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Abstract: Despite the theoretical value of industrial symbiosis (IS), this approach appears to be
underdeveloped in terms of practical applications. Different attempts to stimulate IS in practice are
noticed, one of them consisting in the application of adequate policy measures. This paper explores
the efficacy of two specific policies (landfill tax and economic subsidy for IS exchanges) in supporting
the emergence of self-organized industrial symbiosis networks (ISNs). We frame the ISNs as complex
adaptive systems and we design an agent-based model to simulate their emergence. We use a real
case study and, by means of the simulation model, we assess how the two policy measures are
able to enhance the formation of spontaneous IS relationships, thereby forcing the emergence of
the ISN. Results show that both policy measures have a positive effect in all scenarios considered,
but the extent is strictly dependent on the environmental conditions in which IS relationships occur.
The economic implications for the government are finally discussed.

Keywords: industrial symbiosis; self-organized industrial symbiosis networks; self-organization and
emergence; policy measures; agent-based simulation; enterprise input-output approach

1. Introduction

Industrial symbiosis (IS) is a subfield of industrial ecology that engages separate industries in
a collective approach to competitive advantage, involving physical exchanges of materials, energy
and services [1]. In particular, wastes generated by one firm can be used by other firms to replace
production inputs or be exploited to generate new products [2]. The IS practice provides the involved
firms with economic benefits, but at the same time creates environmental and social benefits for the
entire community [3–6]. Aware of all these benefits, the European Commission strongly recommends
the adoption of IS practice [7,8].

The network of firms connected by waste exchanges makes up an industrial symbiosis
network (ISN) [9]. Within an ISN, firms are involved in multiple IS relationships contemporaneously,
and often belong to different industries, so that IS becomes a practice extending collaboration above
the traditional supply chain level [10]. ISNs can be distinguished in two types based on the formation
mechanism: (i) the top-down ISNs, designed by a central authority; and (ii) the self-organized ISNs,
which are allowed to emerge from the bottom, as the result of a self-organization process undertaken by
firms, each of them driven by the willingness to gain economic advantages through IS exchanges [11,12].
Empirical cases demonstrate that both these types can be successful [3,13].

However, in both cases it is critical that IS relationships among firms are feasible from the technical,
economic and legal point of view [14]. Since there are many factors that negatively affect these
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issues [9,15,16], the IS approach is still underdeveloped in terms of practical applications compared to
its theoretical opportunities [17].

A way to stimulate IS in practice is by means of policy actions. Policy makers can play a critical
role to this end [18–21]. They can directly manage the IS project to promote and sustain a top-down
ISN, such as in the case of Chinese and Korean Eco-Industrial Parks [22–24]. As to a self-organized
ISN, they can stimulate the creation of an environment favorable to the spontaneous development
of IS relationships among firms, by means of policy measures [3,20]. Whilst the positive effect of the
policy interventions on top-down ISNs has been clearly demonstrated in the literature, the effects of
the policy measures on the emergence of self-organized ISNs are still not sufficiently investigated [25].
To the best of our knowledge, there are very few studies quantifying the effect of the policy measures
both on the adoption of the IS approach as well as on the economic effect for the government. This is
a significant limit, since the self-organized IS approach is actually considered as the most promising
one, thanks to its ability to be more resilient to perturbations such as changes in production levels,
in symbiotic flows, in the dimension and the number of the actors involved [26]. Therefore, more
investigation on the topic is mandatory.

In particular, this paper aims to explore the extent to which different policy measures positively
influence the emergence of self-organized ISNs. We consider two measures: (i) the landfill tax; and
(ii) the economic subsidy for IS exchanges. In approaching this issue, we frame the self-organized ISNs
as complex adaptive systems (CASs) [27,28], i.e., as networks of adaptive agents (firms) that emerge
over time into coherent forms through interaction, without a central agent deliberately managing the
system [29–31]. In doing so, ISNs are studied as an emergent process, arising from the spontaneous
decisions of independent but interconnected firms. In particular, we use an agent-based model (ABM)
to simulate the emergence of the ISN, studying the effect of the two policy measures on the formation
of stable IS relationships in environments characterized by diverse levels of uncertainty and turbulence.
Both literature and empirical observations in fact confirm that these aspects are critical in affecting the
formation of IS relationships [28,32,33].

The paper is organized as follows. Section 2 presents the theoretical background. Section 3
presents the ABM model, the policy measures, the empirical case study and the simulation scenarios.
Results and discussion are given in Section 4. Finally, conclusions are provided in Section 5.

2. Theoretical Background

2.1. A complex Adaptive Systems Approach for Self-Organized ISNs

CASs are networks of adaptive agents that emerge over time into coherent forms through
interaction, without any singular entity or central control mechanism deliberately managing the overall
system [29–31]. These systems are “adaptive” because they are able to change over time, creating new
forms of emergent order consisting of new structures and patterns, in order to increase their fitness
with the environment. Adaption is possible thanks to self-organization: in fact, the new order arises
from the autonomous interactions among agents, which are not externally imposed on the system [34].
The main properties of CASs are: the existence of interconnected agents with different attributes and
actions, self-organization, adaptation, emergence, non-linearity and path dependence [34–36].

