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Abstract
Purpose Life cycle assessment (LCA) and life cycle costing (LCC) are state-of-the-art methods used to holistically measure 
the environmental and economic performance of industrial symbiosis networks (ISNs). Existing methodologies face a chal-
lenge in unifying LCA and LCC of an ISN in a single model that can disaggregate the network-level results to the entity and 
resource flow levels. This study introduces  UM3-LCE3-ISN, a methodology for multi-level matrix-based modeling for life 
cycle environmental and economic evaluation of ISNs.
Methods The  UM3-LCE3-ISN methodology is designed to conduct a process-based LCA and LCC of any ISN scenario. The 
methodology constructs a single matrix-based model that represents the physical and monetary flows of an ISN across the 
entire life cycle. The demand and price vectors in the model can be manipulated to produce LCA and LCC results of an ISN 
at the levels of the entire network, individual companies, and specific resource flows. A formalism is provided that outlines 
the steps for model construction and multi-level analysis. Verification of the model constructed can be done by producing 
scaled technology and monetary matrices of an ISN.  UM3-LCE3-ISN is tested through a case study of an urban agri-food 
ISN comprising five entities engaged in open and closed-loop recycling.
Results and discussion The case study results demonstrated that  UM3-LCE3-ISN can be used to compute the life cycle envi-
ronmental impacts and net present value of ISNs at the three different stakeholder levels. Only one matrix model was required 
for each scenario to compute the LCA and LCC results for multiple stakeholders through one computation as opposed to 
several computations in multiple separate models.  UM3-LCE3-ISN can produce granular LCA and LCC results regarding 
specific waste-to-resource conversion processes within an ISN and their contribution to the environmental and economic 
performance of specific entities. Overall,  UM3-LCE3-ISN is able to unify potential conflicting assumptions and data used by 
different models and obtain more holistic LCA and LCC results that are harmonized for stakeholders across different levels.
Conclusion The  UM3-LCE3-ISN methodology can be applied in industrial symbiosis facilitation tools that allow diverse 
stakeholders such as policy-makers, urban planners, businesses, and product designers to operate on a common platform to 
determine the life cycle environmental and economic performance of an ISN from multiple perspectives of interest. This 
would allow diverse stakeholders to make holistic evidence-based decisions and strategies for developing ISNs in different 
sectors that enable a large-scale transition to a circular economy.

Keywords Circular economy · Industrial ecology · Life cycle costing · Cost–benefit analysis · Urban metabolism · Waste 
management · Recycling · Computational structure

1 Introduction

The concept of the circular economy has been internation-
ally recognized as a paradigm to achieve sustainable devel-
opment by addressing a wide range of issues such as climate 
change mitigation, waste management, resource scarcity, and 
environmental degradation. To enable a transition to a cir-
cular economy, industrial symbiosis has been promoted as 
a scalable pathway for businesses and other organizations to 

Communicated by Monia Niero.

 * Piya Kerdlap 
 piyakerdlap@u.nus.edu

1 National University of Singapore, 21 Lower Kent Ridge 
Road, Singapore 119077, Singapore

2 Singapore Institute of Manufacturing Technology, 2 
Fusionopolis Way, Singapore 138634, Singapore

http://orcid.org/0000-0002-2775-6284
http://crossmark.crossref.org/dialog/?doi=10.1007/s11367-022-02024-1&domain=pdf


1410 The International Journal of Life Cycle Assessment (2024) 29:1409–1429

1 3

pursue (Kirchherr et al. 2017; Kerdlap et al. 2019). Indus-
trial symbiosis has been broadly defined as the collaboration 
between traditionally separate industries with the objective 
of physically exchanging materials, energy, water, and/or 
by-products to gain competitive advantages (Chertow 2000, 
2007; Chertow and Park 2016). Over the past several years, 
information and communication technology tools have been 
developed to spur the growth of industrial symbiosis networks 
(ISNs) by identifying synergistic linkages among industrial 
processes and businesses (Raabe et al. 2017; Capelleveen 
et al. 2018; Low et al. 2018; Yeo et al. 2019). National indus-
try networking programs and industrial symbiosis facilitation 
tools have advocated that the costs and benefits of waste-to-
resource exchanges be quantified through indicators such as 
life cycle environmental impacts and economic performance 
(Laybourn and Lombardi 2007; Kerdlap et al. 2020b). Some 
waste-to-resource exchanges can be more detrimental to the 
environment (Mohammed et al. 2018) and could lead to bur-
den shifts such as the circular economy rebound effect (Zink 
and Geyer 2017).

