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Abstract

Circular economy (CE) aims to reduce natural resource consumption, waste generation, and related
detrimental environmental, social, and economic impacts by keeping valuable materials circulating
in the economy. Industrial Symbiosis (IS) contributes to CE through byproduct-exchange partner-
ships between firms, reducing raw material use, emissions, and waste generation, while promoting
the economic growth of partner firms. However, most IS projects fail in the early stages and do
not reap the full sustainability benefits of IS. A significant reason for the failure of early-stage IS
projects is the lack of knowledge regarding the strategic organization of IS networks. Quantifying
IS network organization and operational characteristics and benchmarking IS development can ad-
dress this challenge, and enable knowledge transfer regarding IS network organization from mature
IS networks to guide the advancement of new IS projects. This investigation tests multiple Ecolog-
ical Network Analysis (ENA) and Social Network Analysis (SNA) metrics using three real-world IS
case studies, as potential IS benchmarking tools. The results of the investigation show that ENA
and SNA metrics can be used to compare IS networks and identify differences in the following char-
acteristics: Partnership prevalence, producer-consumer relationships, linkage distribution, resource
utilization, effect of indirect firm relationships, network cohesion, and network centralization. The
values of the multiple network analysis metrics are found to be aligned with the development time
of the IS networks and the qualitative markers of IS development stages as identified in the litera-
ture. For example, the analysis of producer-consumer relationships indicated that more than 50%
of the consumer firms in the early stage IS networks had only one supplier partnership compared
to less than 30% of the firms in the most mature IS network. Similarly, the analysis of network
cohesion showed that the early-stage IS networks had (on average) five different isolated groups of
firms compared to one cohesive group of firms in the more mature IS networks. This investigation
demonstrates that network analysis of IS projects only requires anonymized and non-proprietary
data, and identifies data-collection and modeling standards needed to develop an IS benchmarking
framework using network analysis. The promising results of this investigation motivate future work

into these standardization needs and the development of IS benchmarks using network analysis.

Keywords: Circular Economy, Industrial Symbiosis, Ecological Network Analysis, Social Network

Analysis, Secondary Materials Marketplace
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1 Introduction

The linear economic model is the dominant economic model for products and materials. In this
model, waste is produced through the entire product life cycle and products are disposed (normally
in a landfill) at their End-of-Life (EoL). Under this business-as-usual scenario, global waste gener-
ation, and associated energy consumption and emissions, are expected to double by 2060 [OECD,
2019]. For instance, global plastic waste and electronic waste are expected to grow from 460 mil-
lion tonnes (Mt) in 2019 to 1,321 Mt in 2060 [OECD, 2022] and from 54 Mt in 2019 to 75 Mt by
2030 [Forti et al., 2020, Shittu et al., 2021|, respectively. These examples highlight the need for
transformative measures to address the sustainability challenges related to waste generation and
management such as transitioning to a circular economy (CE). CE transition has also been recog-
nized as a pathway to enhance and promote a sustainability agenda within Global Value Chains
[Awan et al., 2022]. In the CE paradigm, EoL is referred to as End-of-Use (EoU) with recovery (i.e.
reuse, remanufacture, recycle) being the primary outcome for the products and materials from all
product life cycle stages (production, distribution, use, and EoU) [Kirchherr et al., 2017, Mathur

et al., 2023]. Industrial Symbiosis is a promising approach to contribute to the CE transition.

Industrial Symbiosis (IS) is the practice of resource sharing and byproduct exchanges between
partner industries to reduce waste by diverting potentially valuable material away from disposal
(such as landfills) and to reduce raw material use, emissions, and waste generation while promoting
economic growth [Chertow, 2000]. For example, [Jacobsen, 2006] reported an annual reduction of
130,000 tons and 1,2000,000 tons of COy emissions and freshwater consumption, respectively, in
the Kalundborg Industrial Symbiosis. [Chertow and Lombardi, 2005| also reported the potential
for cost savings of approximately 1.2 million USD per year and 99.5 % reduction in SO emissions
through symbiotic partnerships between co-located firms in Guayama, Puerto Rico. More recently,
[Mathur et al., 2022] showed potential cost savings of approximately 42 million USD per year
and GHG emissions reductions of approximately 18 thousand tons of CO2 — eq through proposed
symbiotic partnerships between photovoltaic decommissioning firms and co-located manufacturing
firms in Arizona, USA. Such symbiotic partnerships between co-located firms can also be facilitated
through Secondary Materials Marketplaces (SMM): Platforms that connect businesses with surplus
or discarded materials to others who can recover those materials [Rogers et al., 2022, [US EPA,

2016 Sivers et al., 2022, [Hapuwatte et al., 2023].
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Existing literature identifies three stages of IS development, as illustrated in Fig. [1] (see [Chertow]
land Ehrenfeld, 2012, Jelinski et al., 1992 |Pakarinen et al., 2010, [Yu et al., 2015| |Baas and Boons,|

2004, Doménech and Davies, 2011]). The first stage is characterized by the initiation of a few ad-

hoc byproduct exchanges. Dyadic resource exchanges in this stage originate separately from each
other and are usually motivated by economic efficiency (such as resource scarcity or higher disposal
costs). The second stage is characterized by the recognition that the symbiosis has greater (eco-
nomic, environmental, and social) value beyond the benefits of isolated exchanges between firms. In
this stage, inter-firm coordination start maturing and more firms form connections, usually driven
by a few critical firms. More diverse firms join the IS network and instances of multi-step resource
exchanges and higher resource utilization can emerge in this stage. The third stage is character-
ized by an institutional framework that connects all participating firms and the development of a
strategic vision for participants providing stability to the project. At this stage, partnerships may
develop between participating firms and municipal infrastructure (urban industrial partnerhips).
There are usually multiple instances of multi-step resource exchanges, facilitating a high degree of

resource circulation and utilization (and subsequently minimal waste).

