waste producer and utc = upc if agent x is a waste
receiver. An ISR between agent i of type A and agent j of type B
arises at time 7 when their willingness to cooperate (WTC)’;_”' 1) is
simultaneously higher than their respective minimum benefit expected
(TI5 < 1). The willingness to cooperate between i and j depends on (1)
the gross economic benefit stemming from the cooperation and (2) the
history of the agent, i.e., the willingness to cooperate between i and j is
path-dependent (Boons and Howard-Grenville, 2009; Chertow, 2007).
The net economic benefit deriving from IS for the waste producer i
and the waste receiver j at time ¢ is, respectively:
NEB!S(t)= GEB!S(t) - sc; — nc;

IS/ — s
NEB/. (t)—GEB/. (1) = s¢; — nc;

)
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3.2.2. Evaluation of subscription to the online platform

Let us assume that an OP exists and is available for agents to (1)
find the optimal partner, i.e., the partner that maximizes the total
economic benefit stemming from the ISR according to the distance
between the plants and the match between demand and supply, and
(2) share equally and fairly the emerging costs of IS.

Subscription to the OP is subjected to a fixed fee F to be paid in each
period t. Moreover, enforcement costs (ec,) are still to be paid, but the
OP allows the generic agent x to avoid search (sc,) and negotiation
costs (nc,).

The OP creates a two-sided market. Indeed, each agent of type A
benefits from the increase in subscriptions to the OP of agents of type
B and viceversa, as the chance to find a more suitable partner increases
with the number of potential partners subscribed (Rochet and Tirole,
2004; Rysman, 2009).

Each agent x willing to establish an ISR has a specific willingness to
subscribe to the OP at time 7, i.e., WTS9P(r) € [0, 1]. The willingness
to subscribe to the OP is modeled as a utility function depending on
three components: (1) the percentage of savings in transaction costs,
(2) the indirect network effect, and (3) the path dependence.® It can be
computed as follows:
scy +nc, — F . El[sy(®)],

TC, x Ny

1 2 3 _
st a +agta, =1

wTsP) =a! - +a - AWTC)

O§a1<1 ®)

MRS
2
0<a; <1
3
0<a <1

The coefficients al, ai, and ai are meant to weight each addendum

of the willingness to subscribe to the OP - aimed at assessing its
percentage effect on the overall utility.

The subscript T is such that:

T =B , if x is of type A ©
T =A ,if x is of type B

The first addendum of Eq. (8) (%) represents the percentage
of transaction costs saved by using the OP: the lower the platform
subscription fee compared to the transaction costs, the higher the
willingness to subscribe, ceteris paribus. Conversely, if the fee is higher
than the search and negotiation costs, such addendum is lower than
zero: accordingly, the willingness to subscribe of agent x is reduced,
ceteris paribus.

The second addendum of Eq. (8) (%) stands for the indirect
network effect derived from subscribing to the OP. It represents — for
agents of type A (B) — the percentage of agents of type B (A) expected
to be subscribed to the OP at time ¢. Indeed, the higher the expected
number of agents of type T subscribed to the OP, the higher the benefit
that agent x is expected to achieve from adopting the OP, ceteris paribus.
The expected number of agents of type T subscribed to the OP at time
t according to agent x (E[s;(1)],) can be computed as follows:

El[sp()], = max{ 0,rand - Ny +y,} ,ifr=1 10)
Elsy(OD], = max{ 0, sp(t — D +w, + 4,0} ,ifr>1

According to Eq. (10):

+ At time ¢ = 1 the expected number of agents of type T subscribed
to the OP is defined randomly and corrected with a variable y,

6 The construction of the WT.S9” (1) is consistent with the model proposed
by Zhu and Iansiti (2012). Indeed, the authors defined the consumer’s utility
to join the platform as made of three components: (1) a fixed parameter
dependent on the specific consumer j, (2) the quality level of the platform,
and (3) the indirect network effect.
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which can be positive or negative. The variable y, is specific
to each agent and represents the optimism (if positive) or the
pessimism (if negative) of the agent toward the widespread of
the OP. In the following, w will be referred to as “trust level in
the OP”.7

At the generic time ¢ the expected number of subscriptions to
the OP of agents of type T according to agent x is equal to the
effective number of subscription observed at time t — 1 (s( — 1)),
corrected by the y, and by a second factor 4, (7). This factor (4,())
is a random variable such that:

A @) >0 ,if E[sp(t— D], <sp(t—1) an
A () <0 ,if E[sp(t— D], > sp(—1)

Namely, if agent x underestimated the number of subscriptions at
time 7—1, the expectation at time 7 will be increased. In contrast, if
the agent overestimated the number of subscriptions at time t—1,
the expectation at time 7 will be reduced.

The third addendum of Eq. (8) (AWTC)) is related to the path-
dependence phenomenon. In particular, it can be computed as follows:

AWTC)=0 ,ift=1

WTCk-1)-wTCy”(t-1)
wTCy (t-1)

(12)

AWTC) = ,ifr>1

where k is the partner suggested to agent x by the OP at time ¢ — 1 - if
agent x was subscribed and an optimal partner for agent x was found
by the OP - and gq is the previous partner of agent x - if agent x was
cooperating with another partner (different from agent k) at time 7 — 2.
Such construction allows us to model the following mechanism:

+ The higher the benefits obtained from an ISR suggested by the OP
in the previous periods, the higher the willingness to subscribe
again to the OP will be, ceteris paribus.