Natural ecosystems and supply chains are examples of CASs [37–42] that exhibit strong similarities
with ISNs [43–45]. Recently, self-organized ISNs have been also recognized as CASs, where firms
are agents who interact with each other in exchanging wastes. Framing the ISN as a CAS means
that it is the result of a self-organized process, where any generic firm autonomously makes the
decision to establish a symbiotic relationship with another firm, without any deliberate planning
performed by a central entity, such as a leading firm or the government. This decision is driven by
the firm willingness to achieve economic benefits by means of IS relationship [46,47]. By establishing
IS exchanges, firms can in fact enhance their production efficiency [48] and reduce their production
costs so achieving competitive advantage [4,49]. However, they should also take into account that
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forming IS relationships generates additional transaction costs, due to the search of the symbiotic
partner, the negotiation of the economic clauses for the waste exchange and the need to monitor the
relationship [27,50,51]. Thus, it may happen that firms could decide to not create IS relationships due
to the high amount of transaction costs [51]. Finally, the willingness to cooperate in IS exchanges can
be also influenced by idiosyncratic organizational factors, such as the desired size of capital invested
in IS projects, the payback time of the investment and the return on investment [3].

2.2. Agent-Based Modeling

Agent-based modeling is one of them most suited technique to study CASs [52]. In ABMs, the agent
is mainly characterized by: (i) a given set of goals and actions to accomplish; and (ii) a given set of
rules of social engagement, driving the interactions with other agents and the environment [53,54].
The complex system behavior spontaneously emerges from the interactions among the agents and
between the agents and the environment, rather than to be defined by the modeler [55]. This allows
investigation of the system dynamics in a way that analytical models cannot do. Applications of ABM
span a broad range of disciplines such as economic systems [56], finance [57], marketing [58] and
manufacturing [59]. In particular, the ABM approach was adopted to study cooperation dynamics
within supply chains and industrial districts [60–63]. Based on the above, such an approach appears to
be very suited to analyzing the ISN dynamics [64–66]. In this regard, the ABM approach was recently
adopted to explore the efficacy of contractual mechanisms in fostering the development of self-organized
ISNs [28], to study the evolution of ISNs over time [67] and to investigate how the redundancy in IS
linkages can affect the economic and environmental benefits created by these networks [51].

2.3. Policy Measures Supporting Self-Organized ISNs

Public policies can promote the self-organized IS practice by creating a favorable environment for
the spontaneous development of IS relationships [11,68–70]. In particular, the literature has developed
three kinds of policy measures: (i) regulatory instruments; (ii) economic instruments; and (iii) voluntary
instruments. Regulations and legal frameworks compel firms to implement IS practice, for instance
banning specific wastes from landfills, thereby forcing firms to implement different strategies for their
disposal [18,20,71]. Economic instruments motivate firms to implement IS practice by increasing the net
economic benefits stemming from IS exchanges. Examples of these instruments are landfill taxes [18,20],
economic subsidies for studying feasibility conditions of IS projects [72], building facilities [22], financing
IS transactions [23] and fiscal incentives for firms adopting IS practice [3]. Finally, voluntary instruments
aim to promote firms to implement IS exchanges, making easier the creation of IS relationships. Examples
of these instruments are databases and services matching demand and supply of wastes [3,73,74].

Although all these policy measures have shown to affect IS development, the extent of this impact
is not clear enough. Empirical evidence suggests that the extent could depend on specific environmental
conditions [25], which influence the technical, economic and cultural factors necessary to the formation of
an IS relationship [69], and also affect the emergence of stable IS relationships among firms. For example,
since high uncertainty and turbulence of the environment make unclear the economic benefits associated
with IS relationships, ISNs are very unlikely to emerge in such conditions [28,32,33,51].

Thus, we are interested to study the efficacy of two economic policy measures (landfill tax
and economic subsidy) in supporting the emergence of ISNs in scenarios characterized by different
conditions of uncertainty and turbulence of the environment.

3. Methods

In this section, we present the agent-based model of a generic ISN, the agents’ dynamics and the
policy measures investigated. We also give details on empirical data used to calibrate the simulation
model and we describe the simulation plan.
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3.1. The Agent-Based Model of a Generic ISN

To develop our model, we refer to the agent-based model by Albino et al. [28], which simulates the
emergence of self-organized ISNs. Such a model considers an industrial network made up of N firms.
Each firm produces a single main product sold on the final market, fulfilling a stochastic customer
demand. The production process requires a single input, purchased from the external supply market,
and generates a single waste, destined to be landfilled. Each firm obtains revenues from selling its
main product, whilst production costs are in the form of input purchasing cost and waste disposal cost.