B D & a D & 2B D &
& & & &
STAGE | STAGE Il STAGE Il

\ 4

Development time/Maturity of IS

Figure 1: An illustration of the developmental stages of IS using a hypothetical IS example. Actors
A through E represent participating firms. Actor MP (in stage III) represents a municipal partner.

The arrows in this figure indicate resource exchanges.

1.1 Motivation and Research Gap

A comprehensive review of IS literature reported that most of the existing IS publications focused

on theoretical methods or case-specific applications to analyze and quantify environmental and

economic impacts of IS networks [Neves et al., 2020]. This includes research on sustainability indi-
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cators of IS networks such as added industrial value per capita, COq reductions, and eco-efficiency
(see |Valenzuela-Venegas et al., 2016]). Another recent review of IS indicators reported two major
goals of indicators found in the existing IS literature: (a) measuring benefits of IS (such as environ-
mental impacts and cost savings) and (b) structural IS features (such as quantity match between
demand and supply) [Fraccascia and Giannoccaro, 2020]. [Lawal et al., 2021] conducted a review
of IS tools and found multiple publications on the use of process integration and mathematical
optimization tools to improve sustainability impacts such as minimizing fresh resource use, energy
use, emissions and costs. Thus, the existing literature shows that notable advances have been
made regarding the development of modeling and analysis approaches for IS impact assessment
(especially environmental impact), identifying potential inter-firm partnership opportunities, and

optimizing exchanges in an IS setting.

However, less attention has been paid to quantitatively analyzing IS organizational and opera-
tional characteristics of new vs. mature IS networks. Due to the challenges of finding compatible
byproduct streams or the costs of setting up and maintaining non-conventional resource exchange
contract, the dyadic resource exchanges between firms (stage I IS) may not progress further or may
be get discontinued [Chertow and Ehrenfeld, 2012]. Recent investigations into the challenges and
enablers of IS have found that the lack of knowledge and expertise regarding strategic IS network
organization is a significant hurdle in the evolution of IS projects |[Patricio et al., 2018 |Taqi et al.,
2022]. Quantifying IS organizational and operational characteristics can provide a valuable decision
support tool for IS stakeholders such as facilitating agencies and participating firms by enabling
comparison and knowledge transfer (regarding network organization) from mature IS networks.
For example, facilitating agencies can use these tools to identify specific resource exchange part-
nerships that need more attention or the need to attract specific types of firms to the IS network.
This research gap is also evident in the International Organization for Standardization Technical
Committee 323 CE standards, which has recognized IS as an important action item to achieve CE
but there remains a lack of standards and metrics to assess and benchmark IS development and
aid in the decision-making for their advancement [[SO/FDIS 59004, 2024, ISO/FDIS 59020, 2024].
Our research aims to address this gap by investigating potential IS benchmarking metrics that can
help guide decisions to advance new and developing IS networks by comparing their organization

and operational characteristics against mature 1S networks.

Evaluating the organization and operational characteristics of IS networks is non-trivial. IS net-
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works are best understood as Complex Adaptive Systems (CAS) that evolve to pursue greater
economic, environmental, and societal benefits [Ashton, 2009, |(Chertow and Ehrenfeld, 2012]. The
emergence characteristic of CAS is especially relevant for evaluating IS networks: Their overall
operation depends on the interactions between participating agents and cannot be predicted by
only knowing the individual agent behaviors in isolation [Holland, 2002]. Therefore, the tools used
to study the characteristics of IS networks must be capable of accounting for the complex interac-
tions between the participating firms. Additionally, participating firms may not be willing to share
proprietary technological or financial information with IS facilitators or third party consultants.
Thus, benchmarking tools for IS development should be applicable without needing proprietary firm
operation information. This is supported by existing literature that identifies the importance of
considering data availability when choosing indicators to evaluate IS networks [Valenzuela-Venegas

et al., 2016, Zhu et al., 2010].

1.2 Previous Research Using Network Analysis for Industrial Symbiosis

Network analysis has proven to be a valuable tool for the design and analysis of complex engineering
systems |[Harrison, 2016, Chatterjee et al., 2023b|. Social Network Analysis (SNA) is a framework
used to understand the relationship patterns between participants engaged in social activity and the
implications of these relationships [Wasserman and Faust, 1994]. SNA has been used to understand
the role of human interactions and the information shared between IS actors in driving resource and
byproduct exchanges or synergies |Ashton, 2008, Paquin and Howard-Grenville, 2009, [Domenech
and Davies, 2009, Domenech and Davies, 2011]. [Zheng et al., 2012] applied several SNA-based
indicators (including nodal degree, centralization, density, average distance, and core-periphery
and cohesive sub-groups) to analyze the structure of IS networks. [Song et al., 2018] applied SNA
to study the Gujiao mining industrial park in China and provided a set of recommendations to
enhance network efficiency by considering local conditions. More recently, the study by [Chung
et al., 2020] analyzed current IS initiatives in Korea and determined that the means to increase

network connectivity is important in existing projects for businesses to be more successful.

Ecological Network Analysis (ENA) is a framework used to study the structural and functional
characteristics of biological ecosystems [Ulanowicz, 2004]. Recent research has shown promising
indications that ENA can be used to transfer ecology-inspired design principles for sustainability

and resilience to engineering applications such as energy infrastructure [Huang et al., 2023} (Chat-
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terjee et al., 2023a), water infrastructure [Dave and Layton, 2020} [Rodriguez et al., 2023], supply

chains |[Chatterjee and Layton, 2020, Wilson et al., 2022], and System of Systems [Chatterjee et al.,|
2022, |Chatterjee et al., 2021bl [Watson et al., 2020]. ENA has also been used to study IS. [Tiejun,)
2010] compared the Kalundborg IS with eight other projects in China (in the context of species

correlation) to understand utilization rates of firm byproducts and wastes. [Layton et al., 2016b]

identified multiple architectural differences between IS projects and biological ecosystems using
ENA structural metrics. Studies have also shown that designing IS projects to mimic natural

ecosystems (using ENA) is correlated to improvements in emissions and operating costs |Layton|

et al., 2016al, Reap, 2009]. ENA has also been used as a design tool to address the IS objective

of balancing economic and environmental benefits with resilience to disruptions [Chatterjee et al.,|

2021a, Dave and Layton, 2020]. Network Environ Analysis (NEA), a subset of ENA, has also been

applied to study the nature of relationships between firms in IS projects and investigate the direct

and indirect impacts associated with materials flows in these networks [Zhang et al., 2015| Lu et al. |

2015|. Similarly, [Wu et al., 2021] used 7 ENA-based metrics to evaluate structure, function, and

environmental performance for different topological scenarios of an iron and steel IS network.