» The higher the benefits obtained from an ISR not suggested by
the OP, the lower the willingness to subscribe to the OP will be,
ceteris paribus.

Whether the willingness to subscribe to the OP of agent x is higher
than a given threshold (79%), agent x will decide to subscribe.

3.2.3. Evaluation of industrial symbiosis relationships suggested by the
online platform

Each couple made of a waste producer i and a waste receiver j
suggested by the OP will be keen to establish an ISR whether the
willingness to cooperate (computed as described in Eq. (8)) of both
agents is higher than their respective minimum expected benefit from
IS, i.e, T/S and Tj’S.

The net economic benefit deriving from an ISR established at time ¢
with the aid of the OP for the waste producer i and the waste receiver
Jj, respectively, is:

NEB!S(t)=GEB!S(t)-F

NEB;S(I)zGEB;S(I)—F (13

7 Note that, in this paper, the term “trust” is related to users’ beliefs in
the platform’s usage widespread in future period, and it is not related to
the disclosure of sensible information. Indeed, to the aim of our study, we
have excluded this already well argued variable (i.e., trust in the platform not
disclosing information) from the analysis to focus on other effects currently
disregarded in the literature. Readers interested in the topic are referred to
the (non-exhaustive) list of following papers: Fraccascia and Yazan (2018),
Benedict et al. (2018), and Patricio et al. (2022).
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3.3. Online platform functioning

The OP aims at finding optimal partners among subscribed agents.
To do so, the OP solves a matching problem on a bipartite graph, also
known as assignment problem (Asratian et al., 1998). Indeed, subscribed
agents can be modeled as the nodes of a complete bipartite graph, in
which each agent of one group (waste producers or waste receivers)
can be assigned to any agent of the other group.

The optimization problem can be written as follows:

max Z Z (1) - x;; ()

i=1 j=1

m
st Y x0<1 L i=ln
j=1

14)
n

le-j(t)sl ji=1l.m

i=1

x;;(1) €0, 1)

where x;;(7) is a binary variable such that x;;(t) = 1, if agent i and
agent j are optimal partners at time #, and x;;(r) = 0 otherwise. The
coefficients c;;(r) in the objective function represent the total economic
benefit stemming from the ISR between agent i and agent j at time ¢
and are computed as follows:

¢;j(t) = (udc + upc — utrec — utrac - d;;) - e;;(t) (15)

Specifically, these coefficients can be defined as the sum of savings
that would be obtained (by both the waste producer and the waste
receiver) minus the overall arising costs from the potential symbiotic
relationship. Note that this measure is aggregate, i.e., it does not
consider how the benefits will be shared between the parts. This is
because the aim of the platform is to maximize the overall economic
benefit achievable by the system. Moreover, in the computation of ¢;;(?),
the coefficient (udc +upc — utrec — utrac - d;;) is constant for the specific
couple ij, while ¢; () is defined according to Eq. (3) and, therefore, it
depends on the specific time period. Hence, the platform can suggest
to a specific agent i different optimal partners at different times.

The two sets of capacity constraints ensure that each agent can be
the optimal partner for only one agent of the opposite type at best. Note
that a generic agent x can remain without an optimal partner if:

1. The number of agents of type A and type B is different;
2. The total economic benefit deriving from the most convenient IS
for agent x is negative.

The OP has the additional role of suggesting how to share the
additional costs of IS between agent i and agent j, i.e., to define the
parameter a;;. In order to promote a fair cost-sharing policy, the OP
computes «;; such that each partner would incur a cost equal to its
Shapley Value (Yazan et al., 2020).

3.4. Behavioral dynamics

The algorithm of the AB simulation can be divided into four main
processes, as shown in the flowchart reported in Fig. 1.

1. First Process: Platform Adoption
At the beginning of each period, each agent x either of type A
and B decides whether to subscribe to the OP, which is done by
comparing the willingness to subscribe of agent x at time ¢ with
its minimum expected benefit from the subscription.

2. Second Process: Matching First Round
For each optimal couple of subscribed agents (i, j)* suggested by
the OP, both agents i and j should decide whether to cooperate
with the suggested partner. If i and j were already partners at
time ¢ — 1, or none of them had a previous different partner, the
choice only depends on the willingness to cooperate, i.e., they
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will cooperate if and only if WTCf_’/ (0 > TS and WTC}"/ @ >
T/.’ S simultaneously. However, whether agent i and/or j were
cooperating with another partner at time ¢ — 1, i.e., the OP
suggested to agent i and/or j to change their partner, the agent
should decide whether to follow the suggestion of the OP or
to continue its previous ISR. This is made by comparing the
willingness to cooperate with the new suggested partner and
with the old partner.

3. Third Process: Matching Second Round
Since some subscribed agents might not follow the suggestion of
the OP, a second round of the matching algorithm performed by
the OP is executed in each period to provide a further suggestion
for those subscribed agents still not involved in IS at time 7.

4. Fourth Process: Non-Subscribed Agents
Once all subscribed agents have chosen whether to cooperate
and their partners, non-subscribed agents have to make their
decisions, too. First, ISRs established in previous periods are
considered. Whether old ISR are interrupted, non-subscribed
agents search for a new partner randomly. If a non-busy partner
is found, a negotiation about how to share the additional costs
of IS takes place: the potential partners negotiate the value a;;
and must find an agreement in a maximum of three proposals,
after which the ISR is abandoned.