The firms belong to several unrelated industries, each of them made up of a certain number of
firms. We consider three industries: I1, I2 and I3. Feasible symbiotic relationships involving firms
belonging to sequential industries exist. Accordingly, a generic firm belonging to the Industry I1 (I2,
I3) can use as input the waste produced by any firm of the Industry I3 (I1, I2) and can send its waste
to any firm of the Industry I2 (I3, I1), which uses it as a production input. For the sake of simplicity,
we assume that each firm can send its waste only to one firm and can receive waste only from one
firm. Firms’ production processes and symbiotic relationships are modeled by adopting the Enterprise
Input-Output approach [48,75,76].

Each firm within the industrial network is modeled as an agent, who decides to establish or not
a symbiotic relationship with another firm belonging to the feasible industry. A fitness function Fi→j
(Fj→i) is defined, which measures the willingness of firm i (j) to exchange wastes with firm j (i). Such a
fitness measure depends on two factors: (i) the economic benefits stemming from the IS relationship;
and (ii) the path dependence. In the model, it is assumed that the higher the economic benefits that firm
i (j) could gain through the IS relationship with firm j (i), the higher Fi→j (Fj→i) will be. Moreover, path
dependence is introduced by assuming that the longer the time firms i and j are involved in an effective
resource exchange, the lower the importance of the economic benefit gained at time t to motivate them
to keep the symbiotic relationship [11]. Hence, the fitness function Fi→j at time t is defined as follows:

Fi→j(t) =
1

Lij(t)
·EBi→j(t) +

[
1− 1

Lij(t)

]
·EBi→j(t− 1) (1)

where Lij(t) indicates the time length of the IS relationship between firms i and j at time t and EBi→j
stands for the economic benefits that the firm i gains from exchanging wastes with firm j. Such a benefit
is defined as the ratio between the economic benefits stemming from IS and the firm’s production costs:

EBi→j(t) =
dci·ei→j(t)

(pci·Ri + dci·Wi)·xi(t)
(2)

EBj→i(t) =
pcj·ei→j(t)(

pcj·Rj + dcj·Wj
)
·xj(t)

(3)

where dci (dcj) is the cost to dispose one unit of waste produced by firm i (j), pci (pcj) is the cost to
purchase one unit of input required by firm i (j), Wi (Wj) is the amount of waste generated by firm i (j)
to produce one unit of main product, Ri (Rj) the amount of input required by firm i to produce one
unit of main product, xi(t) (xj(t)) is the amount of main product produced by firm i (j) at time t, and
ei→j(t) is the amount of waste exchanged between firms i and j at time t. Such a quantity is computed
as follows, under the hypothesis that one waste unit perfectly replaces one input unit:

ei→j(t) = min
{

Wi·xi(t); Rj·xj(t)
}

(4)

For the sake of simplicity, we also assume that waste exchanges among firms are for free, i.e., that
firms producing wastes do not pay any fee to firms using wastes and vice versa.

The firm i decides to establish/maintain the symbiotic relationship with j only if the fitness value
associated with the symbiotic relationship is higher than or equal to a given threshold (Fi→j ≥ Ti) [23].
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This threshold models the firms’ propensity to implement IS relationships. This propensity depends
on the desired return on investment [3], which could include the additional costs associated with
establishing IS relationships such as the transaction costs. The higher these costs, the higher the
threshold value will be, ceteris paribus.

3.2. The Agent-Based Model Dynamics

The main goal of each agent is to improve its economic performance by adopting the IS practice.
Let us consider the generic firm i that was collaborating with firm j at time t − 1. At time t, both firms i
and j compute their fitness by using Equation (1). The IS relationship is kept only if both fitness values
are higher than or equal to the respective thresholds, otherwise it is interrupted. If the relationship
is interrupted, firm i seeks a firm with which to establish a new symbiotic relationship. Thus, it tries
to establish a symbiotic relationship with firm k, randomly chosen. If firm k is currently involved
in a symbiotic relationship with firm q, firm i remains with no link at time t. Alternatively, if firm
k is not currently involved in a symbiotic relationship, both firms compute their fitness values by
using Equation (1). If both fitness values are higher than or equal to the respective thresholds, the
relationship between i and k is created, otherwise both firms remain with no link at time t. Figure 1
shows the flow chart of the agent decision-making process. Such a process is repeated for a given
number of time-periods (simulation time).
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3.3. Policy Measures Investigated

We consider two economic instruments and their effect on the emergence of the ISN: (i) the landfill
tax; and (ii) the economic subsidies for IS transactions.