[Chopra and Khanna, 2014] recommended design strategies such as increasing diversity, redundancy,

and multifunctionality to increase flexibility and plasticity using a combination of SNA and scenario

analysis.|Genc et al., 2019 showed that ENA can be coupled with SNA to select and add symbiotic

relationships in IS networks. [Genc et al., 2020] also showed that a combination of ENA, non-

linear optimization, and location analysis methods can be used to design sustainable and circular

IS networks. [Fan et al., 2017] used a combination of SNA and ENA to analyze an industrial park’s

material and energy flows finding evidence of synergism and robustness in the network.

The existing scientific literature shows that network analysis has proven valuable to analyze re-
source flows and social interactions in IS and design new symbiotic partnerships. However, to the
best of the authors’ knowledge, the use of network analysis metrics to benchmark IS development
and transfer organizational knowledge from mature to new IS networks has not been previously

investigated.

1.3 Research Overview and Contributions

This investigation tests the use of ENA and SNA metrics to evaluate various IS characteristics

and benchmark IS development. This investigation uses three real-world IS case studies to test
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the value of network analysis metrics as IS benchmarking tools. The first case study involves
resource exchanges (such as plastics and textiles) between co-located firms facilitated by a SMM
platform in Texas, USA (initiated in 2014) [The Austin Materials Marketplace, 2023|. In this
article, the term SMM network refers to the IS network formed by the partnerships between the
co-located firms and SMM platform refers to the facilitating agency’s tool that enables partner
firms to view availability of surplus resources and to communicate demand for resources. The
second case study is the Shandong Lubei Eco-Industrial Park (SLEIP) in China (initiated in 2003)
[Chen et al., 2010]. The SLEIP exhibits strong reuse and recycling of resources, and is a major base
for China’s ammonium phosphate, sulfuric acid, and cement joint-production plants |[Zhang et al.,
2015|. The final case study is the Kalundborg IS (KIS) in Denmark (initiated in 1972). The KIS is
one of the most well-established IS projects in the world, with a cohesive network of participating
industries and local public sector organizations [Kalundborg Industrial Symbiosis, 2023| resulting
in significant environmental and economic benefits [Ehrenfeld and Gertler, 1997, |Jacobsen, 2006].
These case studies allow the comparison between IS networks with different development times.

The contributions of this investigation are to:

1. Demonstrate the applicability of network analysis metrics to evaluate IS network organization

and operational characteristics using anonymized and non-proprietary information.
2. Identify key network analysis metrics for use as IS benchmarking tools.

3. Identify standards needs to support IS benchmarking using network analysis.

2 Methods

The data sources and the development of the network models of the three real-world IS projects
compared in this investigation are discussed in Section Section describes the IS network
organization and operational characteristics analyzed in this investigation and the metrics tested

for the evaluation of these characteristics.

2.1 Data collection and network model development

The research team received a dataset listing secondary material exchanges between co-located
partner firms in the SMM network from 2014 to 2021, from the SMM facilitating organization. The

data included the following information: (a) anonymized buyer-seller names, (b) type of resource
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exchanged, and (c) quantity of resource exchanged. Using this data, 20 resource exchange network
models and their associated social (or communication) network models were generated (each based
on the exchanges of a specific resource type). This modeling choice was made to ensure a fair
comparison of the SMM IS networks to the SLEIP and KIS networks - for which only one type of

resource exchange data was available.

The SMM facilitator was not included as a node in these network models because it is not involved
in the physical resource exchanges, distinguishing the SMM facilitator from the IS network formed
by the firms using the SMM platform. This modeling choice is consistent with the network models
of SLEIP and KIS found in the literature, which are primarily concerned with the partner firms
and their interactions and not the facilitators or governing agents. Data regarding the SLEIP
sulfur-related exchanges and the KIS water exchanges were obtained from [Zhang et al., 2015]
and [Chopra and Khanna, 2014], respectively. Similar to the SMM networks, a resource exchange
network model and the associated social (or communication) network model were generated for the

SLEIP and KIS projects.

The two types of network models are described below. In both network models, nodes represent
co-located participating firms. Figure [2]illustrates the (I) resource exchange network model and
(IT) social (communication) network model for a hypothetical three-firm IS network. Detailed

description of these models are provided in Supplementary Information File II.

1. Resource exchange network models: The directed links represent the exchange of a specific
resource from a producer to a consumer. These network models are used to analyze and compare
the resource exchange characteristics. The directed adjacency matriz (St) associated with this
model is concerned with the structure of resource exchange partnerships. The material flow
characteristics are analyzed using the associated flow matriz (T), and the vectors representing

input (Z) and output (Y) exchanges with the operating environment.

2. Social (communication) network models: The edges between the nodes represent social
connections between links based on their resource exchange partnerships. The edges in the social
(communication) network models are undirected because both firms (in a partnership) are
assumed to be active in the communication. These network models are described by undirected

adjacency matrices (A).