4. The simulation study

This section provides the logic, the setting, and the metrics adopted
in the simulations.

4.1. Simulation setting and investigated scenarios

The proposed AB model has been implemented in MATLAB, while
the matching algorithm performed by the OP has been implemented
in Visual Studio Code and solved with the Gurobi Solver. Each run
considered a total number of 100 agents (i.e., 50 agents of type A and
50 agents of type B) randomly distributed in a square of 50 km? and
interacting for 40 periods (i.e., ten years considering each period equal
to a trimester).

To ensure the consistency of the simulation input dataset, we have
decided to refer to the IS that can be established between alcohol
producers and fertilizer producers exchanging alcohol slops. Indeed,
the use of alcohol slops as input for fertilizer production processes is
a case of perfect® symbiosis well-known in the literature (Yang and
Feng, 2008; Zhu et al., 2007). Therefore, it has been often used as an
exemplification of theoretical and simulation models (Fraccascia and
Yazan, 2018; Albino et al., 2016).

Let us assume agents of type A are alcohol producers and agents of
type B are fertilizer producers. The following inputs have been used as
simulation setting, in compliance with Fraccascia (2020):

For the sake of simplicity, it is assumed that one unit of waste can
replace one unit of primary input: accordingly, both s, and f are equal
to one. The mean demand of output of each company of type T (i.e., A
or B) is distributed according to a normal distribution with mean d
and coefficient of variation equal to 0.1. A normal distribution is also
assumed for the output demand of each agent over time. Note that the
mean demand of output for both types of agents is such as to ensure
the match between the overall demand and supply of waste.

The developed model has been employed to analyze (1) the average
number of agents subscribed to the OP, and (2) the economic and
environmental performance of the agents in presence of the OP.

8 When there is no need of additional treatments to be performed on the
waste before it enters the new production process, the IS is called “perfect”;
otherwise it is called “imperfect”.
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( for agent L

i=1:N_agents

Platform Adoption

for couple
(i,j)*=1:N_couples

Matching First Round

Matching Second Round

t=N_periods?

'{ STOP

Non-subscribed Agents

for agent
i=1:NONsubscr_agents

Fig. 1. Simulation flowchart: macroview.

Table 1 Table 2
Simulation setting. Levels for the investigated factors.
Variable Value Factor Levels
udc ool o Market dynamicity (CV) 0.1; 0.3; 0.5 - -
e eur Subscription fee (F) 0;05-TC* 1-TC; 1.5-TC
P talcohol slops Average trust level in the OP (y) -0.2+ Ny 402+ Ny
utrec - —
ur a TC is the average total transaction cost.
utrac km t alcohol slops b Ny is the total number of agents of the other side of the platform with respect to
t alcohol slops
Ry 04 Rrer— T € {A, B}.
t alcohol slops
Wi 08 = conl
d, 10000 t/year
— of subscriptions will be presented, and then the metrics related to the
dg 20000 t/year

The analysis has been conducted subjected to variation of three
factors: (1) the market dynamicity, which determines the variability
of both waste supply and demand - measured in terms of demand
coefficient of variation, (2) the subscription fee — whose extent is
defined relative to the total transaction costs, and (3) the average trust
level in the OP, which regards the beliefs of agents towards other agents
OP adoption decisions — measured in terms of expected number of
new subscribers (or unsubscribers) per period. Different levels has been
assigned to each factor, as reported in Table 2. Hence, a total amount
of 24 scenarios has been defined and 100 replications for each scenario
have been performed.

4.2. Metrics

In this subsection, the metrics adopted to derive insights from the
simulations will be provided. First, the metrics related to the number

evaluation of the economic and environmental benefits.

To answer the first research question (RQ1), the average number
of agents subsAcribed to tllzle OP over time — both of type A and B,
denoted as N and N

subs subs?
metrics employed for this purpose have been computed as follows:

T
—A ZL] Z?:] 5 (1) . =B Zr:l Z;'nzl Sj(l)
subs = T ’ subs = T (16)

respectively — has been analyzed. The

where 5; = 1 (s; = 1) if agent i of type A (j of type B) is subscribed to
the OP at time ¢, and 0 otherwise. The arithmetic mean of these metrics,
denoted as FZZST(%), provides an aggregate measure representative for
the average percentage of agents subscribed to the OP:

—A —B
ToT N +N subs (17)

(%) — subs

N
subs n+m

During the simulations, additional data on the number of sub-

scribers has been stored to allow deeper investigations of the results.
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In particular, the initial and final percentages of agents subscribed to
the OP:

noe(1 T
154(%) = M . FSA%) = iy si(D)
n n
- m as)
1SB(%) = P . FSB@) = 2z 5D
m m

Furthermore, the coefficient of variation of the number of sub-
scribers over the simulation time:

std(N2 ) std(N°, )
A _ Aubs . B _ Aubs .
Cvst= —22 cvsh= —2
subs Nsubs
std(N + N )
CVSTOT — subs — subs (19)
N_, +N

subs subs

These metrics were aimed at understanding whether agents were
leaving and entering the platform continuously or whether the number
of subscribers was nearly constant over time.

To answer the second research question (RQ2), the total percentage
of economic benefit obtained by the agents and the total percentage of
waste diverted from the landfill during the overall period of simulation
have been analyzed.