The first policy prescribes that firms pay the landfill tax for each unit of waste disposed of in the
landfill. It results in increasing the waste disposal costs, ceteris paribus, so as to incentive firms to adopt
the IS practice to reduce them. As effect of this policy, the economic benefit for firm i stemming from
the IS relationship with firm j in presence of landfill tax (EBLT

i→j) is so modified:

EBLT
i→j(t) =

(dci + LT)·ei→j(t)
[(pci·Ri + (dci + LT)·Wi)]·xi(t)

(5)

where LT is the landfill tax. Since LT > 0 and EBi→j(t) < 1, it can be easily demonstrated that
EBLT

i→j(t) > EBi→j(t), ceteris paribus.
This policy also generates monetary flows from firms to the government, thereby providing the

government with additional revenues (GR), ceteris paribus. For the generic time t, the government
revenues are:

GR(t) = ∑
a ∈ A−B

LT·Wa·xa(t) + ∑
b ∈ B

LT·
[

Wb·xb(t)−
N

∑
c=1

eb→c(t)

]
(6)

where A stands for the set of total firms and B is the subset of firms implementing IS.
The economic subsidy policy prescribes that, for each unit of waste exchanged, the government

pays the subsidy S to both the firms involved. Such a measure improves the economic benefits for the
firms implementing the IS practice, so pushing them to establish IS relationships. For firms i and j
exchanging wastes, the economic benefits in presence of subsidy (EBS

i→j and EBS
j→i) are given by the

following equations:

EBS
i→j(t) =

(dci + S)·ei→j(t)
(pci·Ri + dci·Wi)·xi(t)

(7)

EBS
j→i(t) =

(
pcj + S

)
·ei→j(t)(

pcj·Rj + dcj·Wj
)
·xj(t)

(8)

where EBS
i→j(t) > EBi→j(t) and EBS

j→i(t) > EBj→i(t). Differently from the landfill tax policy, such a
measure generates monetary flows from the government to firms, thereby determining expenses for
the government (GE). Such a monetary flow at time t is computed as follows:

GE(t) = 2 ∑
b ∈ B

S·
N

∑
c=1

eb→c(t) (9)

Finally, we consider the case in which both policies are simultaneously adopted. In such a case,
the net monetary flow (NF) is simply the sum of the revenues due to the landfill tax (Equation (6)) and
the expenses due to the subsidy (Equation (9)):

NF(t) = GR(t)− GE(t) = ∑
a ∈ A

LT·Wa·xa(t)− ∑
b ∈ B

(LT + 2S)·
N

∑
c=1

eb→c(t) (10)

Such a monetary flow is from firms to the government when NF(t) > 0 (i.e., when the government
revenues are higher than the government expenses), otherwise is from the government to firms when
NF(t) < 0 (i.e., when the government revenues are lower than the government expenses).

The physical flows involving two generic firms establishing an IS relationship and the monetary
flows between firms and government are shown in Figure 2 for all the three policy scenarios considered.
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3.4. Simulation Analysis

To calibrate the simulation model, we use data referring to a real case study concerning a
three-industry ISN discussed in the literature [77,78]. Table 1 shows main product generated, input
required and waste produced by firms belonging to each industry.

Table 1. Data considered.

Industry Main Product Input Waste

I1 sugar fertilizer molasses
I2 alcohol molasses alcohol slops
I3 fertilizer alcohol slops waste fertilizer

We assume that 50 firms belong to each industry. Each firm observes a stochastic final customer
demand over time, distributed according to a normal distribution with a given mean and variance.
Numerical data on the main product demand, R, W, input purchasing cost and waste disposal cost are
provided in Table 2.

Table 2. Main product demand, R, input purchasing cost, W and waste disposal cost for firms belonging
to each industry.

Industry Main Product Average Demand R Input Purchasing Cost W Waste Disposal Cost

I1 450,000 t/year 0.044 4000 €/t 0.2 90 €/t
I2 25,000 t/year 4 80 €/t 0.8 90 €/t
I3 30,000 t/year 0.4 70 €/t 0.1 90 €/t

To analyze the efficacy of the policy measures, we define 16 scenarios by increasing the value of
the landfill tax and the economic subsidy (Table 3). The value of both parameters is set as a percentage
of increase of waste disposal cost (0.1, 0.2, 0.3). This range of values guarantees the main effects
of the policies on the emergence of IS relationships to be investigated. In particular, the scenario
with no landfill tax and subsidy policy is defined as the base case. Three scenarios refer to the
adoption of the landfill tax policy only, three scenarios to the use of the subsidy policy only, and nine
scenarios to the simultaneous adoption of both policies. Each of the 16 scenarios is then simulated
in different environments, characterized by four levels of environmental uncertainty and two levels
of environmental turbulence (Table 4). These further simulations are performed to investigate the
influence of the external environment on the efficacy of the policy measures.

Summarizing, the overall simulation plan consists of 128 different scenarios, resulting from
16 different combinations of policy values and 8 different environmental conditions.

Table 3. Parameters of the policy measures simulated.

Policy Measure Values

Landfill tax (LT) 0 €/t, 9 €/t, 18 €/t, 27 €/t
Economic subsidy (S) 0 €/t, 9 €/t, 18 €/t, 27 €/t

Table 4. Parameters of the environments.