Life cycle assessment (LCA) and life cycle costing (LCC) 
are methods that have been widely used to holistically evalu-
ate the environmental and/or economic performance of ISNs. 
In LCA, the environmental impacts of a product or service 
throughout all stages of its life cycle are measured starting 
with the extraction of raw materials, processing of materials, 
manufacturing of products, use of the products, reuse, repair, 
or recycle, and final disposal at the end of life (International 
Organization for Standardization 2006a, b). Similarly, LCC 
measures all monetary flows (costs and revenue) of a prod-
uct or service throughout its life cycle (Swarr et al. 2011). 
Through a holistic approach, stakeholders at various levels 
of an ISN can better understand if a proposed technical solu-
tion applied locally results in the desired environmental ben-
efits in a broader context. Over the past decade, many peer-
reviewed LCA and LCC studies of ISNs have been conducted 
to holistically quantify the environmental and economic ben-
efits and trade-offs of ISNs (Kerdlap et al. 2020a). Several 
methods for carrying out LCAs and LCCs specifically for 
ISNs already exist (Mattila et al. 2012; Dong et al. 2013; 
Gerber et al. 2013; Martin et al. 2015; Kerdlap et al. 2020b). 
Despite the plethora of methods and case studies of life cycle 
environmental and economic evaluations of ISNs, stakehold-
ers operating at different ISN decision-making levels still 
lack the ability to conduct such assessments from multiple 
perspectives using a single model.

Three main technical issues exist with regard to unify-
ing LCA and LCC modeling and analysis of ISNs. The 
first issue is that current methods that unify LCA and LCC 
modeling have been developed for the case of independ-
ent single product systems through matrix-based models 
(Heijungs et al. 2013; Moreau and Weidema 2015). Such 
methods have not been tested in cases with multiple product 

systems that are interconnected with each other through 
waste-to-resource exchanges, which is a typical characteris-
tic of ISNs. The second issue is the method for representing  
fixed costs in a model for both LCA and LCC. In LCA,  
the environmental impacts of fixed costs such as equip-
ment and capital goods are typically amortized where 
the impacts of equipment are distributed across its life-
time and the amount of product the equipment will pro-
duce. However, when conducting an LCC, the time 
value of money is often factored in and so the full cost 
of an equipment must be incurred in a specific time 
period and not amortized. The third issue is the lack of a 
method for disaggregating network-level LCA and LCC  
results to the levels of specific entities or product flows. This 
is important because without the ability to produce results at 
these different levels, the different stakeholders will not be 
able to acquire the information they need to benchmark their 
environmental and economic performance to ultimately 
decide if participating in an ISN adds value to their business 
and organizational goals. In an ISN, there can be resource 
flows with multiple origins (sources) and destinations 
(sinks). Due to waste-to-resource exchanges, a resource 
flow that is a cost for one entity could also be considered as  
revenue for another entity (Kerdlap and Cornago 2021).  
This presents another level of complexity when trying to 
use a single model to represent both physical and monetary 
flows of an entire ISN and disaggregate the results to the 
level of a single entity or product flow. Research in this 
area has been pursued for LCA (Martin 2015; Martin et al. 
2015; Kerdlap et al. 2020b), but has not yet been explored  
in both LCA and LCC.

