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Abstract

Purpose Industrial symbiosis network (ISN) facilitation tools seek to holistically evaluate the environmental and economic
performance of ISNs through life cycle assessment (LCA) and life cycle costing (LCC). ISNs have many stakeholders with
diverse interests in the LCA and LCC results thus requiring multi-level analysis. The objective of this review was to examine the
state-of-the-art methodologies used in LCAs and LCCs of ISNs and understand how multi-level analysis can be conducted.
Methods The systematic literature review methodology was applied to develop a corpus of peer-reviewed LCA and LCC studies
of ISNs published between 2010 and 2019 without any geographic boundary. Abstracts were reviewed to shortlist studies that
conducted an LCA or LCC of an ISN with numerical results. LCA and LCC methodologies used in the shortlisted studies were
collected and categorized. Each methodology was examined to understand how the foreground and background systems are repre-
sented, how waste-to-resource exchanges are analyzed, and how the results can be computed at the network, entity, and flow levels.
Results and discussion The review yielded 42 LCA studies and 11 LCC studies of ISNs that used eight different methodologies.
Process-based LCA was used in 71% of the LCA studies, whereas tiered hybrid LCA was used in 14% of the studies. Waste-to-
resource exchanges in ISN scenarios were represented either through process analysis or as a black box. Fewer LCC studies that
evaluate the economic performance of ISNs exist compared with LCA studies. Economic studies often evaluated financial
feasibility, net present value, profitability, or payback period of specific waste-to-resource exchanges or the network overall.
Conclusions The insights derived from this review chart future areas of research in multi-level modeling and analysis of the life
cycle environmental and economic performance of ISNs. To improve the model construction and analysis process, research
should be explored in developing a methodology for constructing a single model that represents multiple entities linked together
by waste-to-resource exchanges and can provide LCA and LCC results for different stakeholder perspectives. The lack of LCC
studies of ISNs merits the need for more research in this area at both the network and entity levels to quantify potential economic
trade-offs between stakeholders. Developing a methodology for unified LCA and LCC modeling and analysis of ISNs can help
ISN facilitation tool developers conduct simultaneous life cycle environmental and economic analysis of the potential symbiosis
connections identified and how they contribute to the overall network.
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Low and Ng 2018). A discipline that has successfully opera-
tionalized a component of the circular economy between mul-
tiple businesses and is scalable is industrial symbiosis.
Recognized as a subfield of industrial ecology, industrial sym-
biosis builds interfirm symbiotic activities with the objective to
encourage industries that are typically separated to cooperate
and create a competitive advantage through the exchange of
one company’s waste and byproducts as another company’s
productive input (Chertow 2000, 2007; Chertow and Park
2016; Neves et al. 2020). The benefits of industrial symbiosis
have motivated the creation of over 160 eco-industrial parks
and mixed urban-industrial settings that have achieved both
environmental and economic benefits (Switzerland Federal
Office for the Environment 2014). To replicate and scale up
industrial symbiosis globally, many different information and
communication technology and network optimization tools
have been developed that facilitate industrial symbiosis by
identifying synergistic linkages among industrial processes
and businesses (Grant et al. 2010; Boix et al. 2015; Kastner
et al. 2015; Puchala et al. 2016; Raabe et al. 2017; Low et al.
2018; van Capelleveen et al. 2018; Kerdlap et al. 2019a; Yeo
etal. 2019a, b). Many industrial symbiosis facilitation tools and
national industry networking programs have advocated for
quantifying the benefits gained from waste-to-resource ex-
changes through indicators such as life cycle environmental
impacts (Laybourn and Lombardi 2007; Kerdlap et al. 2019b,
2020). Not all waste-to-resource exchanges are beneficial to the
environment (Mohammed et al. 2018), and failure to quantify
the environmental and economic performance of industrial
symbiosis networks (ISNs) can lead to burden shifts such as a
circular economy rebound effect (Zink and Geyer 2017).
Studies conducted to understand both the environmental
and economic benefits of ISNs started as early as the mid-
2000s when Chertow and Lombardi (2005) quantified how
the collaborating entities in an ISN in Guayama, Puerto
Rico, would benefit from the exchange of wastewater, steam,
and ash between each other. Their study revealed that the
benefits of ISNs may be distributed unevenly among partici-
pating organizations and that policy intervention can enable
more resource exchanges among a group of companies. Since
then, more studies have been conducted on measuring the
environmental benefits of ISNs using the life cycle assessment
(LCA) methodology to account for the full value chain inside
the ISN and beyond its group of companies. LCAs of ISNs
have analyzed the network impacts of waste-to-resource ex-
changes between different entities, defined as companies or
other types of organizations. Studies have also analyzed the
sharing of resources such as water and heat between co-
located entities. Some studies conducted an LCA to quantify
the environmental impacts of specific waste-to-resource ex-
change processes without quantifying how the companies pro-
ducing or receiving the waste or byproduct would benefit
from such an exchange. Reviews of LCA studies of ISNs

and different methodologies have been conducted as well. In
2010, Mattila et al. (2010) compared the use of process-based
LCA, input-output LCA, and tiered hybrid LCA to quantify
the environmental impacts of a forest ISN in Kymenlaakso,
Finland. Their assessment revealed that it was unclear whether
or not the higher impacts calculated in certain categories were
overestimated or if the process-based LCA results were
underestimated. Thus, input-output LCA requires careful in-
terpretation of the results to understand the effects of data
aggregation. Two years later, Mattila et al. (2012) reviewed
the methodological aspects of applying LCA to ISNs. The
authors proposed a typology of research questions which in-
clude (1) analysis; (2) improvement; (3) expansion of existing
systems; (4) design of new eco-industrial parks; and (5)
restructuring of circular economies. The purpose of the typol-
ogy was to frame the LCA question and select the suitable
reference case for comparison which helps reduce the risk of
overestimating the benefits of exchanging byproducts. In
2015, Martin et al. (2015) discussed the LCA methodological
considerations for quantifying environmental impacts of ISNs
which include the definition of the reference systems and se-
lection of allocation methods, system boundaries, and the
functional unit. The authors also proposed an approach for
distributing credits of waste-to-resource exchanges among
the entities in the ISN as the benefits have implications on
taxes, subsidies, and relations for the participating entities.
More recently, Aissani et al. (2019) reviewed 26 peer-
reviewed LCA studies of ISNs to do a cross-analysis of the
different types of reference scenarios defined in the studies
and the use of sensitivity analysis. The review revealed that
the reference scenario defined is dependent on the type of ISN
considered such as an existing ISN at industrial scale or a
prospective ISN and that studies use sensitivity analysis to
address the problem of variability of reference scenarios.

Although much LCA research has been done in evaluating
ISNs, multi-level analysis of the life cycle environmental and
economic performance of ISNs has been under-explored. Many
studies evaluate the environmental and economic performance
of the overall ISN, but only a few analyze the performance of
the individual entities and how the impacts of waste-to-resource
exchanges are distributed between entities (Martin et al. 2015).
In an ISN, there are many stakeholders involved in implemen-
tation and operations management such as policymakers, land-
use planners, individual companies, economists, or resource
managers (Switzerland Federal Office for the Environment
2014). Each type of stakeholder is interested in measuring the
performance of a specific part of the ISN such as the overall
network or an individual company. The different perspectives
of environmental and economic performance of ISNs and ex-
amples of stakeholders with interest are:

1 Network-level: policymakers, urban planners, industrial
park owner/manager

@ Springer



1662

Int J Life Cycle Assess (2020) 25:1660-1679

2 Entity-level: companies
3 Resource flow-level: resource managers and material
scientists.

If the results of an LCA and LCC of an ISN are not able to
be disaggregated to the different levels of interest, each stake-
holder will not be able to acquire the information needed to
benchmark their own environmental and economic perfor-
mance and ultimately decide whether or not engaging in an
ISN contributes to their business and organizational goals.
Thus, LCAs and LCCs require multi-level analysis to address
the needs of different stakeholders.