Model Type I: Resource Exchange Network Model

(1.A) Hypothetical Industrial (1.B) Structural Adjacency (1.C) Flow matrix (T), and
Symbiosis Network Matrix (St) input (Z) output (Y) vectors
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Model Type Il: Social (Communication) Network Model

(I.A) Hypothetical Industrial (11.B) Undirected Adjacency
Symbiosis Network Matrix (A)
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Figure 2: Tllustration of the two types of network models used in this investigation: (I) Resource
exchange network model and (II) social (communication) network model. For the resource exchange
network model: (I.A) shows a hypothetical three-firm IS network example (I.B) shows the associated
structural adjacency matrix (St), and (I.C) shows the flow matrix (T), and the input (Z) and
output (Y) vectors. For the social network model: (II.A) shows the social (communication) links

for the same hypothetical three-firm IS network and (II.B) shows its associated undirected adjacency

matrix (A).
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2.2 Analysis of IS Network Characteristics

The resource exchange network models are used to analyze the following characteristics:

1. Partnership prevalence: The abundance of partnerships between firms in IS networks. It is

measured using the metrics connectance and linkage density [Layton et al., 2016a].

. Producer-consumer relationships: The interaction patterns between producer and consumer

firms in IS networks - specifically the availability of producer firms for consumer firms (and
vice-versa), the specialization of consumer firms, and the ratio of the two types of firms. Here,
producer refers to a firm that has at least one output to another firm in the network. Simi-
larly, consumer refers to a firm that has at least one input from another firm in the network.
Producer-consumer relationship patterns are evaluated using four ENA metrics: prey to predator

ratio, generalization, vulnerability, and specialized predator ratio [Layton et al., 2016a].

. Linkage distribution: The distribution pattern of resource exchange partnerships in IS networks.

It is measured using the metrics modularity [Newman, 2006, Leicht and Newman, 2008] and

nestedness [Mariani et al., 2019, |Cantor et al., 2017] (used in both SNA and ENA) .

. Resource utilization: The extent to which resources are utilized and circulated within IS net-

works. It is measured using the ENA metrics aggradation and cycling index [Fang et al., 2014].

. Effect of indirect interactions: The effects of indirect interactions between firms in IS networks

compared to direct interactions. A direct interaction is one where there is an exchange between
two firms. An indirect interaction is one where two firms are connected through another firm (or
firms) with whom they exchange resources. This characteristic is measured using the Network
Environ Analysis (NEA, a framework within ENA) metric dominance of indirect effects [Fath
and Patten, 1999).

The social (communication) network models are used to analyze the following characteristics:

1. Cohesion: The extent to which the firms in the IS network are connected to each other or

fragmented into isolated communities. Here, a community refers to the a group of firms in the
IS networks such that there exists some pathway (set of links) connecting any pair of firms
(nodes) within this group but the firms in this group do not interact with firms outside the

group. In graph theory texts, a community in a network is also referred to as a component

11
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|Bollobas, 1998|. This article uses the terms community and component interchangeably. The

cohesion characteristic is measured using the SNA metrics number of components and relative

size of largest connected component.

. Centralization: The distribution of influence amongst firms in the IS networks. In SNA, the

influence of a node (firm) is measured using centrality metrics. The Central Point Dominance

(CPD) metric is used to calculate the overall network centralization by comparing the centrality

value of the most central firm in the IS network to the centrality values of the rest of the firms.

For undirected networks, values of the CPD metric is identical to the centralization metric

proposed by [Freeman, 1978].

Table 1: Network analysis metrics tested to measure organizational and operational characteristics

of IS networks.

Metric

Brief description

IS Characteristic: Partnership Prevalence

Connectance (D)

The fraction of the maximum number of firm interactions used in the IS network.

L
Linkage Density (LD)
The number of partnerships per participating firm in the IS network.
IS Characteristic: Producer-consumer Relationships
N,
Prey to Predator Ratio PR = ﬁp (3)

(PR)

Generalization (Gen)

The ratio of the number of producer firms (V) to the number of consumer firms (N,).

L
Gen = A (4)

c

The average number of producer firms available for each consumer firm.

12



Continuation of Table (3

Vulnerability (Vul)

L

The average number of consumer firms available for each producer firm.

NSC
Specialized Predator SP = N, (6)
Ratio (SP)
The fraction of consumer firms that only have one supplier (producer firm)
partnership.
IS Characteristic: Linkage Distribution
k
Qn =maz(d (e — a;)) (7)
Modularity (Qn) i=1
This metric measures if IS firms form resource exchange partnerships only between
specialized firm groups (modular) or across the network (integrated).
Zl;ﬁ 5deg(z)deg(3))5tw5tyl
UNODF = 4 8
N(N-1) Z Z min(deg (i), deg(j)) ®)

Nestedness (UNODF)

i Ji<g

This metric measures if the IS exchanges are nested: distributed in such a manner that
there are some generalist (highly connected) firms and some specialist (minimally

connected) firms.

IS Characteristic: Resource Utilization

Aggradation (Agg)

Cycling Index (CI)

TST,
Agg = P 9
99 S, 9)

%

A measure of the amount of flows in the network supported per unit of input from the

operating environment.

TST,

¢l=Tst,

(10)

13



Continuation of Table (3

The fraction of total network flows that are cycled. Cycled flows return to an

originating firm after being passed/processed through other firms in the network.

IS Characteristic: Direct and Indirect Interaction Effects

Dominance of Indirect

Effects (DI)

N N
Dzt 2o My — Ly — Gij)
N N
Zi:l Ej:l Gij
N N
Zi:l Zj:l(M;j - Iz‘j - ng)
YL Y G

DIoutput = (11)

DIinput = (12)

This metric compares the influence of indirect interactions to the direct interactions in

a network, based on both output (Eq. and input (Eq. flows.

IS Characteristic: Cohesion

Number of
Components (NC)

Relative Size of
Largest Connected

Component (LCC)

NC =|C] (13)

The number of firm communities in the IS network that do not interact with the rest

of the network.

Nrcc
L = — 14
cC N (14)

This fraction of firms in the IS network that are part of the largest isolated firm

community in the network.