To address the aforementioned technical challenges, 
this study introduces a methodology for unified multi-level 
matrix-based modeling for life cycle environmental and 
economic performance evaluation of industrial symbiosis 
networks, hereby referred to as the  UM3-LCE3-ISN meth-
odology. The  UM3-LCE3-ISN methodology is designed to 
analyze the life cycle environmental impacts and economic 
costs and revenue of an ISN at the network-level and dis-
aggregate the results down to the entity and resource flow 
levels through manipulation of the demand vector. The 
 UM3-LCE3-ISN methodology is tested through an ISN 
case study of a fictitious network of five urban agri-food 
production companies that participate in waste-to-resource 
exchanges among each other. This study concludes with a 
discussion about how the  UM3-LCE3-ISN methodology 
overcomes the aforementioned technical challenges and 
future areas of research. The methodology was developed 
to support advancement of tools and software that give a 
wide range of ISN stakeholders with different interests the 
ability to operate on a single platform when measuring the 
environmental and economic performance of ISN options 
being considered and make decisions.
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2  Methods

The  UM3-LCE3-ISN methodology builds on the previous 
research completed by Kerdlap et al. (2020b) by adding 
multi-level LCC of ISNs as a new capability to the model 
constructed, which serves as the novelty of this study. 
Several parts of the  UM3-LCE3-ISN methodology remain 
equal to the methodology presented in the previous paper 
by Kerdlap et al. (2020b) and are therefore presented again 
in this paper for the sake of readability. Specifically, the 
sections of this study that remained the same from the 
previous study are about the interventions matrix, repre-
sentation of ISN scenarios, demand vector manipulation, 
and environmental evaluation.

2.1  Overview of  UM3‑LCE3‑ISN methodology

The  UM3-LCE3-ISN methodology is designed to conduct 
process-based LCAs and LCCs of any ISN scenario with 
or without waste-to-resource exchanges. This includes a 
prospective ISN, an optimized ISN, or different types of 
reference scenarios following the typologies by Aissani 
et al. (2019).  UM3-LCE3-ISN uses a matrix-based model 
to enable high clarity and representation of processes, high 
level of detail, and computation simplicity for carrying out 
LCAs and LCCs (Suh and Huppes 2005). Cradle-to-gate 
is the system boundaries of the  UM3-LCE3-ISN methodol-
ogy. This methodology excludes activities during the use 
and end-of-life treatment stages of all final products or ser-
vices made in an ISN (i.e., the functional unit). The system 
boundary is drawn here because the methodology assumes 
that the final products are consumed and treated at their 
end-of-life outside of the ISN (i.e., secondary networks/
systems). The downstream processes the methodology 
includes are end-of-life treatment of all wastes generated 
in the foreground and background systems of an ISN.

The methodology defines a matrix A with dimension 
n × n that represents physical flows between processes 
across all life cycle stages. The value “n” refers to the 
total number of rows or columns in a matrix or vector. 
Matrix A will be referred to as the technology matrix fol-
lowing the nomenclature by Heijungs and Suh (2002) for 
matrix-based LCA models. The methodology uses pro-
cess-based data to construct the model. In the technology 
matrix, columns represent processes and rows represent 
input and output resource flows. Next, the methodology 
defines a matrix B with dimension m × n to represent envi-
ronmental and economic interventions of each process in 
the technology matrix. The value “m” refers to the total 
number of columns in a matrix when it is not equal to “n.” 

Matrix B will be referred to as the interventions matrix 
as stated by Heijungs and Suh (2002). An environmental 
intervention represents the direct impacts to the environ-
ment from a unit process such as emissions of carbon diox-
ide, sulfur dioxide, and other substances or the extraction 
of resources such as fossil fuels, water, and metals. An 
economic intervention in matrix B represents the monetary 
marginal value of each process. The total environmental 
impacts and net economic value are computed by using 
Eqs. 1, 2, and 3 as introduced by Heijungs and Suh (2002).

In this methodology, “j” represents the row number and 
“k” represents the column number of a value in a matrix. 
For example, B2,5 refers to the value at row 2 (j = 2) and 
column 5 (k = 5) in interventions matrix B.