There are three key gaps that limit current comprehension
of multi-level LCA and LCC of ISNs. First, previous reviews
have not taken stock of the models and computational
methods used for measuring the life cycle environmental im-
pacts of ISNs. Second, previous reviews have not looked at
studies that evaluate the economic performance of ISNs
and its relationship with LCA. Several studies have al-
ready examined the integration of LCA and LCC for
single-product systems (Heijungs et al. 2013; Moreau
and Weidema 2015; Miah et al. 2017), but such studies
have not been conducted for the case of ISNs which
involve multiple product systems, joint production pro-
cesses, and resource flows with multiple origins
(sources) and destinations (sinks). In ISNs, specific re-
source flows may be physically identical, but need to be
differentiated because they have different sources and
sinks. For example, an ISN could produce two waste
flows that are exactly the same physically, but one
waste flow is consumed by a recycling process to pro-
duce a new resource and the other waste flow is sent
for disposal. Third, studies have not explicitly looked at
how LCA and LCC methodologies can isolate the envi-
ronmental impacts and economic costs of specific
waste-to-resource exchange processes in the ISN and
analyze which entities are affected by those conversion
processes. Therefore, the objective of this review is to
examine:

1 The state-of-the-art of methodologies used in LCA and
LCC studies of ISNs

2 How the existing methodologies are able to provide multi-
level results from the perspectives of the whole network,
individual entities, and resource flows

3 How waste-to-resource exchanges between entities in an
ISN are modeled and analyzed in each LCA and LCC
methodology

In this review, the term methodology refers to the method
for constructing the model(s) and the steps in analyzing the
models to conduct the LCA and LCC of an ISN. The term
model refers to the quantitative system constructed to
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represent the life cycle inputs and outputs of an ISN. The term
computational method refers to the method used to analyze
the constructed model(s) and compute the desired LCA and
LCC results.

In this review, the systematic literature review methodolo-
gy is used to shortlist peer-reviewed studies that conduct an
LCA or LCC of an ISN and then identify the unique method-
ologies used. For each unique LCA or LCC methodology, its
method for constructing the model and the computational
method for analysis is explained. This review then analyzes
how the existing methodologies are able to conduct multi-
level LCAs and LCCs of ISNs. Finally, based on the review
of the methodologies and studies, future areas of research in
multi-level LCA and LCC of ISNs are discussed. The issue of
cut-off versus aggregation errors in LCAs of ISNs is not in-
cluded in the scope of this review as the focus is not inventory
data quality for LCAs and LCCs of ISNs. The findings from
this review can be used to support life cycle practitioners and
ISN facilitation tool developers in future research to improve
methodologies used to quantify both the environmental and
economic performance of all types of ISNs for a wide variety
of stakeholders.

Throughout this review, many different terms are used in
the classification and analysis of the LCA and LCC studies of
ISNs and the methodologies employed. For the purpose of
consistency and clarity, Table 1 lists the terms frequently used
and their definitions in this review.

2 Methodology

The systematic literature review methodology was employed
to conduct a review process that is replicable and transparent
(Denyer and Tranfield 2009). The steps of the systematic lit-
erature review methodology that were carried out to identify
and analyze methodologies for conducting LCAs and LCCs
of ISNs are as follows:

Question formulation: define scope of literature review
Locate studies: establish keywords and search strings
Study selection: review abstracts to shortlist studies
Analysis and synthesis: identify and analyze LCA and
LCC methodologies used in ISN studies

5 Report and use results: discuss methodologies and future
areas of research

AW N -

2.1 Question formulation

To translate the life cycle environmental and economic perfor-
mance of an ISN to the specific needs of diverse stakeholders,
methodologies for multi-level LCA and LCC are required.
Therefore, the primary research question of this review was:
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Table 1 Definition of terms

Term

Definition

Industrial symbiosis network

Entity
Methodology

Model

Computational method
Network-level perspective
Entity-level perspective
Flow-level perspective

Foreground system

Background system

Waste-to-resource exchange system

Process-based approach

Process analysis

Environmentally extended
input-output analysis

Black box model

Multi-product entity

A collection of entities where byproducts and wastes produced in the network are converted into resources that are
consumed by other entities.

A company or another type of organization that participates in an ISN.

Method for constructing the model(s) and the steps to analyze the model(s) to conduct the LCA and LCC of an
ISN.

Quantitative system that is constructed to represent the life cycle inputs and outputs of an ISN.

The method used to analyze the constructed model(s) and compute the desired LCA and LCC results.
The life cycle environmental and/or economic performance of an entire ISN overall.

The life cycle environmental and/or economic performance of an entity that is participating in an ISN.

The life cycle environmental and/or economic performance of a specific flow (e.g., product, intermediary
resource, waste, resource converted from a waste flow) in an ISN. An example is quantifying the life cycle
environmental and/or economic performance of a waste-to-resource conversion process that takes place in an
ISN.

Activities that take place between entities within an ISN.

Activities that take place beyond the boundary of the ISN. This includes upstream processes that supply resources
to the ISN and downstream processes that treat wastes generated by the ISN.

The processes of a waste-to-resource exchange that takes place between two or more entities in the foreground
system.

Constructing the life cycle inventory by identifying all the different processes that take place in the supply chain.
Process-specific data is used to represent either some stages of the life cycle or all stages of the life cycle.

The use of process-specific data to quantify the inputs and outputs of an activity in the LCA and/or LCC.

The use of aggregated economic sector input-output data to quantify the inputs and outputs of an activity in the
LCA and/or LCC.

The model represents the total inputs and outputs of the system, but does not disaggregate inputs and outputs to
specific activities that exist in the system.

A single entity in the ISN that produces more than one product (joint production). This could be several products
or a product and byproduct (e.g., waste flow that can be recycled).

How are existing methodologies able to conduct multi-
level analysis of the life cycle environmental and/or economic
performance of ISNs?

The supporting questions to guide the examination of the
state-of-the-art of methodologies for LCA and LCC of ISNs
were:

1 What type of models and computational methods are used
to represent the foreground and background systems in an
LCA and/or LCC of an ISN?

2 How do existing LCA and LCC methodologies analyze
the life cycle environmental and/or economic performance
of a waste-to-resource conversion process that takes place
between two or more entities in an ISN?

3 Isthe life cycle environmental and/or economic evaluation
carried out at the network-level, entity-level, and/or re-
source flow-level?

The first supporting question looks at how the foreground
and background systems of an ISN are modeled and analyzed
by the state-of-the-art LCA and LCC methodologies. In this
review, the foreground system refers to all the activities that
take place between entities in an ISN. The background system

refers to the activities that take place beyond the boundary of
the ISN which includes upstream activities that supply re-
sources to the ISN and downstream activities that treat wastes
generated by the ISN. The second supporting question seeks to
understand if existing methodologies can isolate the life cycle
environmental and economic performance of waste-to-resource
exchanges in the ISN to quantify how certain entities are affected
by specific waste-to-resource exchanges. The methodology used
to analyze the waste-to-resource exchanges is relevant because it
determines whether a stakeholder has to use a separate model to
analyze only the waste-to-resource exchange or if a single model
can be used to analyze both the network-level performance as
well as the performance of a specific waste-to-resource ex-
change. The third supporting question aims to determine which
ISN stakeholder perspectives the life cycle environmental and/or
economic evaluation focused on analyzing in the studies.

2.2 Locating studies

To identify the methodologies used for conducting LCAs and
LCCs of ISNs, a corpus of scientific studies was first devel-
oped. The Scopus and Web of Science databases were used to
locate the studies of interest. To enable a systematic search for
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scientific studies, keywords to be used in the search strings
were first identified as shown in Table 2.

The keywords were then used to develop the search strings
that were entered in both databases to acquire the studies of
interest. Only studies published between 2010 and 2019 were
included in the search. A total of 263 LCA studies and 52
LCC studies of ISNs were identified after removing duplicates
between both database results.

2.3 Study selection and classification

To select the studies, the abstract of each article was reviewed.
For a study to be included in the corpus, the abstract had to state
that an LCA or LCC of an ISN was conducted with numerical
results. Table 2 summarizes the search strings used in both data-
bases, the results of the search, and the number of studies
shortlisted in the corpus for a full text review. Studies included
in the corpus were then reviewed to identify the specific meth-
odology used to conduct the LCA or LCC of an ISN and analyze
its modeling and computational methods. Each LCA study was
classified based on two specific characteristics:

1 How the foreground, background, and waste-to-resource
exchange system were modeled

2 If the study carried out the analysis at the network, entity,
and/or flow-level perspective(s)

Table 3 explains how the different LCA studies were clas-
sified in the two different characteristics.