IS Characteristic: Centralization

Central Point
Dominance (CPD)

1
-1

M=

CPDp = (DCaw — DC}) (15)

?

Il
-

1
N -1

M=

CPDp = (BCynaw — BCY) (16)

s
Il
-

This metric is used to calculate the overall network centralization by comparing the
centrality value of the most central node in the network to the centrality values of the
rest of the nodes. For this investigation, CPD was calculated based on both degree

centrality (Eq. |1_5[) and betweenness centrality (Eq. |E[)

14
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The network analysis metrics tested to quantify the IS network organization and operational char-
acteristics listed earlier are briefly described in Table A more detailed description of these
metrics, including complete notations and supporting equations are provided in Supplementary

Information File II.

3 Results

Fig. [3] provides a visualization of one of the SMM resource exchange network models, the SLEIP
sulfur exchange network model, and the KIS water exchange network model. Table [2| presents
the results of the network analysis of the three real-world IS case studies. Twenty SMM networks
were compared against one SLEIP network, and one KIS network. As discussed in Section [2], each
network model was based on the exchange of only one type of resource to ensure a fair compari-
son against the SLEIP and KIS networks for which only one type of resource exchange data was
available. For each network analysis metric tested, the table provides the range of values for the
SMM networks, the average value for the SMM networks, and the values for the SLEIP and KIS
networks. Considering the range in addition to the average value for the SMM networks provides
further support to the discussion regarding major differences between the tested IS networks. In
addition to describing the results, each subsection also discusses the significance of the network

analysis results in the context of IS organization and operation.

4

SMM PS (polystyrene, styrofoam) SLEIP sulfur exchange KIS water exchange
exchange network network network

Figure 3: Visualizations of the SMM PS (polystyrene, styrofoam) exchange network, the SLEIP

sulfur exchange network, and the KIS water exchange network models.
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Table 2: Comparison of the SMM networks, SLEIP network, and KIS network using ENA and
SNA metrics

Network Analysis SMM networks
Metrics SLEIP network KIS network

Range Average
Connectance [0.01,0.15] 0.05 0.15 0.28
Linkage Density [0.5,0.99] 0.74 1.22 2.22
Prey to Predator Ratio [0.38,1.5] 0.79 1 1.29
Generalization [1,1.75] 1.28 1.57 2.86
Vulnerability 1, 3] 1.79 1.57 2.22
Specialized Predator Ratio [0.55, 1] 0.83 0.71 0.29
Modularity [0.44,0.83] 0.7 0.26 0.09
Nestedness of Consumers [0,0.09] 0.03 0.11 0.42
Nestedness of Producers [0,0.08] 0.02 0.16 0.44
Aggradation 2,2.08] 2.01 5.82 33.57
Cycling Index [0,0] 0 0.47 0.9
Input-oriented Dominance

[0,0.1] 0.01 7.62 32.05
of Indirect Effects
Output-oriented
Dominance of Indirect [0,0.27] 0.03 8.27 23.07
Effects
Number of Components (2, 11] 5.2 1 1
Relative Size of Largest

[0.2,0.81] 0.46 1 1

Connected Component
Central Point Dominance

[0,0.38] 0.15 0.36 0.59
by Degree
Central Point Dominance

[0,0.43] 0.15 0.41 0.42

by Betweenness
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3.1 Partnership Prevalence

SMM networks had lower connectance (D) values than than the SLEIP and KIS networks, with
the exception of SMM paints and coatings exchange network (which was similar to the SLEIP
sulfur exchange network). Similar results were also found regarding linkage density (LD). All
SMM resource exchange networks had LD values lower than 1, indicating fewer partnerships than
the number of firms. LD values close to 0.5 translates to one exchange for every two firms,
indicating the presence of isolated producer-consumer pairs in the SMM networks. This result
is significant because it quantitatively indicates the presence of separate dyadic firm exchanges
which previous literature has identified as markers of new IS networks [Chertow and Ehrenfeld,
2012, |Baas and Boons, 2004]. The SLEIP and KIS networks had LD values greater than 1 and
2, respectively, and fostered multiple producer-consumer relationships between partner firms. This
provides a quantitative indication that the firms in the SLEIP and KIS networks have moved dyadic
partnerships towards higher inter-firm coordination. This can be visually observed in Fig. 3| where
the SMM network has two isolated producer-consumer pairs while almost all firms in the SLEIP

and KIS networks have more than one partnership.

3.2 Producer-Consumer Relationships

The comparison of IS networks using the prey-to-predator ratio (PR) metric shows that the KIS
network had more producer firms than consumer firms, the SLEIP network had an equal number
of producer and consumer firms, and SMM networks had (in general) fewer producer firms than
consumer firms. However, two SMM networks had more producer firms relative to consumer firms
compared to the KIS. The availability of consumer firms for each producer firm was similar for
all tested networks, see the vulnerability (Vul) comparison. The comparison of the generalization
(Gen) values shows that the KIS network had significantly higher availability of producer firms for

each consumer firm.

The comparison of the IS networks using the specialized predator ratio (SP) metric shows that
less than 30% of the consumer firms in the KIS network are observed to have only one producer
partnership. On the other hand, most (or all) consumer firms in SMM networks and the SLEIP
network relied on single producer (supplier) partnerships. This difference can be visually observed
in Fig. 8| when comparing the SMM network and the KIS network models. Single supplier contracts

(or single firm partnerships) can serve as a relatively easy entry point for new participant firms.
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As the IS network (and the partner firms in it) mature over time, they can diversify their suppliers
(and partnerships in general). Such an approach can provide both increased avenues for resource

utilization and decrease their vulnerability to failure (or exit) of a specific supplier (partner).