Variable Modeling Variable Values

Environmental uncertainty (EU) Standard deviation of the main product demand 0.1, 0.2, 0.3, 0.4
Environmental turbulence (ET) Number of time periods the main product demand is fixed 5, 1
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4. Results and Discussion

We simulate each scenario for a simulation run of 1,000 periods and replicate 100 times so as to
give statistical significance to results. At the end of simulation time, we compute the final number of
total IS relationships in percentage to the total number of feasible relationships among firms. Then,
such a number is averaged across all replications.

4.1. Simulation Results

Table 5 shows simulation results for the base case scenarios (i.e., absence of policy measures).
Simulation results for scenarios characterized by the independent (simultaneous) adoption of landfill
tax and subsidy policy are given in Table 6 (Table 7). For these scenarios defined by the values of the
policy parameters (S and LT), we report the average percentage of IS relationships across all replications
and the standard deviation in brackets in all the eight different environmental conditions. We also
show the increase in the percentage of IS relationships compared to the base case (∆%). This value
measures the efficacy of the policy in supporting the emergence of self-organized industrial symbiosis
relationships. The higher the ∆%, the higher the efficacy of the policy.

Table 5. Number of industrial symbiosis (IS) relationships (in percentage) at the end of simulation time
for the base scenario.

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET
78.13 71.09 67.42 66.43
(2.37) (2.88) (3.18) (2.96)

High ET 60.15 49.42 44.91 44.39
(2.98) (3.39) (3.60) (3.64)

Standard deviation of the final number of symbiotic relations given in italics below the percentage value of
IS relationships.

Table 6. Number of IS relationships (in percentage) at the end of simulation time for the scenarios
characterized by the independent adoption of a single policy measure.

Landfill Tax Policy Subsidy Policy

LT = 9 S = 9

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 85.75 75.92 71.43 67.44 Low ET 87.47 76.98 72.57 68.39
(2.01) (2.53) (2.80) (2.74) (1.98) (2.46) (3.04) (3.01)

∆% +9.74 +6.79 +5.94 +1.53 ∆% +11.95 +8.28 +7.63 +2.96
High ET 70.44 54.16 49.01 46.18 High ET 72.92 55.88 48.95 47.07

(2.80) (3.91) (3.19) (3.44) (3.16) (2.84) (3.40) (3.15)
∆% +17.10 +9.59 +9.13 +4.02 ∆% +21.22 +13.07 +9.00 +6.02

LT = 18 S = 18

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 90.68 79.63 74.57 70.24 Low ET 92.47 81.19 75.43 71.79
(1.77) (3.19) (2.58) (3.04) (1.56) (2.20) (2.70) (3.25)

∆% +16.06 +12.01 +10.60 +5.74 ∆% +18.34 +14.20 +11.89 +8.07
High ET 79.28 59.48 52.77 49.34 High ET 82.34 61.33 53.88 49.89

(2.36) (2.84) (4.07) (3.69) (2.50) (3.44) (3.87) (3.28)
∆% +31.80 +20.36 +17.50 +11.14 ∆% +36.88 +24.11 +19.97 +12.39

LT = 27 S = 27

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 93.78 82.33 76.70 72.55 Low ET 95.57 84.61 78.27 73.59
(1.34) (2.76) (2.82) (3.09) (1.30) (2.22) (2.55) (2.61)

∆% +20.03 +15.81 +13.76 +9.21 ∆% +22.31 +19.01 +16.10 +10.78
High ET 84.97 62.78 54.83 50.91 High ET 88.93 66.60 57.31 51.93

(2.24) (3.35) (3.49) (4.20) (1.86) (3.37) (3.16) (4.03)
∆% +41.26 +27.03 +22.09 +14.67 ∆% +47.84 +34.76 +27.59 +16.98

Standard deviation of the final number of symbiotic relations given in italics below the percentage value of IS
relationships; ∆% = increase in the number of symbiotic relations compared to the base case scenario.
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Table 7. Number of IS relationships (in percentage) at the end of simulation time for the scenarios
characterized by the simultaneous adoption of landfill tax and subsidy policies.

S = 9 LT = 9 S = 9 LT = 18

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 91.82 80.09 74.07 70.82 Low ET 94.08 83.23 76.71 72.88
(1.85) (2.46) (3.16) (2.95) (1.33) (2.51) (2.88) (3.41)

∆% +17.52 +12.65 +9.87 +6.61 ∆% +20.41 +17.08 +13.78 +9.71
High ET 80.22 59.15 52.49 48.89 High ET 86.30 64.09 56.01 50.85

(2.29) (3.20) (3.78) (3.54) (2.19) (3.58) (3.27) (3.65)
∆% +33.36 +19.70 +16.88 +10.14 ∆% +43.47 +29.68 +24.70 +14.55

S = 9 LT = 27 S = 18 LT = 9

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 95.73 84.72 79.03 73.72 Low ET 95.11 83.55 77.23 73.61
(1.26) (2.46) (2.37) (3.17) (1.43) (2.09) (2.77) (2.81)