In the case of an ISN, a black box model represents the total
inputs and outputs of the ISN, but it does not disaggregate all
the inputs and outputs to specific activities or entities that exist
in the ISN. Black box models are advantageous at the network

Table 2 Keywords, search strings, and search results

level when the analysis is focused on the overall life cycle
inputs and outputs of the ISN. Thus, it is not necessary to
analyze the intermediary processes that take place within the
ISN. Although the use of a black box model is useful for
network-level analysis, it limits the user’s ability to do
entity-level and flow-level analysis where it is necessary to
know how changes in specific processes within the ISN affect
the environmental and economic performance of specific en-
tities and the waste-to-resource exchanges between entities.

3 Results
3.1 Synopsis of methodologies and studies
3.1.1 Environmental evaluation

Through a full text review of 42 LCA studies and 11 LCC
studies of ISNs, a total of eight unique methodologies for
conducting an LCA and LCC were identified, which are listed
in Table 4.

Among the 42 LCA studies, four were methodology and
review studies and one study used three different LCA meth-
odologies. Therefore, a total of 40 LCAs were conducted in
the corpus. S1 in the electronic supplementary material lists
the LCA studies shortlisted for a full text review and the
methodologies used. Figure 1 illustrates the number of LCA
studies of ISNs conducted based on the type of methodology
used and the year the study was published.

The seven unique LCA methodologies used in the corpus
of studies can be categorized along a similar spectrum intro-
duced by Crawford et al. (2018) where process-based LCA
and input-output LCA represent the two ends, and everything

Study type Life cycle environmental evaluation of industrial symbiosis  Life cycle economic evaluation of industrial symbiosis
Group A B A B

Main term Life cycle assessment Industrial symbiosis Life cycle cost Industrial symbiosis
Synonyms LCA Eco-industrial park LCC Eco-industrial park

Environmental impact
Material flow analysis
MFA

Search string

“eco-industrial park™]
Scopus database 200 studies
Web of Science database 156 studies
Final (duplicates removed) 263 studies

Full text review 42 studies

Eco-industrial park

[“life cycle assessment” OR LCA OR “environmental
impact” OR “material flow analysis” OR MFA) AND
(“industrial symbiosis” OR “eco industrial park” OR

Cost analysis Eco-industrial park

Economic analysis

[“life cycle cost” OR LCC OR “cost analysis” OR
“economic analysis” OR “economic assessment”) AND
(“industrial symbiosis” OR “eco industrial park” OR
“eco-industrial park”]

47 studies

10 studies

52 studies

11 studies

@ Springer
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Table 3  Categories for classifying LCA of ISN studies

Characteristic Category Requirement

Uses process-specific data to quantify the inputs and outputs of an activity in the LCA and/or

Uses aggregated economic sector input-output data to quantify the inputs and outputs of an
activity in the LCA and/or LCC.

The model represents the total inputs and outputs of the system, but does not disaggregate

inputs and outputs to specific activities or ISN entities that exist in the system.

Type of analysis Process analysis
LCC.
Environmentally extended
input-output analysis
Black box
Stakeholder perspective ~ Network-level perspective 1

examined in study examined

. The study’s objective was to quantify the life cycle environmental and/or economic
performance of the ISN overall.

2. Results at the network-level are presented or discussed in the study.

Entity-level perspective
examined

1. The study’s objective was to quantify the life cycle environmental and/or economic
performance of one or more entities in the ISN.

2. Results for specific entities in the ISN are presented or discussed in the study.

Flow-level perspective
examined

1. The study’s objective was to quantify the life cycle environmental and/or economic
performance of a waste-to-resource conversion in an ISN.

2. Results for specific flows or a waste-to-resource conversion are presented or discussed in

the study.

in between represents different tiered hybrid LCA methodol-
ogies as shown in Fig. 2.

The spectrum in Fig. 2 shows that there were several over-
laps between the seven LCA methodologies used in the ISN
studies listed in S1 of the electronic supplementary material. A
majority of the LCA studies (95%) used a process-based ap-
proach to conduct the LCA of the ISN. In a process-based
approach, the life cycle inventory was constructed by identi-
fying all the different processes that take place in the supply
chain. Through the process-based approach, process-specific
data is used to represent either some stages of the life cycle or
all stages of the life cycle. However, the LCA methodology
used in studies that took a process-based approach used dif-
ferent methods to represent the foreground and background
systems. Figure 3 maps the number of LCA studies to the
specific methodologies used.

Table 4 Methodologies identified for conducting LCA and LCC of ISNs

The process-based LCA methodology was the most prom-
inently used methodology as 31 out of 40 LCAs conducted
(77.5%) used only process analysis to represent the fore-
ground and background systems. In process analysis,
process-specific data is used to quantify the inputs and outputs
of an activity in the LCA. Tiered hybrid LCA methodologies
were the second most prominently used for quantifying the
life cycle environmental performance of ISNs. The (1) inte-
grated material flow analysis, carbon footprint, and emergy
analysis methodology and the (2) integrated material/energy
flow analysis, process LCA, and hybrid input-output model
were categorized as tiered hybrid LCA as shown in Figs. 2 and
3. This is because those two methodologies use process anal-
ysis to represent the foreground system and waste-to-resource
exchange system and environmentally extended input-output
analysis to represent the background system.

Methodology name Environment consideration ~ Economic Number of
consideration studies

Process-based LCA Yes No 31

Input-output LCA Yes No 1

Tiered hybrid LCA Yes No 4

Hybrid physical input and monetary output model Yes No 1

Integrated material flow analysis, carbon footprint, and emergy analysis Yes No 1

Integrated material/energy flow analysis, process LCA and a hybrid Yes No 1
input-output model

Systematic methodology for the environomic design and synthesis of energy ~ Yes Yes 1
systems

Life cycle costing (Yes, through externalized ~ Yes 9

cost)
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Fig. 1 Methodologies used in
peer-reviewed LCA studies of
ISNs published between 2010 and
2019

Number of peer-reviewed studies published

6

5

| ||||

3

2

1 “‘l IIII
0

2010 2011 2012

2013 2014 2015 2016 2017 2018 2019

Year

W Process-based LCA

® Input-output LCA
m Tiered hybrid LCA

B HPIMO (hybrid physical input and monetary output model)

Integrated material flow analysis, carbon footprint, and emergy analysis

B Integrated material/energy flow analysis, process LCA, and hybrid input-output model

 Systematic methodology for the environmental design and synthesis of energy systems

3.1.2 Economic evaluation

In economic evaluations, the review revealed that only two
types of methodologies were used to measure the life cycle
economic performance of ISNs. These were the LCC meth-
odology (Swarr et al. 2011; Moreau and Weidema 2015;
Reddy et al. 2015) and the systematic methodology for the
environomic design and synthesis of energy systems. Fewer
economic evaluations of ISNs have been conducted compared
with environmental evaluations, especially economic analyses
that conduct a comprehensive LCC. Compared with the 42
LCA studies shortlisted from the systematic search process,
only 21 studies from the total 53 shortlisted included an eco-
nomic analysis. Figure 4 illustrates the number of studies
shortlisted that included an economic analysis of an ISN and
the methodology used.

Only two studies explicitly stated the use of the LCC meth-
odology for economic analysis of ISNs (Lim and Park 2010;
Jung et al. 2012). Seven other studies applied the LCC

Systematic methodology for
the environmental design and
synthesis of energy systems

Fig. 2 Spectrum of LCA
methodologies used in ISN
studies

Process-based
LCA

analysis

Integrated material flow analysis, carbon footprint, and emergy

Integrated material/energy flow analysis, process LCA, and hybrid
input-output model

methodology for economic analysis by including capital and
operating expenses, but did not explicitly state the use of the
LCC methodology. Only one study used the systematic meth-
odology for the environomic design and synthesis of energy
systems to conduct the LCC. There were 11 studies that used
other methodologies for an economic analysis. There was a
range of types of economic analyses of an ISN which included
determining the financial feasibility, net present value (NPV),
profitability, or payback period. The details regarding the type
of economic analysis that each LCA and LCC study carried
out can be found in S2 of the electronic supplementary mate-
rial. The economic analyses varied in the types of costs
accounted for due to differences in objectives. Some studies
included only capital costs or only operation costs while
others included both types of costs. Certain studies accounted
for the time value of money through an NPV analysis, while
other studies excluded this. Taxes, waste treatment, and
recycling costs were included as operation costs in some stud-
ies and were not included in others.