Demand vector f is defined as a n × 1 column vector and 
represents the functional unit. Equation 2 is used to com-
pute scaling vector s which is used to scale the technology 
matrix to the functional unit specified in demand vector 
f. If a resource flow in the technology matrix is not a final 
product or service included in the functional unit of an 
ISN, then the resource flow has to be consumed by a sink 
process such as another production process or a process 
for treating waste. For economic evaluation, price vectors 
⍺ and β are introduced to control which monetary flows 
are to be included. Price vector ⍺ is a n × 1 column vector 
used to represent the monetary value per unit of a flow in 
the model. Price vector β is an n × 1 column vector use to 
represent the present value of a monetary value per unit of 
a flow in a defined time period.

Figure 1 illustrates the general structure of the matrix-
based model constructed. The steps for constructing this 
matrix-based model are provided in a formalism that is 
illustrated in Fig. 2. Figure 3 illustrates a formalism that 
lists the steps for multi-level analysis of the model con-
structed to produce LCA and LCC results at the network, 
entity, and flow-levels. Table 1 summarizes the notations 
that are used for the methodology. This methodology 
defines an entity as an individual company or organiza-
tion participating in an ISN that provides a desired good 
or service.

The following sections explain how the matrix-based 
model is constructed and analyzed.

(1)As = f A = Technology matrix

(2)s = A−1f B = Interventions matrix

(3)

g = Bs f = Demand vector

s = Scaling vector

g = Interventions vector



1412 The International Journal of Life Cycle Assessment (2024) 29:1409–1429

1 3

2.2  Model construction

Technology matrix A is constructed through three stages 
that build on top of each other which are (1) primary, (2) 
expanded, and (3) allocated. In the first stage, the primary 
matrix is constructed to represent all the entities that par-
ticipate in an ISN and resource flows they produce and  
consume within the boundary of an ISN. In the second 
stage, the expanded matrix is formed by adding columns 
and rows to the primary matrix to represent background 
system processes that supply resources to the entities 
(sources) and processes that treat wastes (sinks) in an ISN. 
In the third stage, the allocated matrix is formed by split-
ting columns in the expanded matrix with multiple valuable 
outputs and by splitting rows for resource flows with mul-
tiple sources and sinks. The allocated matrix constructed 
represents the final technology matrix A that is used in the 
computations. By following the steps shown in the first 
three stages of the  UM3-LCE3-ISN formalism for model 
construction (Fig. 2), the final technology matrix A will 
be square and non-singular. Therefore, technology matrix 
A can be inverted and be used with interventions matrix B 
to compute the LCA and LCC results following Eqs. 1, 2,  
and 3. More specific details and visuals about each stage of 
constructing technology matrix A are provided in Section 1.1  
of the supplementary information.

In the fourth stage of model construction, interventions 
matrix B is constructed by creating a matrix that contains 
the same number of columns in technology matrix A. In 
interventions matrix B, a row is created for every direct 

environmental flow being considered in the scope of the 
study (e.g., carbon dioxide, sulfur dioxide, methane). A 
positive value is set for environmental flows produced in the 
process, and a negative value is set for environmental flows 
consumed by a process. Another row is added to interven-
tions matrix B to represent the monetary marginal values 
for each column which is used in the economic analysis. In 
this row, monetary marginal values should only be inserted 
for columns that represent processes that take place within 
any entity in an ISN. Monetary marginal values for all other 
columns should be set to zero. For example, a monetary 
marginal value should be set in interventions matrix B for  
the process of manufacturing a computer component in a 
factory. However, for the column representing the cradle-to- 
gate production of electricity used to manufacture the computer  
component, the monetary marginal value in interventions 
matrix B should be set to zero. For “primary” columns that 
have direct environmental flows and were split during multi-
product allocation, the values of the environmental flows 
for each of the split columns are determined based on the 
physical relationship with the valuable output flow or the 
allocation method selected. Section 1.3 of the supplemen-
tary information provides additional details regarding the 
construction of interventions matrix B.