3.3 Link Distribution Characteristics

The SMM networks had the highest modularity (Qx) values, followed by the SLEIP network, and
the KIS network had the lowest modularity value. The high @y values (close to 1) of the SMM
networks indicate that the firms in the SMM networks exchange resources within specific groups
and have little (or no) exchanges with other firms in the network, potentially limiting avenues for
resource utilization. On the other hand, the lower @y values (close to 0) of the SLEIP and KIS
networks indicate that the firms in these networks share resources with multiple partners and do
not form specialized resource exchange groups. The exchange of resources within specialized firm
groups in the SMM networks vs. a more integrated network in the SLEIP and KIS projects can be
observed visually in Fig.

Nestedness (UNODF) values range from 0 (not nested) to 1 (highly nested). None of the tested
networks had UNODF values close to 1 but the KIS network had significantly higher UNODF
values compared to the SMM and SLEIP networks. The KIS network is also the longest operating
network tested in this investigation. Over time, the number of partnerships of the older firms
increase and new firms join with fewer partnerships. This leads to the KIS network having a
set of generalist firms (with multiple connections) and specialist firms (with fewer connections),

explaining the higher UNODF value.

3.4 Resource Utilization

The lower aggradation (Agg) values of the SMM networks suggest that the resource exchanges in
these networks are primarily supported by the inputs. Agg values close to (or equal to 2) indicate
that for each unit of resource input to the network, there is one unit of internal exchange and
then one unit of output. On the other hand, each unit of resource input supports multiple units of
resource exchanges in the SLEIP and KIS networks. The zero cycling index (CT) values of the SMM
resource exchange networks indicate that there is no cycling of resources within the SMM resource
exchange networks. In contrast, approximately half of the sulfur flows in the SLEIP network were

cycled and approximately 90% of the water flows in the KIS network were cycled.
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The comparison of resource utilization in this investigation is limited as only one type of resource
exchange data was available for the SLEIP and KIS networks. Some of the resources in the SMM
networks are not as suitable for multi-step resource exchanges or cycling as water or sulfur-related
products. It is also possible that some firms within the SMM networks exchanged resources without
reporting it to the SMM facilitator, and therefore, these exchanges would not be included in the
dataset used to conduct this investigation. This data-collection need is discussed in further detail in
Section [4.3] However, the comparison included 20 SMM resource exchange network models. Each
model is based on a different resource type, including metals, paper and cardboard, and recoverable
plastics used in packaging. Even with the inclusion of some of the more recoverable resources, the
highest Aggradation and Cycling Index values for the SMM networks was significantly lower than
both SLEIP and KIS networks.

Therefore, despite the data availability limitations, the results provide certain insights regarding
the operational characteristics of the tested IS networks. First, Agg and CI values indicate that,
in general, each unit of resource input in the SMM networks are operating through single-step
recovery of byproducts. This is in contrast to the SLEIP and KIS networks’ multi-step byproduct
recovery. This can be visually observed in Fig. |3] where the SMM network only has one-step re-
source exchanges whereas the SLEIP and KIS networks have multiple instances of two (or more)
steps of resource exchange between participating firms. The resource utilization metrics, tested
here, are observed to improve with the development time (maturity) of the tested IS networks.
These quantitative findings are also aligned with previous IS literature, which qualitatively identi-
fied higher resource utilization and resource cycling as distinguishing characteristics of mature IS

networks |[Pakarinen et al., 2010} |Jelinski et al., 1992].

3.5 Direct and Indirect Interaction Effects

Fourteen SMM resource exchange networks were found to have 0 dominance of indirect effects (DI)
values. This indicates that there are no indirect connections between any firms in these 14 SMM
networks and that networks are solely operating through direct (single-step) interactions. These re-
sults are congruent with the expectation of dyadic firm partnerships in the early development stages
of IS networks and consistent with previously discussed results of linkage density and aggradation
comparisons. This is in contrast to the SLEIP and KIS networks, with DI values greater than 1

indicating a strong influence of indirect interactions on the network operations. The DI and Agg
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results, together indicate that the firms in the KIS and SLEIP networks utilize multi-step resource
utilization and influence (and are influenced) by other firms in the network, as can be visually
observed in Fig.[3| In addition to improving resource-utilization, multi-step resource exchanges can
also enable partner firms to reap the benefits of indirect relationships. For example, the success of
one firm (such as increase in their throughput) could subsequently lead to a higher availability of
byproducts as (cheaper) raw materials or a higher demand for certain byproducts benefiting other

firms in the network.

3.6 Network Cohesion

On average, the SMM networks had approximately five separate firm communities and about half
of the firms in the network formed the largest community, based on the number of components
(NC) and relative size of largest connected component (LCC') comparisons, respectively. The SMM
platform facilitates resource exchanges by connecting firms who have surplus byproducts with firms
who need or can recover these resources, on a one-to-one basis. This can explain the formation of
specialized groups of a few specific firms or isolated buyer-seller relationships. In contrast, firms in
the SLEIP and KIS networks form one cohesive community (NC' = 1 and LCC = 1), which can
be visually observed in Fig. [3l This result is also aligned with higher inter-firm coordination that
is expected in more mature IS networks according to previously published literature |Chertow and

Ehrenfeld, 2012, Baas and Boons, 2004].

3.7 Network Centralization

In general, the SLEIP and KIS networks were more centralized than the SMM networks. In
Fig. 3 most of the SMM network firms have a similar number of connections whereas the KIS
network has certain firms that have more connections compared to the rest of the nodes and help
connect multiple firms indirectly. The higher centralization of the SLEIP and KIS networks can be

explained based on the role of core industrial actors with high resource throughputs, called anchor

firms, which attract other firms to the IS [Boons et al., 2017, |Sun et al., 2017, Mortensen and

Korngv, 2019]. As new firms join the IS over time, these anchor firms will have more interactions

compared to other firms, and subsequently lead to higher centralization of the IS network.