Hybrid physical input and
monetary output model
(HPIMO)

Input-output
LCA

Tiered hybrid LCA
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n=40

‘ Studies that conducted an LCA of an ISN ]

A

Y

Process-based approach
n=38

[ Non-process-based approach ]
n=2

Y

Tiered hybrid approach where different types of analysis are used
for the foreground and background systems of the ISN

n=6

Systematic . Integrated
methodology for Intzg;?ts:arln:itsenal material/energy Hybrid physical
Process-based the environmental Tiered hybrid LCA VSIS, flow analysis, input and monetary
carbon footprint Input-output LCA
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n=31 synthesis of energy n=4 anal sisgy hybrid input-output - (HPIMO)
systems n _y1 model n=1
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Fig. 3 Categorization of LCA methodologies used in studies reviewed

3.2 Analysis of LCA and LCC methodologies

This section provides an overview of the different methodol-
ogies listed in Table 2 that were used to conduct an LCA or
LCC of ISNs. For each methodology, details are provided
about how the LCA and LCC models are constructed and
the computational method used to analyze the model and

N

Number of peer-reviewed studies published
=

2010 2011 2012 2013

2014

produce results at the network, entity, and resource flow
levels. Details are also provided about how waste-to-
resource exchanges are represented in each methodology.
Although there are overlaps between some methodologies
with regard to how the models are constructed and analyzed,
each methodology is dedicated its own subsection because
each one is unique overall. Some methodologies consider a

2015 2016 2017 2018 2019

Publication year

B | CCmethodology (explicitly stated)
LCCmethodology (applied)

B Systematic methodology for the environomic design and synthesis of energy systems

M Other type of economic analysis

Fig. 4 Studies with an economic analysis of ISNs published between 2010 and 2019
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specific number of impact categories while others do not state
a limit. As shown in Table 4, certain methodologies consider
only the environmental dimension or the economic dimension
or both.

3.2.1 Process-based life cycle assessment

The process-based LCA methodology uses a bottom-up ap-
proach to compute the environmental impacts associated with
the inputs and outputs of a product or service across all life
cycle stages considered within the scope of the LCA study. To
construct the model, a process flow diagram is first created to
represent all unit processes of a product or service system
thereby constructing a life cycle inventory (LCI). Each pro-
cess is represented as a ratio between the number of inputs and
outputs and all processes are interconnected by commodity
flows. Through regular algebra, the amount of material, ener-
gy, water, and emission input and outputs of each unit process
is multiplied by specific reference flows to meet a defined
functional unit. The total emissions and resources consumed
are then multiplied by characterization factors in different im-
pact categories of interest to compute the total potential envi-
ronmental impacts. Two modeling and analysis methods used
in the process-based LCA methodology are the matrix-based
model and sequential equations. In sequential equations, the
computation of inputs and outputs are done in sequential order
going from one unit process to the next, and each process is
scaled according to its input to the overall product or service
being modeled. The matrix-based model was introduced by
Heijungs and Suh in The Computational Structure of Life
Cycle Assessment (2002) and uses a system of linear equations
to compute the LCL

A total of 31 studies have used the process-based LCA
methodology to quantify the life cycle environmental impacts
of ISNs. In these studies, process analysis was used to repre-
sent all activities in the foreground and background system as
well as all waste-to-resource exchanges in the ISN. There are
two approaches to compute LCA results of an ISN at just the
network level. The practitioner can either (1) construct multi-
ple different models that represent each entity and waste-to-
resource exchange process in the ISN or (2) construct a single
matrix-based model that represents all entities and their inter-
mediary life cycle processes. A few LCA studies have stated
the use of multiple separate LCA models to represent each
entity in the ISN (Martin et al. 2015; Kim et al.
2018; Hildebrandt et al. 2019). To generate the network-
level life cycle environmental impacts, the studies take the
total sum of each process-based LCA model’s results for each
entity in the ISN, per the defined functional unit. The purpose
of'this modeling approach is to not treat the network as a black
box and instead gain process-specific detail. This is done so
that the impacts of waste-to-resource exchange processes can
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be allocated, if necessary, to specific entities participating in
the ISN. In a matrix-based model, the environmental impacts
of a bundle of products can be calculated in one computation
by specifying multiple values in the demand vector (Heijungs
and Suh 2002). Results at the entity-level are computed by
analyzing each process-based LCA model constructed for
the specific entity if multiple separate models are constructed.
In a matrix-based model representing multiple entities in the
ISN, the environmental impacts of one entity in the ISN can be
analyzed by specifying only the demand vector value for the
product of interest. To obtain flow-level LCA results of one
specific output from an entity with multiple products and
byproducts, the entity-level LCA results would need to be
disaggregated down to each product and byproduct from the
entity. In a process-based LCA methodology, waste-to-
resource exchanges between the entities can be computed sep-
arately by modeling the process for waste-to-resource ex-
change and having the process consume a waste flow gener-
ated by another entity in the ISN.

3.2.2 Input-output life cycle assessment

The input-output LCA methodology (I0-LCA) uses environ-
mentally extended input-output analysis (EEIOA) to represent
the foreground and background systems of the ISN as well as
waste-to-resource exchanges that take place. Wassily Leontief
developed input-output analysis to model the various inputs
needed to produce a unit of output in each economic sector
(Leontief 1970). By modeling all the sectors, input-output
analysis can trace all direct and indirect inputs to produce
outputs in each sector. [O-LCA assumes that industry sectors
consume outputs from other sectors in fixed ratios and that
monetary flows are a fair indication of the physical flows
within an economy (Crawford et al. 2018). To construct the
model, data from economic input-output tables are used to
define input-output direct requirements matrix A, an nxn ma-
trix where n represents the number of industry sectors within
an economy. Each column of A represents the industry output
in monetary values that is needed to produce one monetary
output of another industry.

To compute the life cycle environmental impacts, a vector
x is defined to represent the total required inputs from the
economy in matrix A and y is the vector of total purchase of
industry outputs, which represents the functional unit. The
total domestic industry output x required to supply a total
demand of vector y is computed by Equation 1

x=(I-A)y (1)

where I denotes an n x n identity matrix. To compute the
environmental emissions, a ¢ X n matrix B is defined to rep-
resent a ¢ amount of different environmental pollutants for
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each industry sector n. The total direct and indirect pollution
emissions and resources consumed are then calculated
by Equation 2

M =Bx =B(I-A) 'y (2)

where y is an arbitrary vector that shows net industry output of
the system. The direct and indirect pollution and resource
consumption values in matrix M can then be multiplied by
LCA characterization factors to compute the potential
environmental impacts. Readers can refer to Hendrickson
et al. (2006) and Mattila (2018) for further discussion regard-
ing the mathematics of IO-LCA.

Only one study by Mattila et al. (2010) used the IO-LCA
methodology to quantify the life cycle environmental impacts
of ISNs. In this LCA study, EEIOA is used to represent the
foreground and background systems, and the ISN is treated as
a black box where the process-specific data of waste-to-
resource exchange processes are not known. Thus, any chang-
es between different ISN scenarios, such as avoided virgin
resource requirements, would be attributed to the change in
total inputs and outputs of the foreground system of the ISN.
To compute the life cycle environmental impacts of an ISN
through the IO-LCA methodology, the first step is to calculate
the total inputs and outputs of the ISN that is treated as a black
box for the scenarios before and after waste-to-resource ex-
changes. Then, the inputs and outputs of the ISN for each
scenario are converted to monetary purchases from economic
sectors and are then multiplied with the corresponding emis-
sion factors (Mattila et al. 2010). Price data, such as monetary
use tables, is needed to convert the resource flows into the
economic flows used in the IO-LCA.

To analyze the network-level LCA results of the ISN
through the I0-LCA methodology, industry demand vector
y would need to specify the monetary value of the products
for all entities in the ISN. The IO-LCA methodology is able to
conduct entity-level analysis by specifying the monetary value
of'the products from one specific entity in a particular industry
sector. Analysis of the impacts of specific waste-to-resource
exchange processes between specific entities in an ISN would
require more disaggregated industry sector data. Input-output
tables currently do not include information on waste flows.
Flow-level analysis of joint production of products and recy-
clable waste flows at a single entity in the ISN could be done
through the use of construct models (Majeau-Bettez et al.
2018).