In particular, from the economic perspective, the benefits have been
defined and computed as follows:

1. Total percentage of economic benefit directly obtained through
the OP, i.e., from an ISR suggested by the OP at time ¢ and
established:

> T DOP_NEB!S(1)
S Wy ude dl-(t) + X X Ry -upe - d(0)

(20)

2. Total percentage of economic benefit indirectly obtained

through the OP, i.e., from an ISR suggested by the OP before
time ¢ and still established at time ¢ but no more suggested:

ECOBO? (%)=

direct

YL, S IOP_.NEB!S(1)
iy Ty Wy - ude - d<r)+2, | Xy Ry upe - d; ()

21)
3. Total percentage of economic benefit obtained without the OP,
i.e., from an ISR established outside the OP:

ECOB°"

indirect

(%) =

S X NOOP_NEB!S (1)
S X Wy cude - di() + X, X, Ry - upe - d, (1)
(22)

ECOBNOOP () =

All in all, the total percentage of economic benefit has been com-
puted as:

(%) + ECOBNOOP (%)
(23)

TOT_ECOB(%) = ECOBYY (%)+ ECOB°"

direct indirect

From the environmental perspective, the benefits have been defined
and computed as follows:

1. Total percentage of waste directly diverted from the landfill
through the OP:

zt lz:’ 1 ID—?JP

w DOF (%)= ————
Z;:[ E,‘:] I/VA . di(t)

direct

(24)

2. Total percentage of waste indirectly diverted from the landfill
through the OP:

T elOP
Zt:l 27 1 1—>J

W DO (%)= T
Z;:] Z,‘:l WA . di(t)

indirect

(25)
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3. Total percentage of waste diverted from the landfill without the

OP:
NOOP

Z[ IZI 1657

WDNOOP(%) L=l A=l i
Zr=1 Zi=1 Wy - di(t)

(26)

Hence, the total percentage of waste diverted from the landfill has
be computed as:

TOT_W D(%) = WD (%) +wD°F

direct indirect

(%) + W DNOOP (g 27)

5. Results

In this section, the results of the AB simulations will be provided.
In particular, variations in the metrics presented in Section 4.2 will be
analyzed according to the different levels of the investigated factors
(i.e., market dynamicity, subscription fee, and average trust level in
the OP).

5.1. Analysis of the single effects: model validation

The single effects of the investigated factors have been analyzed
to ensure the consistency of the results with the theoretical model
developed in Section 3.2.

To prove the soundness of the agents subscription decisions, the av-
erage percentage of subscribers (N subs (%)) has been analyzed subjected
to the variation of the subscription fee (F) and of the average trust
level in the OP (y), respectively, as shown in Fig. 2. In particular, the
higher the subscription fee, the lower the number of subscribers should
be, ceteris paribus: this behavior was confirmed by the simulation, as
the metric NZ:ZST(%) decreased monotonously from 79% to 3.6% when
the fee progressively moved from 0 to 112.5 eur/period. Conversely, a
higher average trust level in the OP exerted a positive effect on the
total number of subscribers, ceteris paribus - again, in line with the
expectations. Indeed, it raised the average number of subscribers from
29.2% to 44.2% when moving from —10 to +10.

Moreover, according to the literature (Fraccascia and Yazan, 2018;
Fraccascia, 2020), a positive influence of the total percentage of sub-
scribers both on the economic and environmental benefits achieved by
the system have been detected (Fig. 3). It is worth noting that the effect
of the number of subscribers on the economic benefit is stronger than
the effect on the environmental benefit, as a result of the specific aim of
the designed platform, i.e., maximizing the economic benefit, instead
of the amount of waste exchanged. In partlcular the linear regression
between the metrics TOT_ECOB(%) and N mb:(%), not only revealed
a positive and significant relationship between these two variables
(slope coefficient equal to 0.306 and p-value lower than 0.01), but also
highlighted that up to 76.4% of the variance in the total percentage
of economic benefit obtain during the simulations can be attributed to
the average percentage of subscribers. On the other hand, the linear
regression between TOT_W D(%) and N S:ZST(%) still returned a positive
and significant slope coefficient equal to 0.193 but with an R? of only
0.293.

Finally, still in accordance with the literature (Fraccascia and Yazan,
2018), market dynamicity (CV) was proved to exert a negative effect
both on the economic and environmental benefits obtained by the
system (Fig. 4), as a result in the increased mismatch between supply
and demand of waste (Fichtner et al., 2005; Fraccascia and Yazan,
2018; Eilering and Vermeulen, 2004). Indeed, the total percentage of
waste diverted form the landfill moved from 78.1% to 50.6% and
the percentage of economic benefit fell from 49.9% to 30.4%, as the
demand coefficient of variation raised from 0.1 to 0.5.
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Fig. 2. Comparison in the average percentage of subscribers depending on the subscription fee and the trust level in the OP.
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Fig. 3. Behavior of the total percentage of economic and environmental benefit depending on the average percentage of subscribers.
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Fig. 4. Total economic and environmental benefit (%) depending on the market
dynamicity.

5.2. Analysis of the combined effects: model insights

5.2.1. Average percentage of subscribed agents

This subsection underscores how the combination of market dynam-
icity, fee level, and trust level in the OP future widespread affect the
company’s choice to subscribe to the OP: hence it contributes to answer
the first research question (RQ1).