2.3  Model analysis parameters

The model constructed by  UM3-LCE3-ISN comprises four 
parameters that can be adjusted to conduct multi-level envi-
ronmental and economic analysis which are:

Fig. 1  Structure of matrix-
based model constructed by the 
 UM3-LCE3-ISN methodology
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1. Demand vector f
2. Price vector ⍺
3. Time t 
4. Interest rate i

Demand vector f is used to represent the functional unit of 
an ISN. Thus, the values set for the flows in demand vector 
f must reflect the functional unit of the ISN being analyzed. 
The functional unit of an ISN scenario should represent the 
total output of all entities in an ISN during a defined time 
period (Mattila et al. 2012). Although the model constructed 
for each scenario represents a different type of ISN, func-
tional equivalence needs to be maintained when comparing 
LCA and LCC results. Therefore, to maintain functional 

equivalence, the values used in demand vector f should be 
the same in each scenario modeled.

Price vectors ⍺ and β are used to compute the monetary 
marginal value of each process at a given time and interest 
rate. The monetary marginal values of each process are used 
to compute the net present value (NPV) to conduct an LCC. 
The user can choose what values to set in price vector ⍺ to 
control which monetary flows are to be included in the LCC 
for economic performance evaluation. Price vector ⍺ is used 
to represent the monetary value of a flow per unit. Price 
vector β converts the value in price vector ⍺ into the present 
value during a defined time period which is required for 
carrying out an NPV analysis. For price vector ⍺, an n × 1 
column vector is defined with the same number of rows in 

Fig. 2  Formalism for  UM3-LCE3-ISN model construction
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the final technology matrix A. The values for price vector ⍺ 
must be set as the monetary value per unit of flow and can 
either be positive or negative. Table 2 shows the rules for the 
signs and numerical values to use in price vector ⍺.

In general, flows that are valuable are set as positive (+ ve) 
values, whereas valueless flows such as waste are set as nega-
tive (− ve) values. For waste flows, the negative value must 
represent the cost of disposing each unit of waste. Taxes are 
considered as negative values because an entity does not gain 
any financial value (loses money) from the payment of taxes. 
Subsidies are considered as positive values because an entity 
benefits financially (gains money) from receiving a subsidy. 
A value of zero (0) in price vector ⍺ means that the flow 
does not incur any monetary value for the producer or the 

consumer. These sign rules for the values of flows in price 
vector ⍺ were designed to work with the direction of the 
different types of flows represented in technology matrix A. 
For example, capital good flows are negative values in the 
technology matrix because an entity consumes them while 
waste flows are positive values because they are outputs of an 
entity. When following these sign rules, eventually, the con-
sumption of capital goods and treatment of waste flows will 
have negative monetary values because they are expenses for 
the entities, which must be represented as negative monetary 
flows in the computation of the monetary marginal values of 
each process. Price vector β is an n × 1 column vector with 
the same number of rows as in the final technology matrix 
A. Each number in price vector β is the present value of the 

Fig. 3  Formalism for multi-level analysis of model
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corresponding number in price vector ⍺ at a given time (t) 
and interest rate (i). Each present value in price vector β is 
calculated using Eq. 4.

2.4  Representing ISN scenarios in technology 
matrix A

The model construction steps provided in the formalism 
in Fig. 2 are agnostic to the type of ISN scenario whether 
valuable wastes or by-products are exchanged between enti-
ties. The user is free to choose how the reference scenario 
or alternative scenarios are defined. When following the 

(4)
�j,1 = �j,1(1 + 1)−t, where i = interest rate (%) and t = time (years)

formalism to construct the model for a scenario, the enti-
ties in the matrix, background production processes, waste 
treatment processes, and the sources and sinks of all the 
flows in an ISN should reflect the conditions of the defined 
scenario. In a scenario where there are no waste-to-resource 
exchanges, all the entities in the model would represent tra-
ditional linear production. All input resources would come 
from virgin sources and all wastes produced would be sent 
for waste treatment. There would not be any entities consum-
ing a by-product or valuable waste flow from another entity 
in technology matrix A.

In an ISN, there are many types of conditions that can 
occur such as open-loop recycling, closed-loop recycling, 
entities with a product consumed by multiple sinks, and the 
consumption of capital goods such as equipment and infra-
structure. The way to represent these different conditions in 
technology matrix A are described in further detail in Sec-
tion 1.2 of the supplementary information.