3.2.3 Tiered hybrid life cycle assessment

The tiered hybrid LCA methodology uses process-based LCA
and IO-LCA to combine the strengths both methodologies
offer. To construct a tiered hybrid LCA model, process-

based LCA is used to model the foreground system, and 10-
LCA is used to model the background system and any remain-
ing life cycle stages not covered by the process-based LCA. In
the tiered hybrid LCA methodology, the process-based LCA
and IO-LCA systems are treated separately and flexible inter-
action is not possible (Suh and Huppes 2005). Therefore, to
compute the life cycle environmental impacts, process-based
LCA is used to quantify the foreground system inputs and
outputs for all entities in the ISN. The process-based LCA
methodology is also used to quantify the inputs and outputs
of the transportation and end-of-life processes for entities in
the ISN. Then, the IO-LCA methodology is used to quantify
the environmental impacts of the upstream production pro-
cesses in the background system of the ISN. The LClIs devel-
oped from the process-based LCA and IO-LCA components
of the tiered hybrid model are then combined to determine the
total life cycle environmental impacts.

A total of four studies stated the use of the tiered hybrid
LCA methodology to evaluate the environmental impacts of
an ISN (Mattila et al. 2010; Dong et al. 2013a, 2014, 2017).
Dong et al. (2013a, 2014) and Mattila et al. (2010) used the
I0-LCA model only for the upstream processes in the back-
ground system of the ISN while process-based LCA was used
to represent the foreground system and downstream processes
of the ISN. Dong et al. (2017) specifically use the hybrid
physical input and monetary output model, a type of 10-
LCA methodology discussed later, to represent both upstream
and downstream processes in the background system of the
ISN. To conduct an LCA of an ISN at multiple levels through
the tiered hybrid LCA methodology, the same steps explained
for multi-level analysis using the process-based LCA method-
ology would be followed (section 3.2.1). However, the differ-
ence for the tiered hybrid LCA methodology is that upstream
production processes in the background system of the ISN
would be modeled using the IO-LCA methodology instead
of the process-based LCA methodology. Since the process-
based and I0-LCA components of the tiered hybrid LCA are
not a single integrated model (Suh and Huppes 2005), the
reviewed studies that use the tiered hybrid LCA methodology
have reported that two separate computations would have to
be done (Dong et al. 2017). The first computation for the
foreground system would be done through either the matrix-
based model or sequential equations. Then, the second com-
putation for the background system would be done through
EEIOA where aggregated industry sector data are used instead
of process-based inventory data. It should be noted that other
hybrid LCA methodologies such as the integrated hybrid LCA
and the matrix augmentation methodology (also often referred
to as input-output-based hybrid) would be able to carry out
multi-level analysis in a single computation. However, none
the studies examined in this reviewed reported the use of the
integrated hybrid LCA or matrix augmentation methodology
to carry out the LCA of an ISN.
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3.2.4 Hybrid physical input and monetary output model

The hybrid physical input and monetary output model
(HPIMO) methodology was developed by Dong et al.
(2013b) to assess the environmental benefits of urban industrial
symbiosis. The HPIMO methodology uses the same model
construction process and computational method as the 10-
LCA methodology. However, this methodology uses hybrid
units that are both monetary and physical. This methodology
was designed to quantitatively represent the correlations be-
tween economic sectors through monetary input-output tables
and build the connections between environmental and econom-
ic systems. To construct the model, an n x n matrix M is defined
that represents the monetary interactions among sectors, with n
representing the number of sectors. Then, an m x n matrix E is
used to represent physical energy resources (e.g., tons of raw
coal, gasoline, liquid natural gas, fuel oil) consumed by the
different sectors, with m representing the different types of
physical energy resources. An n x 1 column vectors y and x
represent final demand and total output, respectively, of each
sector in monetary units. An # X k matrix P indicates the pol-
lution emissions of each sector, with & representing the number
of pollutants being measured. Since the HPIMO methodology
follows the same computational method of the IO-LCA meth-
odology, the Leontif inverse is used to compute the life cycle
environmental impacts of the ISN. The row balance equations
are shown in Equation 3 and 4:

Ax+y=x (3)
x=(A)ly @

The relationship between total energy consumption and
final demand as well as the relationship between environmen-
tal emissions and final demand is represented through
Equations 5 and 6 where D is the total energy consumption
and W is the total environmental emissions.

D = Ex = E(I-A) " (5)

y
W =Px =P(-A)"'Y (6)

Using the HPIMO methodology to compute the LCA re-
sults of the ISN at the network, entity, and flow levels, as well
as specific waste-to-resource exchanges would follow the
same procedure that was discussed previously for the 10-
LCA methodology (section 3.2.2).

3.2.5 Integrated material flow analysis, carbon footprint,
and emergy analysis

The integrated material flow analysis, carbon footprint, and
emergy analysis (I-MFA-CF-EA) methodology was devel-
oped by Ohnishi et al. (2017) to evaluate the environmental
benefits of industrial and urban symbiosis systems. As shown
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in Fig. 3, this methodology takes a process-based approach to
LCA of an ISN except different methods are used to represent
the foreground and background systems just like a tiered hy-
brid LCA. The I-MFA-CF-EA methodology first defines the
entities in the foreground system of the ISN and the scenarios
to be analyzed. What differentiates this methodology is that a
material flow analysis (MFA) is conducted to quantify the
input and output flows of the ISN’s foreground system for
each scenario. The MFA component treats each ISN scenario
as a black box and quantifies all material, energy, water, and
emissions that are inputs and outputs to the entire ISN within a
defined time period. The results of the MFA are then used in
two separate models to analyze the carbon footprint and
emergy. To compute the life cycle carbon footprint, the tiered
hybrid LCA methodology is used, specifically the methodol-
ogy by Dong et al. (2013a). The life cycle stages covered by
the carbon footprint are direct energy consumption, industrial
processes, upstream material production emission, deprecia-
tion, electricity and heat production, and waste treatment. To
conduct the emergy analysis, the energy and material inputs of
the ISN quantified from the MFA are multiplied by
transformity factors to convert all values to a single emergy
unit of emjoules. The results from the MFA are then used to
estimate the impacts to the environment through a carbon
footprint and emergy analysis. Emergy analysis involves the
transformation different kinds of energy, materials, and goods
and services into the same unit through transformity factors
(Odum 1988).

To use the -MFA-CF-EA methodology to compute the
LCA results of the ISN at the network, entity, and flow levels,
the input values of the MFA have to be specified according to
the level of interest. Therefore, to analyze the life cycle envi-
ronmental impacts of the whole network, the scope of the
MFA would have to include all entities in the ISN. To analyze
a single entity or output flow in the ISN, the scope of the MFA
would be limited to the entity or single output flow from the
entity. Depending on whether the scope is defined as the
whole network, entity, or an output flow, the results of the
MFA would then be used as inputs to the carbon footprint
and emergy analysis of the -MFA-CF-EA methodology.
Since the -MFA-CF-EA methodology treats ISN scenarios
as black boxes and does not use process analysis in the fore-
ground system, waste-to-resource exchanges are represented
as the net change in results of the different scenarios which are
avoided or additional resource requirements and emissions in
the foreground and background systems.

3.2.6 Integrated material/energy flow analysis, process LCA,
and a hybrid input-output model

The integrated material/energy flow analysis, process LCA,
and hybrid input-output model was developed by Dong
et al. (2016) to quantify the life cycle environmental impacts
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of industrial and urban symbiosis. This methodology can be
categorized under the process-based approach as shown in
Fig. 3 and uses the tiered hybrid LCA methodology. Each
entity is represented as a single process. To construct the mod-
el, material and energy flow analysis and process-based LCA
models are developed to quantify the flows in the foreground
system of the ISN. What differentiates this methodology is the
use of an equation to represent the different flows between
entities in an ISN. The relationship between the variables for
the different flows is represented in Equation 7

Am + Qm + Fvr = Rum + Fv + Jv + Py + Dy (7)
In the foreground system, each entity’s input flows include:

e Ay, flows from the environment
*  Fy_ 1, flows from upstream production processes
*  Owm, recycled material flows from other processes

Output flows include:

* Fy, a flow output from process M

* Py, product flow

* Ry _; recycled material flows reclaimed from a process
M which is fed into an upstream process M _;,

*  Jm+j> flow reclaimed from process M which goes to a
downstream process M ,

* Dy, the dissipative flows discharged to the environment

The 10-LCA methodology is then used to represent the
environmental impacts of upstream and downstream process-
es in the background system of the ISN. The inputs to the 10-
LCA model for the background system of the ISN are depen-
dent on the material, energy, and water flows quantified in the
foreground system which were determined by the material and
energy flow analysis and process-based LCA.