Fig. 5 shows the mean and the standard deviation of the average
percentage of subscribed agents for each possible scenario, i.e., for
each possible combination of the investigated factors. According to
the simulation results, the optimal scenario in terms of the average
number of subscribers is the one with low levels of both subscription
fee and market dynamicity, while the average trust level in the OP is

high. The major effect on the number of subscribers is exerted by the
fee level: companies are mostly guided by savings in transaction costs
when facing subscription decisions. Indeed, they give more importance
to sure benefits or losses rather than to potential — hence uncertain
- future ones, since they act as rational economic agents. While this
result might have been expected, the most interesting insights from the
model lie in the combination of the investigated factors. Specifically,
the analysis highlighted that the positive effect of the average trust
level in the OP is stronger when the subscription fee is higher than
zero. For instance, in the case of low market dynamicity, a higher trust
level increased the average number of subscribers only by 1% when
the fee was equal to zero, while in the case of a fee equal to half
of the transaction costs, the average number of subscribers raised by
66%, and with the highest fee level increasing trust made the average
number of subscribers 34 times higher. The same patterns can be found
in the scenarios with higher levels of market dynamicity. This result
suggests that making companies’ expecting a widespread usage of the
OP among other companies might drive them to subscribe even when
there is a higher subscription fee to pay, ceteris paribus. Acknowledging
this phenomenon could be helpful for platform providers to design and
exploit proper tools to drive companies’ subscription, still gaining some
revenues from fees.

Nonetheless, another interesting insight can be provided analyzing
the combined effects of the investigated factors: the average number of
subscribers decreases when the market dynamicity increases, but the
negative effect of market dynamicity can be smoothed by the trust
level in the OP. For instance, while in the case of low trust — even
in the absence of the fee — an increase in the demand coefficient of
variation from 0.1 to 0.5 reduced the average percentage of subscribers
by 46.3%, in the case of high trust level, the reduction is lowered
to 26.4%, ceteris paribus. This latter result suggests that companies’
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Demand coefficient of variation (CV)
0.1 0.3 0.5
Subscription fee (F) Subscription fee (F) Subscription fee (F)

0.5TC TC 1.5TC 0 0.5TC TC 151C 0 0.5TC TC 1.5TC
8 0,536 0,132 0,003 0,852 0,305 0,088 0,002 0,450 0,141 0,044 0,001
@
-'E 0,077 0,040 0,008 0,043 0,051 0,029 0,006 0,071 0,026 0,018 0,003
32
o 0,890 0,348 0,106 0,884 0,754 0,198 0,070 0,680 0,320 0,099 0,036
2
= 0,044 0,069 0,036 0,043 0,063 0,041 0,030 0,053 0,040 0,026 0,016

Fig. 5. Average percentage of subscribers depending on the combined effect of the investigated factors.

trust in the future usage widespread of the OP has an additional
role, i.e., hedging from market dynamicity. Indeed, in highly dynamic
markets, it is more challenging for firms to gain benefits from symbiotic
relationships because of the higher mismatch between demand and
supply of waste resulting from of market demand fluctuations over
time (Golev et al., 2015; Neves et al., 2019), ceteris paribus. In this
regard, companies can recognize the OP as a useful tool to ensure
a proper allocation of waste. Specifically, this effect is stronger if
the number of potential symbiotic partners (i.e., subscribed agents)
increases, because companies will have higher chances of finding a
good partner with whom to match their waste demand (or supply).
Moreover, a deeper investigation into this result allows to notice that
market dynamicity strongly affects both the final number of subscribers
and the fluctuations in such number over time. Indeed, the coefficient
of variation of the number of subscribers CV.STOT raised from 0.44
to 0.56 until 1.19 as market dynamicity progressively increased. This
means that, if the benefits ensured by the adoption of the platform are
not constant over time (due, for instance, to a higher mismatch between
demand and supply of waste in a given time period), companies will be
more willing to abandon the OP. In this regard, a higher level of trust
in the future usage widespread of the OP can also hold back companies
from leaving the platform, as they will expect higher benefits in the
future, when more potential partners will be subscribed to the OP.

5.2.2. Total percentage of economic benefit and waste diverted from the
landfill

This subsection highlights how the strategic choice of subscribing to
the OP impacts the environmental and economic benefit derived from
IS (RQ2).

The total percentage of economic benefit obtained by the agents
and the total percentage of waste diverted from the landfill depending
on the different levels of the investigated factors are shown in Figs. 6
and 7, respectively. The minimum percentage of economic benefit
(24.9%) has been obtained in the scenario with the highest levels
of fee and market dynamicity but low average trust level in the OP,
which corresponds to the scenario with minimum percentage of waste
exchanged (47.6%) and minimum average number of subscribers (see
Section 5.2.1). Conversely, the best scenarios from the economic and
environmental perspectives (63% is the maximum percentage of the
economic benefit obtained, corresponding to 83% of waste diverted
from the landfill at best) were those with no subscription fee and low
market dynamicity. In this case, the average trust level in the OP played
a minor role: the statistical difference in the means was found to be not
significant (p-values equal to 0.308 and 0.915 for the economic and
environmental benefit, respectively).’