2.5  Representing interventions in matrix B

2.5.1  Environmental interventions

In interventions matrix B, a row can be added for any type 
of environmental intervention. For example, if there are 
three types of emissions such as carbon dioxide, sulfur 
dioxide, and nitrous oxide, a row is added for each emis-
sion factor. The value of the emission factor should be 
normalized to the amount of output represented in the 
same column of technology matrix A. Alternatively, the 
rows for environmental interventions can be represented 
as characterized emission factors for each process that 
are usually presented in units such as kg  CO2-eq (climate 
change), kg oil-eq (fossil depletion), or kg 1,4-dichlo-
robenzene-eq (ecotoxicity). For example, if there are four 
impact categories such as climate change, water use, eco-
toxicity, and metal depletion, four rows should be placed 
in intervention matrix B. The value of the characterized 
emission factor inserted should be normalized to the unit 
of output represented in the column.

Table 1  Definitions of notations

Notation Definition

A Technology matrix
A−1 Inverse of technology matrix
Amonetary Monetary matrix
Ascaled Scaled technology matrix
Amonetary,scaled Scaled monetary matrix
B Interventions matrix
⍺ Price vector
⍺j,1 Value in price vector ⍺ at row j
β Price vector adjusted for the time value of 

money at time t and interest rate i
βj,1 Value in price vector β at row j
f Demand vector
g Interventions vector
i Interest rate (%)
j Row number in a matrix
k Column number in a matrix
m Total number of rows or columns in a matrix 

if it is not equal to “n”
n Total number of rows or columns in a matrix
s Scaling vector
t Time

Table 2  Rules for values in price vector ⍺ 

Type of flow Sign Rules

Valuable output flows (e.g., products, co-products, 
intermediary flows)

Positive (+ ve)

Valueless output flows (i.e., waste) Negative (− ve) Value must be set as the cost for disposing the waste
Taxes Negative (− ve)
Subsidies Positive (+ ve)
Fixed costs (e.g., capital goods, equipment) Positive (+ ve) Value must be set as the price of the capital good 

multiplied by its total lifetime
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2.5.2  Economic interventions

To conduct LCC through the  UM3-LCE3-ISN methodology, 
the monetary marginal value for each process column must 
be computed and placed in the economic row of interven-
tions matrix B. This is done through six steps which are as 
follows:

Step 1: Set values in price vector ⍺
Step 2: Compute present values in price vector β
Step 3: Construct matrix Diag(β)
Step 4: Construct monetary matrix (Amonetary = Diag(β)A)
Step 5: Compute the marginal present value for all columns
Step 6: Placement of marginal present values in interven-
tions matrix B

A detailed explanation of each step with visual examples 
is provided in Section 1.4 of the supplementary informa-
tion. During the final step of constructing interventions 
matrix B, monetary marginal values should only be placed 
for columns that represent processes that take place within 
the boundary of any entity in an ISN. This rule exists so 
that during model analysis, interventions matrix B can be 
used for both LCA and LCC.  Including the monetary mar-
ginal value for columns that represent processes that take 
place only within the boundaries of an entity in the network 
ensures that the LCC results reflect only the direct cash 
flows of the network or specific entity of interest. However, 
should the scope of an LCC study seek to examine the 
economic flows across the whole supply chain at steps that 
take place beyond the boundary of and ISN, the monetary 
marginal values for the other processes could be added to 
interventions matrix B.

2.6  Multi‑level analysis

As previously discussed, the model constructed by 
 UM3-LCE3-ISN comprises four parameters that can be adjusted 
to conduct multi-level environmental and economic analysis.  
These are (1) demand vector f, (2) price vector ⍺, (3) time t, 
and (4) interest rate i. By turning on and off certain values 
in demand vector f and price vector ⍺, the user can acquire 
aggregated and disaggregated LCA and LCC results regard-
ing the ISN. Fully aggregated results would be those at the 
level of the entire network. Disaggregated results would be 
those that represent specific entities, product flows, or spe-
cific processes such as recycling.