∆% +22.53 +19.17 +17.22 +10.98 ∆% +21.73 +17.52 +14.55 +10.82
High ET 90.08 67.60 58.51 53.23 High ET 87.67 64.99 56.01 51.54

(1.95) (3.85) (3.75) (3.24) (2.11) (2.79) (3.83) (3.39)
∆% +49.75 +36.79 +30.28 +19.90 ∆% +45.75 +31.50 +24.71 +16.10

S = 18 LT = 18 S = 18 LT = 27

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 96.08 85.87 78.62 74.51 Low ET 97.35 86.86 80.84 75.62
(1.26) (2.39) (2.48) (2.90) (1.01) (2.10) (2.60) (2.63)

∆% +22.97 +20.78 +16.62 +12.17 ∆% +24.60 +22.18 +19.91 +13.84
High ET 90.86 68.63 59.29 53.65 High ET 92.36 71.37 60.21 54.43

(1.84) (3.45) (3.65) (3.40) (1.32) (3.31) (3.73) (3.85)
∆% +51.05 +38.87 +32.01 +20.86 ∆% +53.54 +44.41 +34.05 +22.62

S = 27 LT = 9 S = 27 LT = 18

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4 EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 96.51 86.22 79.57 75.11 Low ET 97.37 87.35 80.56 76.51
(1.32) (2.13) (2.82) (2.75) (1.02) (1.95) (2.60) (2.74)

∆% +23.52 +21.28 +18.02 +13.08 ∆% +24.62 +22.87 +19.49 +15.18
High ET 91.89 69.99 58.96 54.66 High ET 93.28 71.85 61.25 55.56

(1.70) (2.98) (3.83) (3.34) (1.59) (3.06) (3.24) (3.63)
∆% +52.75 +41.62 +31.28 +23.13 ∆% +55.07 +45.39 +36.37 +25.15

S = 27 LT = 27

EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

Low ET 97.69 88.11 82.15 76.76
(0.80) (1.87) (2.40) (2.74)

∆% +25.03 +23.94 +21.85 +15.55
High ET 94.01 73.48 63.12 57.19

(1.51) (3.05) (3.90) (3.76)
∆% +56.28 +48.69 +40.53 +28.83

Standard deviation of the final number of symbiotic relations given in italics below the percentage value of IS
relationships; ∆% = increase in the number of symbiotic relations compared to the base case scenario.

First, we note that in all scenarios both uncertainty and turbulence have a negative effect on the
emergence of ISNs. This trend is expected because it is coherent with both empirical observations and
previous contributions of the literature [28,32,51] and confirms the internal validity of the simulation
model, able to reproduce expected results. Then, we analyze the effect of the policy measures in
supporting the emergence of IS relationships.

We find that in all the scenarios simulated there is an increase of the number of IS relationships
thanks to the adoption of the policies compared to the base scenario, regardless of the environmental
conditions. In particular, depending on the environmental conditions and the value of policy
parameters, the increase in the number of IS relationships ranges from 1.53% to 41.26% in the case of
landfill tax policy, from 2.96% to 47.84% in the case of subsidy policy, and from 6.61% to 56.28% in the
case of the simultaneous adoption of both measures. Note that, although the simultaneous adoption of
both policy measures is favorable in terms of the emergence of IS relationships (i.e., higher increase),
the combined effect of tax and subsidy is lower than the sum of the single effects. For example, in the
case of EU = 0.1 and low ET the adoption of landfill tax policy with LT = 9 €/t determines an increase
in the number of IS relationships equal to 9.74%, the adoption of the economic subsidy policy with
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S = 9 €/t achieves an increase of 11.95%, but their simultaneous adoption causes an increase of only
17.52% (<21.64% = 9.74% + 11.95%).

Our results also show that increasing the landfill tax and subsidy value positively influences the
emergence of IS relationships. This is an expected result because both policies incentivize firms to
establish IS relationships so as to increase their economic benefits. However, we find that there is an
effect of decreasing returns, which is less intuitive. For example, consider the scenario with EU = 0.1
and high ET. For the landfill tax policy, LT rising from 9 €/t to 18 €/t makes an increase of 14.7% in the
percentage of IS relationships, LT rising from 18 €/t to 27 €/t determines an improvement of 9.46%.
Similarly, for the subsidy policy, S moving from 9 €/t to 18 €/t improves the number of IS relationships
of 15.66%, while from 18 €/t to 27 €/t of only 10.96%. Figure 3 depicts the number of IS relationships
for different values of economic subsidy and landfill tax for the scenario characterized by EU = 0.1 and
low ET. It clearly shows this trend.
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The influence of the environmental conditions on the emergence of IS relationships also deserves
some comments. Results show that both the environmental uncertainty and the environmental
turbulence influence the efficacy of the policy measures to support the emergence of IS relationships.
In particular, the highest increase of the number of IS relationships is achieved in the scenarios
characterized by high turbulence as well as in scenarios with low uncertainty. Ceteris paribus, the higher
the environmental turbulence, the higher the efficacy of the policy measures will be. Similarly,
the higher the environmental uncertainty, the lower the efficacy of the policy measures will be,
ceteris paribus. This outcome emphasizes that proper policy measure should be designed depending on
the environmental conditions.