In the case of the SMM networks, the SMM facilitator attracts firms to join the network through

its platform, which provides information regarding surplus resources or demand for resources by
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partner firms. This mechanism does not necessarily need a high-throughput anchor firm to attract
new firms into the network. However, if there are certain firms with high surplus (or demand)
of certain resources they can act as anchor firms in the network. As stated in Section the
SMM facilitator is not considered a node in the network models as it is not directly involved in the

material flows. Thus, the facilitator is not considered as an anchor firm in this investigation.

4 Discussion

This investigation tested the application of network analysis metric to quantify, compare, and
benchmark the organizational and operational characteristics of IS networks with varying devel-
opment time (maturity). This provides a novel and complementary approach to support decision
making for the advancement of new and developing IS projects through comparison and knowledge
transfer from more mature and successful IS projects. The results from the comparison of three
real-world IS case studies were discussed in the context of IS organization and operation and qual-
itative IS development markers from previously published literature in Section [3| Based on these
results, this section provides a discussion of the suitability of network analysis metrics to bench-
mark IS development. Thereafter we discuss the potential for practical application of such analyses
that could be valuable to IS stakeholders, including connections with related research studies, the
limitations of the current study and potential future research avenues. Building on the practical ap-
plication aspect, this section concludes with a detailed discussion regarding standardization needs
to enable wide-spread adoption of network analysis metrics for benchmarking IS organization and

operational characteristics.

4.1 Suitability of Network Analysis Metrics to Benchmark IS Development

The mathematical foundations of the network analysis metrics used in this investigation have
been well-established in the existing literature (see Supplementary Information File I). Network
analysis provides a well-developed and robust framework to analyze IS projects. The comparison
of SMM networks, SLEIP network, and the KIS network show that network analysis metrics can
identify differences in key organizational and operational characteristics of IS networks. These
are summarized in Table [3| with the associated metrics. This investigation also demonstrates that
network analysis of IS projects does not require sensitive financial data or proprietary details

regarding the participating firms’ operations. Multiple network analysis metrics (such as linkage
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density, specialized predator ratio, modularity, aggradation, and centralization) are normalized for
the size of the IS network. This is important because the size of an IS can depend on a myriad
of geographic, economic, social, and political factors and is not necessarily related to IS maturity.
Thus, network analysis metrics can be used to develop benchmarks and compare IS projects with

varying number of participating firms or the total throughput of the partner firms.

The SMM networks, analyzed in this investigation, are currently operating predominantly through
direct transactions between firms with very few instances of multi-step resource recovery and the
firms are not connected as a cohesive whole. The SLEIP network has more instances of multi-step
resource use and recovery and all the partner firms are connected to each other, either directly or
indirectly. The firms in the KIS network are well connected to each other and have significantly
higher resource utilization and cycling. Finally, only a few firms in the KIS network have single
producer partnerships. Based on the qualitative descriptors of IS development stages (as discussed
in Section , the SMM networks would be classified as stage I, the SLEIP network would be
classified as stage II, and the KIS network would be classified as stage III. Thus, the trends of
multiple network analysis metrics tested in this investigation are well-aligned with the development
time and qualitative markers of IS development provided in the literature. This provides a promising
indication of the utility of these network analysis metrics as IS benchmarking tools. However,
labeling an IS project as stage I, II, or III is not the objective of this investigation. Rather, the
goal is enable knowledge exchange regarding he organizational and operational characteristics of
mature IS projects and use it as quantitative guidance for the advancement of new and developing

IS projects.
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4.2 Practical Implications, Current Limitations and Future Research Avenues

The results of this investigation show that network analysis metrics are a promising tool to bench-
mark IS development and enable knowledge transfer regarding strategic IS network organization
from mature IS networks for new and developing IS networks. Such an analysis could also be used
by agencies facilitating IS networks across different regions. The ability to compare organizational
and operational features of IS networks across different regions could be valuable in guiding strate-
gic investment decisions and industrial policy. Another potential use is monitoring and adjustment
of IS network operations. Recent research has used network analysis in combination with economic
or environmental impact assessment methods to test hypothetical IS network expansion steps (see

[Dong et al., 2022]) or evolution over a time period (see [Wu et al., 2021]).

While such studies have not yet explored the potential of benchmarking IS development over time
to guide IS network operation adjustments, the results of the current analysis indicate that it is
feasible. The network modeling approach would remain the same for any given time step, but such
an analysis would also require additional data: specifically regarding the state of the IS network
(participating firms and exchanges of different resource types) at discrete time steps. In addition, it
would also be useful to have similar information for more mature IS networks to enable a comparison
of the growth and development of the IS network of interest against other projects that have a
proven track record of successful operation over a longer period of time. The promising results
of this investigation can motivate further (non-proprietary) information sharing to investigate the
use of network analysis to compare IS projects across regions and over time using a variety of case

studies.

The comparison of resource utilization is currently limited as data regarding all types of resource
exchanges in IS networks is not easily available. In this study, we addressed this limitation partly
by using separate network models for each resource type for the SMM networks to enable a fair
comparison to the SLEIP and KIS networks - for which only one type of resource exchange data
was available in the literature. Another approach to measure resource cycling can be found in
[Layton et al., 2016b|. They compared the cyclicity (an ENA metric) of multiple IS networks using
only structural IS network data. While this approach has the advantage of not needing resource
exchange magnitudes, it is limited in only indicating the presence and abstracting the strength

of cyclic pathways. It cannot provide insights such as what fraction of resources in the network
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get cycled or how the extent to which each unit of resource input to the network gets utilized.
The results of this investigation serve as promising indications to motivate future work in enabling
mechanisms to securely share resource exchange data of multiple types of resources and developing
resource-specific benchmarks. Multi-step resource use pathways can be facilitated by adding and
connecting detrital firms with other participating firms [Layton et al., 2017, Malone et al., 2018].
Detrital firms can process byproducts (or waste) flows into a form that would be usable for another

firm in the network, such as water treatment plants or recycling plants.