9 A t-test has been performed to compare the means of the total percentage
of economic benefit and waste diverted from the landfill when the demand
coefficient of variation is 0.1 and the subscription fee is equal to zero.
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Despite the corresponding economic and environmental perfor-
mances in the best and worst scenarios, looking at Figs. 6 and 7, it is
possible to notice how the worsening of the environmental performance
(from the bottom left to the upper right) does not perfectly match
the pattern displayed for the economic one. This result suggests that,
when the percentage of subscribers decreases, companies are still able
to implement ISRs outside the platform but the exchange of waste
happens less profitably than it could have been if supported by the
OP. This mechanism is even clearer when looking at Fig. 8, where it is
possible to observe the mean of both the total percentage of economic
benefit and waste diverted from the landfill under the different levels
of market dynamicity and subscription fee. It is possible to highlight
that, while the decline of the environmental benefit follows a linear
trend with CV and F, the economic benefit declines much more sharply
when keeping fixed the market dynamicity and follows a periodic trend
mostly guided by the fee level: this reveals how the waste diverted
from the landfill is exchanged in a sub-optimal way from the economic
perspective. Indeed, from the scenarios when the average percentage of
subscribers is maximum (i.e., in the absence of the fee) to the scenarios
when the average percentage of subscribers is minimum (i.e., fee equal
to 1.5 - TC), the percentage of waste diverted from the landfill was
reduced by 11%, while the economic benefit by 37.8%.

Finally, Fig. 9 shows how the percentage of economic and environ-
mental benefits are distributed among those (1) directly, (2) indirectly,
and (3) not attributable to the OP (see metrics in Section 4.2) depend-
ing on the subscription fee level. In line with the previous discussion,
the percentage of economic benefit attributable to the platform (i.e., di-
rectly and indirectly) when the number of subscribers was maximum
(i.e., when the fee was equal to zero) largely surpassed the percentage
of economic benefit not attributable to the platform when the aver-
age percentage of subscribers was minimum (+69.29%). Conversely,
the percentage of waste diverted from the landfill was exceeded less
substantially (by 14.64%), ceteris paribus.

6. Discussion

Results from the simulations allow us to answer research questions
RQ1 and RQ2.

Concerning RQ1, we can assess that all the investigated factors
(i.e., subscription fee, average trust level in the OP, and market dynam-
icity) have a role in driving the subscription decisions of companies —
assuming they act as rational economic agents —, with the subscription
fee level being the leading driver.

About the subscription fee, the negative effect exerted by this factor
is not surprising: for instance, Grimmel et al. (2024, p. 396) already
noticed that “accessing IS applications is hindered by paywalls and manda-
tory registration requirements”. According to our simulations’ results, the
platform is able to attract almost the overall number of companies in
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Demand coefficient of variation (CV)
0.1 0.3 0.5
Subscription fee (F) Subscription fee (F) Subscription fee (F)
0.5TC TC 1.5TC 0 0.5TC TC RGE 0 0.5TC TC 15TC
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Low

0,029 0,027 0,025 0,030 0,024 0,025 0,022 0,025 0,018
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0,014 0,016
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Trust level in the OP
(¥)

Fig. 6. Total percentage of economic benefit depending on the combined effect of the investigated factors.
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Fig. 7. Total percentage of waste diverted from the landfill depending on the combined effect of the investigated factors.
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the system only if it is free of charge, which is in line with several
policy recommendations. Indeed, among the recommended steps to
accelerate the transition, the sixth report on Circular Economy in Italy'®
recommends the promotion of free of charge platforms to support
IS for SMEs. The “subscription free of charge”- policy seems to be
already pursued by many operating platforms, in which companies are
offered to use the platform without costs, at least for a limited period
of time (e.g. one year) (Krom et al., 2022). However, releasing the
platform free of charges can hinder the economic sustainability of the
platform itself (Chaudhuri et al.,, 2021). In this regard, on the one
hand, governments might play a key role by providing subsidies for
IS platforms’ providers (Krom et al., 2022). On the other hand, for
platforms to be self-sustaining and survive in the long-run, sources of
revenue have to be sought by the platform itself, and different strategies
might be adopted to this aim. Indeed, several pricing strategies for
two-sided digital platforms are available in the literature. Specifically,
two main revenue streams can be exploited: the first is related to
subscriptions, the second comes from selling advertising slots or sharing
user’s information with advertisers (Gopal et al., 2018). While this
latter strategy seems to be currently unexploited by IS platforms, the
need for ensuring the confidentiality of the data shared with the IS
platforms is a critical issue (Patricio et al., 2022; Benedict et al., 2018).
Indeed, the literature on IS platforms already argued that companies
should place trust in the fact that the platform ’s owner would not
disclose their sensitive information to other companies for them to
be willing to subscribe (Fraccascia, 2020). Accordingly, several studies
have highlighted the pivotal role played by data governance issues as
determinants for platforms’ adoption, not only in the case of IS, but in
the wider environment of B2B digital platforms. As argued by Anderson
et al. (2022, p. 4512) this “will create an advantage for those platforms
that are sponsored by a consortium of industry members”, since they
might benefit of higher levels of trust compared to private platforms.
Given that the revenue stream obtainable from selling information
should be excluded in the case of IS platforms, we can argue that
their sustainability depends on the proposed subscription pricing strat-
egy. Winning strategies might include free trials, differential pricing,
dynamic pricing, and segmentation (Yelkur and DaCosta, 2001; Zhao
et al., 2022; Duan et al., 2022; Kumar and Sethi, 2009).