Similar to the tiered hybrid LCA methodologies previously
discussed, the material and energy flow analysis and process
LCA model in the foreground system and the IO-LCA model
in the background system are separated from each other. To
analyze the environmental impacts of each individual entity
and their respective products, the parameters for each model
would need to be modified separately. Since this methodology
relies on the results of the material and energy flow analysis to
compute the life cycle environmental impacts, the LCA results
for the network, entity, and flow levels are dependent on
which processes the energy and material flow analysis in-
cludes. If the network-level results are of interest, every
entity’s processes would need to be included in the material
and energy flow analysis. If the entity-level results are of
interest, then only processes for the specific entity would be
included in the material and energy flow analysis.
Environmental impacts from upstream production processes,

identified through the material and energy flow analysis, are
then computed through EEIOA. Waste-to-resource exchanges
are represented as avoided or increased use of resources de-
pending on how the ISN scenario is defined through the ma-
terial and energy flow analysis in the foreground system.

3.2.7 Systematic methodology for the environomic design
and synthesis of energy systems

The systematic methodology for environomic design and
synthesis of energy systems was developed by Gerber et al.
(2013) to design eco-industrial parks or urban systems, iden-
tify the best conversion pathways of resources or waste, or to
fix the optimal value of environmental taxes. This methodol-
ogy considers both environmental and economic evaluation,
unlike the previous methodologies that were discussed. It is a
mixed integer non-linear programming multi-objective opti-
mization model where the goal is to simultaneously minimize
the economic costs and environmental impacts of the ISN.
This methodology uses the process-based LCA methodology
to compute the life cycle environmental impacts of an ISN.
Unlike previous methodologies discussed, this one is focused
on optimization of the environmental and economic impacts
of an ISN as opposed to constructing analytical models. To
construct the model, a superstructure is defined which in-
cludes all the different technology conversion processes that
exist in the ISN. Each process in the superstructure is modeled
using a flowsheeting software or average models that pull data
from LCI databases such as Ecoinvent. Energy and mass
flows for each process are then calculated based on a set of
given operational conditions. Each process in the superstruc-
ture is scaled by a utilization factor.

A process-based LCA model is used to compute the envi-
ronmental impacts and economic costs of different ISN sce-
narios that are determined by waste-to-resource exchanges set
up by the optimization model. To build the waste-to-resource
exchanges in the ISN, the model conducts supply chain syn-
thesis by solving a mixed integer linear programming problem
to determine the optimal values for utilization factors of each
process. Through the optimization process, matches are made
between sources and sinks with respect to the definition of the
functional unit which determine the possibilities for recycling
of wastes within the network. Once the potential recycling
configurations are determined, the model then determines
the minimum environmental impacts and economic costs
and computes the results. To analyze the impacts at the net-
work and entity levels, the user would need to turn on or off
the existence of specific waste-to-resource exchange process-
es in the ISN superstructure through a decision variable and
then analyze the overall change in the system’s environmental
impacts and economic costs. It should be noted that as an
optimization model, only the minimal environmental impacts
and economic costs would be determined, and so for the
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model to explore the case of the greatest impacts and costs, the
objective of the optimization model would need to be
modified.

3.2.8 Life cycle costing

The LCC methodology is used to assess all the costs associ-
ated with a product over its entire life cycle and can be used to
economically evaluate a project or investment (Swarr et al.
2011; Reddy et al. 2015). Several different methods can be
used to conduct an LCC. Heijungs et al. (2013) and Moreau

n

and Weidema (2015) discuss a method for constructing a
matrix-based model for conducting an LCC of single prod-
ucts. Moreau and Weidema (2015) define LCC as the sum of
all value added (also referred to as profit margin) over the life
cycle of a product or service. Reddy et al. (2015) define an
equation with different cost variables which are listed in
Table 5.

To compute the LCC using the method outlined by Reddy
et al. (2015), each cost is annualized and then a summation is
done as shown in Equation 8.

LCC, =f { Y (CapExhw,,; CapExsw,,; CapManEx,; CoCap,,; DsCost,; IDsCost,,; OpEx,,) + CoEExtxt} (8)

t=1

To make both the present and future costs comparable and
account for the time value of money, the present value of the
costs is then computed through Equation 9 where pvf,, =

present value factor (1 +r)’; » = interest rate or inflator; ¢ = time
period.

LCCy =f { > pvf,(CapExhw,; CapExsw,,; CapManEx ,; CoCap,,; DsCost,,; IDsCost,;; OpEx,,) + CoEExtX,} 9)
=1

The LCC model can be used to compute the NPV, internal
rate of return, total cost of ownership, payback period, savings
investment ratio, and conduct cost-benefit analysis. Each of
the financial indicators is valuable to specific decision-makers
for their project needs. The LCC methodology can account for
impacts to the environment, but this is usually expressed in
terms of the financial cost of environmental externalities.

Out of the 12 studies in the literature review that conducted
an economic analysis of ISNs, only two studies (Lim and
Park 2010; Jung et al. 2012) explicitly stated the use of the
LCC methodology. The LCC studies shortlisted did not cite a
specific methodology for conducting the LCC such as matrix-
based modeling or a set of equations. Instead, they provide
detailed explanations about the assumptions and cost variables
used. To conduct multi-level economic analysis of ISNs, mul-
tiple LCC models need to be constructed for each entity to
analyze the costs of the whole network, individual entities,
and resource flows. The network-level results are computed
by summing the results of the LCC models for each entity in
the ISN. A single LCC is needed for each entity because, in
the case of ISNs, there are waste-to-resource transactions be-
tween different entities, and a monetary value that is a cost for
one entity could also be revenue for another. Thus, monetary
data is collected for each process from the perspective of each
entity. Furthermore, different businesses in an ISN have dif-
ferent types of operation and capital costs that are incurred in
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different years. Operation costs for businesses are usually in-
curred on an annual basis, but businesses may have a wide
range of different types of operation costs that may be incurred
every 2 or 3 years or more instead of annually. In terms of
capital costs, equipment for certain entities may have a longer
lifetime than equipment used by other entities in the ISN de-
pending on the type of business they are. Therefore, the up-
front equipment costs as well as equipment replacement, re-
pair, and maintenance can all take place in different years of
the life cycle. The costs of waste-to-resource exchanges are
accounted for as an end-of-life cost or an operation cost, and

Table 5 Parameters of the LCC methodology (Reddy et al. 2015)
Parameter ~ Definition

CapExhw,, Capital expenditure on hardware (initial construction cost)
CapExsw,, Capital expenditure on software

CapManEx,, Capital management expenditure (rehabilitation cost)

CoCap,, Cost of capital

DsCost,, Direct support costs

IDsCost,, Indirect support costs

OpEx,, Annual operation and maintenance cost
CoEExt,, Cost of environmental externalities

x represents the product or service and ¢ represents the year
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the financial value gained from selling a byproduct or waste as
a resource is accounted for as revenue.

4 Discussion and outlook

In this review, the objective was to examine the state-of-the-
art methodologies for conducting life cycle environmental and
economic evaluations of ISNs and how these methodologies
can be used to carry out multi-level analysis to meet the needs
of different stakeholders participating in an ISN. The review
of'the LCA and LCC studies and methodologies that evaluate
ISNs revealed several trends that provide answers to the
supporting research questions.

4.1 Foreground and background systems of ISNs

The first supporting question of the review was “What type of
models and computational methods are used to represent the
foreground and background systems in LCA and LCC of
ISNs?” Current methods used to represent either the fore-
ground or background systems were process-based LCA, ma-
terial and energy flow analysis, and EEIOA. For LCA studies
of ISNs, the process-based LCA methodology was a promi-
nent choice. A total of 30 out of 40 LCAs (75%) used only
process-based analysis for the entire study covering the fore-
ground, background, and waste-to-resource exchange system.
Only two LCA studies used EEIOA to represent both the
foreground and the background systems. Six studies used
the tiered hybrid LCA approach where the process-based
LCA methodology or an MFA was used for the foreground
system, and EEIOA was used for the background system of
the ISN. The rationale a few studies cited for using the tiered
hybrid LCA methodology in their studies was the difficulty of
accessing inventory data in their countries to represent up-
stream material supply and transport in the background sys-
tem (Dong et al. 2013a, 2016, 2017). Thus, a pure process-
based LCA model was not able to support their analysis. In
these instances, the tiered hybrid LCA methodology was se-
lected to address an LCA inventory data gap challenge as
opposed to improving flexibility in modeling and analysis of
the ISN.