The analysis of the nestedness and centralization of the tested IS networks suggest that anchor
firms can play an important role in the development of certain IS networks. This inference is
aligned with the existing IS literature that has also identified the importance of anchor firms in
attracting new partners to the IS by providing a potentially large pool of material flows [Boons et al.,
2017, Sun et al., 2017, [Mortensen and Kgrngv, 2019]. However, the importance of anchor firms
in IS development depends on the IS dynamics. Anchor firms may be more important to attract
new firms to an IS growing through self-organization of participating firms compared to an IS that
is facilitated by a third party that attracts new firms to join the project. Though the presence of
a firm with a large pool of material flows, and subsequently more symbiosis opportunities, would

make it easier for the IS facilitator to attract new firms to the network.

An interesting avenue for further research is related to the potential vulnerability of the IS network
to the failure or exit of anchor (highly central) firms, as discussed in [Chopra and Khanna, 2014].
However, the presence of anchor firms in more mature IS networks suggests that stakeholders
should evaluate the trade-offs between the role of anchor firms in IS development vs. the potential
vulnerability associated with them. Two important considerations in this regard are the probability
of failure or exit of anchor firms and the mode of IS development (self-organization or facilitated

by a third-party).

Recent literature reviews have indicated connections between Industry 4.0 and CE (see [Awan
et al., 2022, |Awan et al., 2021]. Industry 4.0 includes the use of digital technologies to enhance the
productivity and sustainability of manufacturing systems. Given the data collection requirements
for the goal of benchmarking IS development and enabling knowledge transfer regarding IS network
organization - there is a potential synergy with Industry 4.0 tools. One such tool is the digital thread

and is the connected communication framework of contextualized life cycle data [ISO/AWI 23247-5,
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2024]. The digital thread has the potential to improve traceability and transparency, and provide
the information needed to benchmark IS organization and operational characteristics and guide
decisions to increase circularity. However, challenges include data interoperability, security, data

storage, and understanding what data would be beneficial to track.

4.3 Standardization needs for IS benchmarking using Network Analysis

As discussed in Section there remains a lack of standards and metrics to assess and benchmark
IS development and aid in the decision-making for their advancement. The promising results of this
investigation show that network analysis can be used benchmark IS development. Standardizing an
IS network analysis methodology will enable the creation of new IS projects and help in improving
existing IS projects. Based on this investigation, we have identified the following standardization

needs to successfully use network analysis as an IS benchmarking tool:

1. Anonymous and exhaustive collection of resource-exchange data: Transaction infor-
mation on SMM platforms may not always be sufficient as a firm could have resource exchange
partnerships with other firms that are not using the the SMM platform. Such exchanges would
not be documented in the SMM platform data. Reliable benchmarking through network analysis
would require information from firms regarding all their resource exchanges over a fixed time
period. In addition, the process of anonymizing firm identities also needs to be standardized to
avoid having multiple anonymous identities for one firm. Multiple identifiers for the same firm
would be a problem as that could lead to modeling multiple nodes to represent the same firm in
the network model. Another concern would be if a certain firm is the only large firm involved
with the processing of a certain type of resource within a geographic region. In that case, it
would be difficult to maintain their anonymity. However, the results (benchmarks) developed
from network analysis do not require the reporting of any firm names. Therefore anonymity can

be ensured through Non-Disclosure Agreements with the analysis team, in such cases.

2. Resource specific benchmarks: Different types of resources have different levels of recover-
ability. Here, the term recoverability is used broadly and includes different recovery processes
(such as reuse, remanufacture, and recycle) at different stages of the life cycle. Thus, reliable
benchmarks for resource utilization (using cycling index or aggradation metrics) will require
comparison between similar types of materials. This will require a standard categorization of

resource types (based on expert knowledge) and IS resource-exchange data will need to be col-
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lected based on these categories. Benchmarking for high-value resources or resources whose
sourcing or disposal can cause significant environmental impacts (such as critical minerals) can

be prioritized.

3. IS network modeling framework: Standardized definitions and guidelines regarding the
network modeling of IS projects need to be developed to ensure objective benchmarking. This
is important because different interpretations and modeling decisions could lead to different
assessments of the same IS project. For example, if the same firm has two plants located
within the IS system boundary different modelers could consider them as two nodes or one
combined node in the network model. Defining the spatial boundaries of an IS network is
also an important modeling consideration, especially when firms are widely dispersed. Another
important modeling aspect that requires further discussion is the modeling of non-recovered
waste flows in the network model when the IS includes detrital actors (such as a water treatment

plant).

5 Concluding Remarks

The results of this investigation showed that ENA and SNA metrics can identify key differences in
the organizational and operational characteristics of real-world IS networks at different stages of
their development (summarized in Table |3). The values of multiple metrics are found to be aligned
with the development time (maturity) of the tested IS networks and the qualitative markers of IS
development stages as identified in the IS literature. Size normalized ENA and SNA metrics can
be used to compare IS networks of different sizes (either in terms of the number of firms or total
throughput). The use of ENA and SNA metrics to evaluate IS network organization and opera-
tional characteristics does not require sensitive or proprietary financial and technological data of
the participating firms. Network analysis of IS projects can be conducted by only using anonymized
data regarding the IS firms and their exchanges, as demonstrated by the network analysis of the
SMM networks in this investigation. Finally, ENA and SNA do not require detailed dynamic mod-
eling of IS operation. This investigation also identified the following standardization needs related
to the use of network analysis metrics to benchmark IS characteristics: data collection procedures
for resource exchanges between participating firms, definitions and guidelines for network modeling
of IS projects, and resource-specific benchmarks for characteristics like resource utilization. The

promising results of this investigation motivate future work in addressing these standardization
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needs. Further testing and validation with a variety of real-world IS networks will be valuable in
solidifying inferences regarding organization and operational trends of mature IS networks, and
comprehensively identifying practical benchmarking considerations for developing the standardized

data collection, modeling and analysis guidelines.
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