Generally, ISNs are observed to arise in environments characterized by low turbulence low
and uncertainty. On the one hand, high-turbulent environments require firms to be flexible and
to adapt quickly to the new external conditions by rapidly adding new partners [79,80]. However,
IS exchanges are constrained by both technical features and geographical proximity among firms;
therefore, the number of new symbiotic partners is often limited. In this regard, our results are
interesting because they show that the increase in economic benefits due to appropriate policy measures
ensures that IS relationships are enough convenient for firms, even in more turbulent environments.
On the other hand, uncertainty deteriorates the economic and environmental performance of firms
involved in IS relationships [32], discouraging them from establishing long-term relationships.
Despite the policy measures increasing the economic benefits for firms, they do not reduce the
negative effect of uncertainty on these benefits. Therefore, the policy measures have low efficacy in
high-uncertainty environments.
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Finally, we use simulation data to build the curves showing the combination of tax and subsidy
values determining the same increase of IS relationships, compared to the base case scenario (iso-effect
curve). As an example, Figure 4 shows the iso-effect curves for EU = 0.1 and low ET.

These curves are a tool to provide information to policy makers quickly on the benefits associated
with the policy measures, depending on the parameters values. They can be used to set the value of LT
and/or S so as to obtain a given number of IS relationships.
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4.2. Monetary Flows Generated by Policy Measures

In this section, we compute the monetary flows generated by the policy measures. In particular,
a landfill tax policy generates monetary flows from firms to the government (the amount of these
flows can be computed by Equation (6)), whilst the use of economic subsidies generates monetary
flows from the government to firms (Equation (9)). In the case of the simultaneous adoption of both
tax and subsidy, the direction of monetary flows is uncertain, depending on the net effect of such a
simultaneous adoption (Equation (10)). In performing this analysis, we do not take into account the
additional costs that the government should pay for policy implementation. The quantification of
these costs is important in order to compute the net benefit of the policy measures for the government.
For example, the economic subsidy policy requires that the government monitors the effective exchange
of wastes between the firms involved in the symbiotic relationship. The landfill tax policy should
be less costly than the economic subsidy from this point of view, but it could generate additional
monitoring cost for the government, because it may induce firms to adopt unfair practice such as
illegal dumping [81]. This analysis is however out of the paper’s scope.

Results are shown in Table 8. Note that the revenue associated with a landfill tax policy
grows less than proportionally to the landfill tax. For example, consider the environmental scenario
characterized by EU = 0.1 and low ET. By imposing a landfill tax equal to 10% of waste disposal cost
(LT = 9 €/t), the government obtains a revenue of 11.43 million €. However, by doubling the landfill
tax (LT = 18 €/t), the revenues only grow to 20.26 million € (i.e., less than double). This phenomenon
happens because the increase of landfill tax value pushes the companies more and more to adopt IS
practice, thereby decreasing the amount of waste disposed of in the landfill. Therefore, what firms pay
due to the landfill tax diminishes.

However, the expense due to the subsidy policy rises more than proportionally to the economic
subsidy, irrespective of environmental uncertainty and turbulence. Consider again the environmental
scenario characterized by EU = 0.1 and low ET. By providing subsidy equal to 9 €/t, the government
expense is 83.33 million €, but increasing the subsidy to 18 €/t makes the expense grow to 184.14
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million € (i.e., more than the double). This occurs because when the subsidy value is increased, two
conditions raise the expenses for the government: (i) more firms implement IS practice; and (ii) each
firm implementing IS practice receives a higher amount of money because of higher S.

Finally, we analyze the results concerning the simultaneous adoption of landfill tax and economic
subsidy. As we expected, the results of these scenarios show that increasing tax value is beneficial for
the government because it reduces the negative net flow. In this regard, however, we find a surprising
result that could be interesting for policy makers, because it is counterintuitive. In some conditions
(low environmental uncertainty) and, for given subsidy values (S = 18 €/t and 27 €/t), increasing the
landfill tax has a negative effect on the net flow for the government. This happens because the higher
value of the landfill tax increases the revenues for the government but, since at the same time it pushes
more firms to adopt IS practice, determines an increase of the expenses higher than the improvement
of revenue.

Table 8. Overall net flow for the government in all scenarios. Data are in 106 €.