With regard to trust, while the importance of companies trusting the
platform in the sense of non-disclosure of sensible information has been
already extensively discussed, our results suggest its prominent role in
terms of companies’ belief in a sufficiently high platform’s usage rate.
Indeed, this kind of trust in the OP makes companies more willing to
subscribe even if they have to pay a “moderate” fee, i.e., as long as the
fee does not exceed transaction costs. This interesting insight suggests
that it is important to promote and increase awareness about the
platform, thus convincing companies to subscribe even if they have to
pay for the service. To boost companies’ beliefs about other companies
adopting a given platform, the literature suggests several strategies,
e.g., making publicly available the number of users on either the supply
or the demand side. As argued by Haurand and Stummer (2023),
determining the right time for letting companies have this information
is key to ensure a positive network effect. Indeed, if the actual number
of users is lower than companies’ initial beliefs, they might be retained
from subscribing to the platform. Another proper strategy is to rely not
only on the cross-side value of the platform, but to increase its stand-
alone technological value, which might contrast companies initial poor
trust in the platform’s usage widespread (Anderson et al., 2022).

Finally, about market dynamicity, the developed AB simulations
showed that it exerts a negative effect on subscription decisions. How-
ever, another interesting insight from the model suggests that a higher
trust level in the OP’s usage rate can smooth this effect. The negative

10 https://circulareconomynetwork.it/rapporto-sulleconomia-circolare-in-
italia-2024/.
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effect of market dynamicity is related to the less stable benefits achiev-
able through the ISRs suggested by the platform over time. Indeed,
companies might think that the benefits from adopting the platform
are not sufficiently high. However, if more companies are believed to
subscribe to the platform in the future, the expected benefit from future
ISRs will increase, ceteris paribus. Accordingly, increasing the trust level
in the OP’s usage widespread is key, which strengthens the suggestion
made by Fraccascia and Yazan (2018) that companies should place trust
in the facilitator owning the platform.

Regarding the second research question (RQ2), results allow to
conclude that a higher number of platform adopters positively impact
both the economic and environmental benefits achievable through
the platform. Hence, the developed AB model confirmed the result
discussed by Fraccascia (2020), showing that both the economic and
the environmental benefits obtained by the system are higher if the
number of agents subscribed to the OP is higher, ceteris paribus. The
simulations’ results showed that, without the aid of the platform, waste
is still exchanged but in suboptimal ways, while the extensive use of
the OP leads to the achievement of optimal solutions. Moreover, the
analysis highlighted a major impact of the number of subscriptions on
the economic benefits, rather than on the environmental ones: this is
due to the specific maximization problem solved by the OP. Indeed,
in this paper, the economic objective is pursued. This modeling choice
is due to the fact that the mathematical formulation of this problem
(i.e., the maximization of the overall economic benefit) is the easiest
and the most frequently employed in the literature (Boix et al., 2015).
Nonetheless, it can be argued that different objectives might be pursued
by IS platforms, e.g., environmental or social benefit maximization.
Indeed, the optimization of an ISN should strive to satisfy all the three
pillars of Sustainable Development, i.e., economy, environment, and
society.

7. Conclusions

This paper proposes a novel theoretical framework to model com-
panies’ subscription decisions toward an OP supporting the creation of
ISRs through ABM. The model aimed to define what drives companies —
acting as rational economic agents — to subscribe to such an OP (RQ1),
and how this strategic choice impacts the environmental and economic
benefits achievable through IS by the overall system (RQ2).

The performances of the platform in terms of average number of
subscriptions and the effectiveness from the economic and environmen-
tal perspectives have been analyzed subjected to the variation of (1)
market dynamicity, (2) subscription fee, and (3) average trust level in
the OP’s usage widespread.

Results of the simulations are in line with the expected behavior
of agents and consistent with the literature in terms of economic
and environmental effectiveness. Specifically, the model highlighted
a negative effect exerted by the subscription fee and by the market
dynamicity and a positive effect exerted by the trust level on the total
number of subscriptions. The most interesting insights from the model
concern the role of companies’ trust in the future widespread of the
OP in enabling a higher tolerance for higher levels of subscription fee
and its hedging role in relation to market dynamicity. Moreover, the
positive effect of the number of subscribers on both the economic and
environmental performances of the system has been confirmed, with
a higher impact exerted on the economic benefit rather than on the
environmental one.

The present study allows to derive relevant implications from the
theoretical, managerial, and policy perspectives.

From the theoretical point of view, the developed model represents
a novel contribution in the literature of ICT tools for IS as it is the first
to consider the companies’ decision-making perspective concerning the
issue of subscription. Moreover, while the methodological framework
adopted in this study, i.e., ABM, is commonly used to investigate the
dynamics underlying the development of IS, it is the first to introduce a
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Table 3

Parameters’ changes in the input dataset.
Variable BASE LOWER HIGHER
udc | m | 30 25 35
upe | horion 70 60 80
utrac [ ur ] 5 45 55

km t alcohol slops

double decision-stage that influences the setting environment in which
agents are called to take the cooperation decision.

From the managerial and policy perspectives, the analysis allows
to derive several practical implications and recommendations for both
platform providers and policymakers.