In economic evaluation of ISNs, the studies did not explic-
itly state a specific model and computational method for
conducting the LCC. Thus, specific methodologies for
representing the foreground and background systems were
not stated as well. Based on the information provided by the
authors, nearly all the economic evaluation studies took a
process-based approach to conducting the LCC. The direct
costs for a single entity or the entire network were computed
by accounting for capital costs, operation costs, revenue from
the sale of valuable waste streams, and the time value of mon-
ey. Only two studies took a macro-economic approach to

evaluate the economic performance of ISNs through the use
of an input-output analysis model (Ferrao et al. 2015) and an
econometric model (Zhang et al. 2016).

4.2 Waste-to-resource exchanges in LCA and LCC

The second supporting question of the review was “How do
existing LCA and LCC methodologies analyze the life cycle
environmental and/or economic performance of a waste-to-
resource conversion process that takes place between two or
more entities in an ISN?”” Through the review, it was revealed
that the two ways waste-to-resource exchanges between enti-
ties in an ISN were analyzed was either through process-based
analysis or a black box approach. Four studies used the black
box approach to represent waste-to-resource exchanges in the
foreground system by quantifying the total inputs and outputs
of the ISN for each of scenario analyzed (Mattila et al. 2010;
Sokka et al. 2011; Dong et al. 2013b; Ohnishi et al. 2017).
Using the black box approach to model the environmental
impacts of waste-to-resource exchange scenarios will provide
the same or nearly the same results for the ISN overall com-
pared with taking a process analysis approach. Treating the
ISN as a black box is useful when a stakeholder is only inter-
ested in the network-level LCA results of an ISN. However,
when a stakeholder is interested in the LCA results of how a
specific waste-to-resource exchange affects an entity involved
in the exchange, process analysis can provide that level of
granularity. Using the process-based LCA methodology to
represent waste-to-resource exchanges in the foreground sys-
tem can disaggregate the network-level results to the specific
entities of interest which can help identify trade-offs in envi-
ronmental impacts between specific entities engaged in an
ISN.

Modeling and analyzing the life cycle environmental per-
formance of waste-to-resource exchanges in an ISN reveal not
only trade-offs between the network and its entities but also
trade-offs between different environmental impact categories.
In S1 of the electronic supplementary material, there were 29
studies that included more than one impact category in the
scope of the LCA. Among the 29 studies, 13 studies discussed
in the interpretation stage of the LCA that after waste-to-
resource exchanges, the environmental performance of the
ISN improved in some categories and became worse in other
categories.

In economic evaluations of ISNs, waste-to-resource ex-
changes have been represented as:

1 Capital costs such as technology and infrastructure to en-
able exchange of waste between entities

2 Change in operation costs such as energy, water, and ma-
terials before and after waste-to-resource exchanges

3 Selling price of waste converted into a valuable resource

4 Cost savings from avoided treatment of waste
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Fig. 5 Stakeholder perspectives
analyzed in LCA and LCC
studies of ISNs

Network-level
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4.3 Multi-level analysis

The third supporting question of the review was “Is the life
cycle environmental and/or economic evaluation carried out at
the network-level, entity-level, and/or resource flow-level?”
Fig. 5 provides Venn diagrams that summarize the number
of life cycle environmental and economic evaluation studies
that analyzed the three different stakeholder perspectives.

In the LCA studies, 30 out of 38 studies analyzed the
network-level perspective. More than half of the LCA studies
analyzed the network-level perspective as well as the entity-
level or flow-level perspective, or all three perspectives
Among the five studies that analyzed all three perspectives,
four of the studies used the process-based LCA methodology
and one study used the tiered hybrid LCA methodology. Only
a few studies analyzed only the flow-level perspective.
Studies that focused on the flow-level perspective conducted
an LCA of a waste-to-resource conversion process that could
be applied in an ISN. Similar to the Venn diagram of LCA
studies, a majority of the economic evaluation studies focused
on analyzing the network-level perspective and only a few
focused on analyzing the flow-level perspective. The classifi-
cation of all the studies in this review can be found in S1 and
S2 of the electronic supplementary material.

In environmental evaluation, the seven methodologies identi-
fied can provide results at each stakeholder level with different
levels of granularity when analyzing specific waste-to-resource
exchange processes between entities. Both the matrix-based
model for process-based LCA and the I0-LCA methodology
can use a single matrix to analyze the environmental performance
of an ISN at both the network and entity levels. In the matrix-
based model, the environmental impacts of a bundle of products
can be calculated in one computation by specifying multiple
values in the demand vector (Heijungs and Suh 2002).
However, multiple separate technology matrices for each entity
and several computations may be required if the user seeks to
analyze how specific waste-to-resource exchanges in the ISN
impact specific entities. Different types of allocation methodolo-
gies can be applied that determine which entities incur the

@ Springer

Environmental evaluation of ISN studies

Economic evaluation of ISN studies

Network-level

Flow-level
3

Flow-level Entity-level
8 il

environmental impacts of a waste conversion process and how
much of the impacts should be allocated to the entity. Only by
conducting separate LCAs for each product in the ISN will allow
for the net impacts and benefits for each entity to become trans-
parent (Martin et al. 2015). The IO-LCA methodology also al-
lows for analysis at the network and entity levels through a single
matrix, but through the use of aggregated data from input-output
tables. A bundle of products from the network or a single product
from an entity can be specified in the vector representing the net
industry output of the system. However, if the foreground system
of the ISN is treated as a black box without knowledge of pro-
cesses for specific entities and waste-to-resource exchanges, lim-
ited insight can be derived regarding what environmental benefits
specific entities are gaining from participating in an ISN. This is
important if a decision has to be made about which entity is
burdened with the impacts of a waste-to-resource exchange pro-
cess and what allocation method is chosen (Martin et al. 2015).

Methodologies that conduct a tiered hybrid LCA, including
the I-MFA-CF-EA and the integrated material/energy flow
analysis, process LCA, and hybrid input-output model, are
able to provide results at the network, entity, and resource
flow levels. In the foreground system of the tiered hybrid
LCA methodology, process-based LCA and MFA are used
which provide detailed analysis of waste-to-resource ex-
change processes. However, in the tiered hybrid LCA meth-
odologies there is a disconnection between the process-based
LCA system and the EEIOA system. This prevents linking of
process-based LCA model parameters to the relationships in
the IO-LCA model for entity and flow-level analysis. Thus,
two or more computations may be required to produce the
results for each stakeholder perspective. One computation
has to be done for the foreground system through process-
based analysis and another computation has to be done for
the background system through EEIOA.

In LCC, multi-level analysis still requires multiple separate
LCC models to be constructed to represent the perspective of
each stakeholder. Although matrix-based LCC methodologies
have been researched (Heijungs et al. 2013; Moreau and
Weidema 2015), such methods have only been tested at the scale
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of single-product systems. In the case of ISNs, certain monetary
values can be a cost for one entity, but revenue for another, which
has not yet been tested in matrix-based LCC modeling. The LCC
studies that were reviewed conducted an analysis from the per-
spective of either the whole network or a single entity.

4.4 Future areas of research

This review provides an opportunity to identify several re-
search opportunities in life cycle environmental and economic
modeling and analysis of ISNs. Although existing LCA
models of ISNs are strong in representing the foreground
and background system and waste-to-resource exchanges
down to the process level, further research can be done to
develop a single model that can analyze the environmental
impacts of the ISN from multiple perspectives at the net-
work-level, individual entity-level, and the resource flow-lev-
el. Providing results for these different stakeholder perspec-
tives is important because LCAs of only the total impacts of
the ISN may fail to provide employable data for the entities
involved in the ISN (Martin et al. 2015). Current process-
based LCA approaches for evaluating ISNs require separate
computations of each product system in the ISN to transpar-
ently allocate the impacts of waste-to-resource exchanges be-
tween the entities involved and avoid double counting. Being
able to construct one LCA model for the entire ISN and then
breaking down the results for each of the entities and valuable
output flows can save time in the model construction and
analysis processes. A single model could help provide results
to multiple stakeholders through one computation as opposed
to several computations in multiple separate models. Each
business will prioritize its individualistic needs and will desire
to see its own benefits of exchanging wastes in an ISN
(Chertow 2000; Walls and Paquin 2015).