Scenario EU = 0.1 EU = 0.2 EU = 0.3 EU = 0.4

S = 0 LT = 9
Low ET 11.43 16.50 18.13 20.21
High ET 25.21 31.12 33.06 34.21

S = 0 LT = 18
Low ET 20.26 31.38 36.99 40.74
High ET 35.27 54.44 60.53 63.84

S = 0 LT = 27
Low ET 22.55 41.12 49.39 56.18
High ET 37.54 72.86 84.74 91.37

S = 9 LT = 0
Low ET −83.33 −73.26 −69.75 −65.32
High ET −61.20 −48.39 −43.96 −42.76

S = 18 LT = 0
Low ET −184.14 −159.16 −148.63 −141.37
High ET −155.85 −114.46 −100.81 −93.42

S = 27 LT = 0
Low ET −290.58 −255.11 −234.78 −218.87
High ET −264.82 −195.94 −165.53 −149.64

S = 9 LT = 9
Low ET −81.34 −63.08 −53.69 −48.90
High ET −58.34 −28.49 −19.14 −14.85

S = 9 LT = 18
Low ET −80.89 −57.99 −45.46 −35.24
High ET −62.45 −16.20 −0.08 13.33

S = 9 LT = 27
Low ET −81.64 −52.63 −36.58 −22.25
High ET −66.84 −8.03 17.24 33.44

S = 18 LT = 9
Low ET −185.32 −154.61 −138.98 −130.88
High ET −163.23 −102.75 −77.93 −66.13

S = 18 LT = 18
Low ET −186.97 −152.08 −131.80 −116.11
High ET −171.33 −97.26 −66.64 −47.88

S = 18 LT = 27
Low ET −188.07 −151.68 −128.50 −107.29
High ET −178.03 −96.27 −52.45 −25.23

S = 27 LT = 9
Low ET −291.50 −253.83 −230.86 −210.27
High ET −275.75 −191.86 −150.45 −130.99

S = 27 LT = 18
Low ET −292.95 −251.21 −223.47 −207.87
High ET −282.11 −190.05 −139.11 −111.61

S = 27 LT = 27
Low ET −293.99 −250.80 −220.50 −193.29
High ET −285.68 −187.83 −132.05 −100.97

5. Conclusions

Despite empirical cases demonstrate that IS practice can be stimulated by governmental policy
actions, the extent to which policy measures can contribute to the spontaneous emergence of ISNs is
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a matter that needs further investigation in the literature. This paper offers a contribution in filling
this gap.

We developed a simulation model to carry out a simulation analysis aimed at investigating the
efficacy of two policy measures—landfill tax and economic subsidy to IS transactions—as a way to
foster the emergence of self-organized ISNs in different scenarios, characterized by increasing levels of
uncertainty and turbulence of the external environment.

The simulation analysis confirmed that the policy measures have a positive effect on the emergence
of ISNs, both singularly and simultaneously implemented. While the positive effect of economic
subsidy is more to be expected—since it is reasonable to suppose that firms would not dispose their
wastes of in the landfill if they are paid to adopt IS practice—the effect of landfill tax is less intuitive. In
fact, a few studies highlighted the positive correlation between the increase in the landfill tax and the
reduction in the amount of wastes landfilled [82–87], but other studies found landfill a not-significant
driver for landfill diversion [88]. Our results showed that, forced by higher waste disposal costs, firms
are willing to create IS relationships rather than to dispose waste in the landfill.

However, we found that the magnitude of the effect of policy measures is strongly influenced
by the environmental scenario in which IS transactions are implemented. This issue provides a
theoretical justification to empirical observations showing that the impact of policy measures may
differ depending on the specific case analyzed.

Furthermore, our results provide interesting implications for policy makers. We showed how
to achieve a desired effect in terms of improvement of IS relationships by fine-tuning the policy
parameters. We also quantified monetary flows from firms to the government and vice versa, generated
by the adoption of the policy measures. Together, these results suggest that by fine-tuning the policy
parameters, policy makers can design the level of IS relationships to promote. In addition, our study
provides a methodological advance in the study of the self-organized IS approach since, to the best of
our knowledge, no previous studies adopted the agent-based simulation approach to study this issue.

Finally, our study presents a few limits. Firstly, results are context-specific and require further
investigation to be validated in further situations. Moreover, our model is based on some simplifying
assumptions: (i) each firm can be involved in no more than two IS relationships contemporaneously (the
former with the firm receiving its waste, the latter with the firm sending the waste it produces); (ii) firm
transaction costs are not directly taken into account; (iii) waste treatment and waste transportation costs
are considered negligible; and (iv) social attributes characterizing firm relationships are not included.

Further developments will be focused on modeling improvements to overcome the limitations
above. In particular, we will introduce the possibility for each firm to establish more than one
relationship both upstream and downstream and the firms’ transaction costs. A further improvement
of the model will concern the development of a “government” agent and the definition of the attendant
actions and goals. In such a way, the model would be able to consider the additional costs for the
government due to policy implementation. This would allow the net benefit of each policy measure
to be quantified and different policies to be compared from the economic point of view, in order to
identify the best policy to adopt in each environmental condition.
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