2.6.1  Environmental evaluation

The demand vector can be manipulated to analyze each 
modeled scenario at different levels as shown in Fig. 3 in 

the model analysis component of the formalism. To analyze 
the life cycle environmental impacts of the entire network, 
demand vector f should be set for all final products and ser-
vices in the functional unit. This represents the total amount 
of all output flows, without sink entities, that the network 
produces during the analysis period of interest. For example, 
if six valuable products are made in an ISN in one year, the 
values in the demand vector for those six resource flows 
should be set to the amount that is produced within one year.

The network-level results can be broken down to analyze 
the environmental impacts of one entity in the network. This 
is done by setting the values in the demand vector only to 
the amount of valuable output flows from the entity of inter-
est during the period of analysis. To analyze one specific 
resource flow in the model, only the value for the resource 
flow of interest in the demand vector should be given a 
value. An example of flow-level analysis is computing the 
environmental impacts of a waste-to-resource conversion 
process. In this case, the demand vector would be set to 
amount of output from the waste-to-resource conversion 
process that is required as a reference flow to the functional 
unit of the ISN.

2.6.2  Economic evaluation

The  UM3-LCE3-ISN methodology follows Moreau and  
Weidema (2015) in defining LCC as the sum of the net profit 
over the life cycle, which is consistent with LCA and cradle-
to-gate assessments in particular. To produce LCC results at 
the network, entity, and flow levels, the same analysis steps 
discussed previously can be followed. Before those analysis 
steps are followed, the parameters for monetary flows (price 
vector), time, and interest rate must be set. The time period 
of interest has to be defined in terms of years. Next, the inter-
est rate for the period of interest has to be defined. Finally, 
the prices in price vector ⍺ must be defined for all monetary 
flows considered in the period of analysis. The monetary 
value should be set to the price per unit of the flow in tech-
nology matrix A and the sign (positive or negative) should 
be set according to the rules stated in Table 2.

For flows that represent a fixed cost such as a capital 
good, the value entered in price vector ⍺ must be set as 
the price of the capital good multiplied by its total lifetime 
(i.e., years). This modification of the price is done because 
consumption of capital goods is represented in the columns 
of technology matrix A as the amount consumed per unit of 
valuable output produced based on a defined capacity and 
lifetime. In an LCC, the cost of a capital good is completely 
incurred in a specific year, whereas in LCA, the environmen-
tal impacts of a capital good consumed are amortized and  
distributed over the total amount of products the capital  
good produces over its entire lifetime. Therefore, this 
rule for setting the monetary value of the capital good  
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in price vector ⍺ allows for the full cost of the capital good 
to be incurred all at once in a specific time period of interest 
without having to modify technology matrix A, interventions  
matrix B, or the values defined in the demand vector. This is 
explained in further detail in Sections 1.2.4 and 1.4 of the sup-
plementary information. Once the values in price vector ⍺,  
time period, and interest rate are set, the monetary marginal 
values can be calculated and inserted into the economic  
interventions row in matrix B.

In an LCC, the analysis usually takes place over multiple 
years depending on the goal and scope of the study. For each 
year of interest, the value set for time t has to be adjusted 
accordingly so that the LCC results computed represents the 
present value in a given time period and defined interest rate. 
For years that a capital good is not purchased, the monetary 
value for the capital good in price vector ⍺ should be set to 
zero. Similarly, if there is no cost or revenue for other flows 
in a specific year, the monetary value of those flows should 
also be set to zero.

3  Case study

To test the  UM3-LCE3-ISN methodology, a case study was 
carried out that conducts an LCA and LCC of a fictitious 
urban agri-food ISN that comprises five entities that produce 
food at different scales. The five entities include a soil farm, 
a hydroponics farm, a brewery, an egg farm, and a fish farm. 
The case study compares the life cycle environmental and 
economic performance of an ISN before and after waste-
to-resource exchanges. The functional unit of this LCA and 
LCC is the total food items produced by all five entities 
over a period of 10 years. The system boundary of the LCA 
and LCC is cradle-to-gate. All products from each entity 
are assumed to be delivered to a general market. All entity 
production processes take place within Singapore. Wastes 
generated from each entity’s cradle-to-gate production pro-
cesses are sent to an incinerator in Singapore if they are not 
converted into resources.