Similar research can also be done for LCC models of ISNs.
The existing LCC methodology has proven to be successful in
modeling all capital and operation costs, taxes, and waste
treatment and recycling costs, as well as the time value of
money to determine the feasibility, profitability, NPV, and
other economic aspects of ISNs. However, many LCC studies
of ISNs analyze either only the economics of the entire net-
work, a waste-to-resource exchange process, or an individual
entity within the network. An LCC methodology that can
represent the network-level economic performance and then
disaggregate the results down to the individual entities would
be helpful in identifying potential financial benefits and trade-
offs between companies engaged in partnerships within ISNs.

Research should be pursued in unifying LCA and LCC
modeling and analysis of ISNs. Through unified modeling and
analysis, the user would only need to construct a single model
that could be used to analyze both the life cycle environmental
impacts and economic costs at once instead of using separate
models to conduct both types of analysis. Combining both types

of analysis into a single model can help provide decision-makers
in an ISN with a balanced set of information that considers both
the environment and the economy (Miah et al. 2017). Research
in this area has been under-explored overall as there are few
methodologies and studies that comprehensively analyze the
economics of ISNs from a life cycle perspective. In the studies
reviewed, only two types of models were explicitly mentioned to
conduct an economic evaluation of an ISN which were the LCC
methodology and the systematic methodology for the
environomic design and synthesis of energy systems. Out of
the total 53 shortlisted studies in the systematic review, there
were 21 studies that included an economic analysis. Figure 6
breaks down the type of analysis covered by studies in the corpus
that included an economic analysis of an ISN.

There were 15 studies that did both an environmental and
economic analysis of an ISN which included 11 studies from
the LCA search results and four studies from the LCC search
results. Among the 11 studies shortlisted through the LCA
search, six studies did not complete a full LCC and only included
one type of cost in their economic analysis, while the five re-
maining studies included capital, operation, and other types of
costs. In the 11 studies shortlisted from the LCC search, four
studies included an environmental analysis that was not based
on the life cycle perspective and six studies did only an economic
analysis of an ISN. A total of five studies incorporated the time
value of money in their LCC or economic analysis usually by
computing the NPV. Only two studies (Lim and Park 2010; Jung
et al. 2012) explicitly stated the use of the LCC method to con-
duct an economic analysis of the ISN. There are very few studies
that conduct both an environmental and economic analysis from
a life cycle perspective. Only Lim and Park (2010) conducted a
fully comprehensive LCA and LCC of an ISN. Seven out of the
eight methodologies identified from the review were designed to
conduct only either an LCA or an LCC. The only methodology
that came closest to unifying the processes of LCA and LCC
modeling and analysis of ISNs was the systematic methodology
for the environomic design and synthesis of energy systems.
However, the methodology was designed not as an analytical
model but also as an optimization model to create matches based
on the objective to minimize both the environmental impacts and
€CONOMmic Costs.

These future areas of research in LCA and LCC models
and computational methods can support existing industrial
symbiosis facilitation tools in industry and provide environ-
mental and economic insights to multiple stakeholders of an
ISN from a life cycle perspective.

4.5 Limitations of study
This study applied the systematic review methodology to
maintain a transparent, replicable, and thorough review of

LCA and LCC methodologies for evaluating ISNs at multiple
stakeholder levels. However, there are some limitations of this
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Fig. 6 Classification of studies
that included an economic
analysis of an ISN

Studies shortlisted from search that included an economic analysis of an ISN
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review due to the niche research questions to be answered.
The authors do not claim complete comprehensiveness in this
review, but the results and findings provide a detailed repre-
sentation of the research in methodologies for modeling and
analyzing the life cycle environmental and economic perfor-
mance of ISNs over the past decade.

One limitation of the review is the exclusion of other meth-
odologies for environmental and economic analysis of ISNs.
In the review of abstracts, there were studies that employed
other analytical methods to evaluate the environmental and
economic benefits of ISNs at a macro level. Although other
methodologies besides LCA and LCC exist for environmental
and economic analysis, those other methods were excluded
from the full text review in order to focus on a detailed anal-
ysis on the state-of-the-art in life cycle—based modeling and
analysis of ISNs. Another limitation is that single product and
material recycling LCA studies were not included in the re-
view. Such recycling processes can be applied in the industrial
symbiosis context, but those studies were excluded as their
scope did not state an application to industrial symbiosis.

Finally, this review does not rank each of the LCA and LCC
methodologies used to evaluate ISNs to compare their perfor-
mance with each other. Different modeling and analysis meth-
odologies serve different purposes (Anex and Lifset 2014), and
some methodologies may be ranked as better than others depend-
ing on the criteria specified by the intended audience of the
methodology’s objective. Instead, the findings from the review
of the different methodologies aim at helping industrial symbio-
sis stakeholders gain a detailed understanding of the LCA and
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LCC methodologies that exist, how they can be used to provide
results for multiple stakeholder perspectives, and support in de-
ciding which methodologies are suitable for integrating with
existing industrial symbiosis facilitation tools.

5 Conclusions

As industrial symbiosis practitioners continue to facilitate
business-to-business waste-to-resource exchanges, methodol-
ogies will be needed that help communicate the life cycle
environmental and economic performance of ISNs to a wide
range of stakeholders with diverse interests. This review ex-
amined the literature of LCA and LCC studies of ISNs to
examine the state-of-the-art of methodologies employed. A
total of eight different LCA and LCC methodologies were
identified from the corpus of studies shortlisted through the
systematic literature review methodology. Each LCA and
LCC methodology was analyzed in how the foreground and
background systems of the ISN are modeled, how waste-to-
resource exchanges between entities are analyzed, and how
multi-level analysis can be done to provide results at the net-
work, entity, and resource flow levels.

The review revealed that 95% of the LCA studies took a
process-based approach in modeling and analyzing the ISN,
but some studies used different methodologies to represent the
foreground and background systems. Process-based LCA was
used in both the foreground and background systems in 77.5%
of the LCA studies, whereas a tiered hybrid LCA was used in
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15% of the studies. A few authors that chose the tiered hybrid
LCA methodology cited a lack of availability of process-
based LCI data for the background system of the ISN and
had to rely on the IO-LCA methodology to overcome this data
gap. Waste-to-resource exchanges in the LCA studies were
represented through process analysis or as a black box.
Modeling an ISN as a black box can provide LCA and LCC
results at the network level, but face limitations in analyzing
the environmental and economic performance from the per-
spective of a specific entity. Each of the LCA and LCC meth-
odologies identified through the review can be used to con-
duct multi-level analysis. Depending on the structure of the
model and the number of models used to represent the fore-
ground and background systems, either a single or multiple
computations are required to produce the LCA and LCC re-
sults at the network, entity, and resource flow levels. A matrix-
based model for the process-based LCA methodology and the
IO0-LCA methodology can analyze both a single or bundle of
products in an ISN through construction of a single matrix.
Tiered hybrid LCA methodologies require two or more com-
putations to carry out multi-level LCAs because different
LCA models and computational methods are used in the fore-
ground and background system. Based on the LCC studies of
ISNs reviewed, multiple separate LCC models need to be
constructed to evaluate the economic performance from the
perspectives of the different entities in the ISN. In LCCs of
ISNs, a monetary value in a waste-to-resource exchange can
either be a cost or a form of revenue depending on the per-
spective being analyzed.

Several future areas of research are recommended to ad-
vance multi-level LCA and LCC of ISNs. Developing a meth-
odology for constructing a single model that can conduct an
LCA and provide results to the different stakeholder perspec-
tives through a single computation is needed. This would re-
duce the amount of work required by the LCA practitioner to
conduct multi-level environmental performance evaluation.
Such a methodology should be able to analyze how waste-
to-resource exchanges impact certain entities and be flexible
to different allocation methods chosen. Similar research
should also be done for multi-level LCCs of ISNs as there
are very few studies that conduct LCCs of ISNs which cur-
rently rely on multiple separate models to represent the per-
spective of each entity. Finally, research in developing a meth-
odology for unified LCA and LCC modeling and analysis
should be pursued to overcome the current approach of using
separate models and computational methods for environmen-
tal and economic performance evaluation of ISNs. Through
further research in unified LCA and LCC modeling and anal-
ysis of ISNs, developers of industrial symbiosis facilitation
tools can benefit from simultaneous life cycle environmental
and economic evaluation of the potential symbiosis connec-
tions identified, and determine how they contribute to the
overall network.
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