According to our results, releasing a platform free of charge is the
preferable option to boost subscriptions. Therefore, on the one hand,
platform providers are encouraged to offer their services free of charge,
and policymakers are called to subsidize their efforts — at least in the
launching stage of the platform. On the other hand, platform providers
are recommended to define proper pricing strategies to ensure the self-
sustainability of the platform in the long run. Additionally, we have
shown that it is possible to attract a higher number of subscribers
by increasing trust in the future usage widespread of the platform,
ceteris paribus. Therefore, we suggest platform providers to design
proper marketing strategies, too, e.g., sharing information about the
number of subscribers or emphasizing the high technological stand-
alone value of the platform. To this aim, they are called to investigate
properly companies’ preferences and willingness to pay for the service,
and propose the best strategic solution for their specific context, both
in terms of pricing and marketing strategies. Concerning the role of
trust, we have found out that its enhancement results in hedging the
platform from market dynamicity, too. Indeed, demand fluctuations
might hamper the economic benefit achievable through the OP over
time and, therefore, companies’ subscription renewal. In this regard,
we can argue that employing IS platforms in the context of facilitated
IS programs can be a winning strategy, as companies might be more
confident in the involvement of a large number of potential partners
and - accordingly - in the advantages deriving from subscription.
Therefore, governments should promote facilitated IS programs — where
platforms might have higher chances of succeeding — and encourage
companies to join them. Finally, our results confirmed that the number
of subscriptions to the platform exerts a positive impact on both the
economic and environmental performances of the system. However,
the impact of the number of subscribers on the economic benefit is
higher than the impact on the environmental one, and this result is due
to the specific maximization problem that the investigated platform is
called to solve (i.e., maximizing the economic benefit). Nonetheless, we
suggest that different optimization models can be solved by different
platforms (or within a single platform), to provide increased benefits to
all three pillars of Sustainable Development. Indeed, platform providers
should tailor the objective of the platform to the specific industrial
context in which they will be operating.

Certainly, this study is not without limitations. Firstly, it is not
tested on a real case study on an existing platform. However, as already
argued in the literature (Grant et al., 2010), it is very difficult to assess
the contribution of IS platforms, since it is not possible to determine
whether a certain relationship created through the platform would have
been created even without its support. From the modeling perspective,
agents are considered as rational economic agents: they are only guided
by economic reasoning and, therefore, the model neglects the psycho-
logical perspective. On the one hand, since agents are representatives of
companies, this assumption is reasonable. On the other hand, managers
who are in charge of taking decisions for companies, might also be
guided by other motivations, e.g., opportunistic behaviors, word of
mouth, etc. Moreover, only one-to-one ISRs are allowed in each time
period and agents are not allowed to exchange more than one type of
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waste within the platform. They cannot leave or enter the network,
nor store exceeding waste to exchange it in later periods. In a real
context, all these factors might impact the success of the platform.
In particular, a single platform should be able to consider several
potential matches between wastes and input materials. This might
affect markedly both the subscription choices and the cooperation
decisions of companies. Additionally, the trust level in the OP’s usage
widespread has been modeled as static, but it might be defined as a
dynamic variable in future extensions of the model. Considering the
platform design, as already noticed, the investigated platform maxi-
mizes the economic benefit, but different objectives might be pursued,
too, e.g., environmental or social benefit maximization.

The above-mentioned limitations can all be matters for future stud-
ies. Moreover, starting from the insights provided in the paper, further
questions can be posed as future avenues for research: for instance,
what would happen in case of different pricing and/or marketing
strategies adopted by the OP provider? What would happen whether
economic incentives are provided by policymakers? Researchers are
called to improve the model starting from the above-mentioned limita-
tions. Indeed, this paper is only the first step toward a possible deeper
investigation of agents’ behavior toward OP for IS.
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Appendix. Model validation

In the following, the model will be validated through (1) micro-
face validation, (2) macro-face validation, (3) input validation, and (4)
output validation (Bianchi et al., 2008; Manson, 2003; Giannoccaro and
Carbone, 2017).

The criteria of the micro-face validation are satisfied as the decision-
making processes of the agents and the mechanisms of the model
described in Section 3.2 (i.e., the subscription decision depends on
three components including (1) savings in transaction costs, (2) indi-
rect network effect, and (3) path dependence, while the willingness
to cooperate in an ISR depends on the economic benefits stemming
from cooperation and the path dependence) are consistent with the
literature.

The criteria of the macro-face validation are satisfied because the
dynamics of the model presented in Section 3.4 are in line with real-
world dynamics: agents subscribe to the platform only if their utility
is higher than their threshold, while they accept to cooperate in an
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Fig. 10. Sensitivity analysis: LOW udc.

ISR only if the benefits they would achieve are higher than a certain
minimum expected benefit.

Regarding the input validation, we have performed a sensitivity
analysis on the input dataset reported in Table 1 to ensure the in-
dependence of the results obtained during the simulations from the
specific numeric inputs chosen. Specifically, the economic parameters
udc, upc, and utrac have been modified one at the time, ceteris paribus,
as shown in Table 3. 100 replications of the model have been run for
each parameter variation and the results of the simulations with the
twelve new settings analyzed are reported below (Figs. 10, 11, 12, 13,
14, 15). As we can notice, results are consistent with those provided in
the main of the manuscript. In particular, the identified patterns — from
which the implication of the study have been derived — have remained
unchanged. As a further criterion for the input validation, it is worth
mentioning that the same input dataset has been already used in other
AB models in the literature of IS (e.g., Fraccascia (2020)).

Finally, the criteria of the output validation are satisfied as results
from the simulation are in line with the expected behavior of agents
and with the literature. For instance, a higher number of agents sub-
scribes to the platform when the subscription fee is low and when
the trust level is high, ceteris paribus, which is the desired outcome.
Moreover, the higher the number of agents subscribed to the platform,
the higher the overall economic and environmental benefit obtained by
the system, as argued by Fraccascia (2020).

Data availability

Data will be made available on request.
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