The design of the two scenarios in this case study (before 
and after waste-to-resource exchanges) was based on real 
food production volumes and manufacturing processes in 
Singapore as well as waste valorization technologies being 
explored. Interviews with the relevant food production enti-
ties in Singapore and secondary data from the literature 
served as the basis for modeling the activities in both sce-
narios of the case study. Section 2 of the supplementary 
information provides all the data and assumptions used to 
model each entity in both case study scenarios. Table S2-1 
in Section 2 of the supplementary information lists the refer-
ence flows of each entity in the defined functional unit on 
an annual basis.

The environmental impact categories used in the LCA 
were climate change on a 100-year time horizon, cumulative 
energy demand, and water depletion. These three impact 
categories were selected to measure the balance in the food-
energy-water nexus which is relevant to the context of Singa-
pore, a resource-scarce nation that has a goal to produce 30% 
of its food requirements by 2030 (Singapore Food Agency 
2019). In the impact categories of climate change and water 
depletion, characterization factors from the ReCiPe method 
(Huijbregts et al. 2017) for midpoint indicators from a hier-
archal perspective were used. In the economic evaluation, 
LCC was used to measure the NPV of the entire network 
and each entity over a period of 10 years. The NPV analysis  
was used to measure the change in profitability of the entire ISN  
and its participating entities when waste-to-resource 
exchanges are implemented. The NPV analysis included all 
capital (fixed) and operation (variable) costs and revenue. 
The interest applied was 8.88% (DBS Bank 2021) to fac-
tor in the time value of money in the economic evaluation. 
The case study assumes that all capital expenses (CAPEX) 
can be salvaged at 10% of the original price at the end of 
10 years. The CAPEX for all entities in the ISN were esti-
mated as overall bulk costs. The monetary data used in this 
case study are listed in the Sect. 2.3 of the supplementary 
information.

3.1  Scenarios

The reference scenario (REF) represents business-as-usual 
where all entities produce their goods independently and do 
not participate in any waste-to-resource exchanges. Thus, all 
wastes are sent to an incinerator in Singapore. Since wastes 
are not converted into resources, all five entities consume 
virgin resources to meet their annual production demand. 
The industrial symbiosis scenario (ISN) represents a fic-
titious situation where the chicken manure, spent grains, 
organic agriculture waste, and wastewater are converted into 
resources that are consumed by other entities in the ISN. The 
conversion of valuable wastes into resources and their move-
ment from different sources to sinks are illustrated in Fig. 4.

Five waste-to-resource exchanges exist. The brewery 
gives its spent grains as chicken feed to the egg farm and 
to a facility that uses black soldier flies to convert spent 
grains into alternative fishmeal. The alternative fishmeal is 
used in fish feed production for the fish farm. The egg farm 
sends a portion of its manure to an anaerobic digester to 
produce electricity. The electricity generated is able to meet 
the total annual electricity demand of the egg farm itself as 
well as the hydroponics and soil farms. The electricity from 
the anaerobic digester is sold to those entities at a price 10% 
lower than the cost of electricity from the grid. The organic 
waste at the hydroponics farm is given to the soil farm to use 
as compost. Similarly, the wastewater from the hydroponics 
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farm is given to the soil farm for reuse. The life cycle inven-
tory (LCI) data used to model all five entities and the waste-
to-resource exchanges in the LCA and LCC are provided  
in full detail in Section 2.2 of the supplementary information.

3.2  Modeling and analysis

To conduct the LCA and LCC, the  UM3-LCE3-ISN methodol-
ogy was used to construct and analyze matrix-based models 
for the REF and ISN scenarios. Only two matrix-based models 
were constructed for the two scenarios by following the meth-
odological steps outlined in the model construction formalism 
shown in Fig. 2. The number of columns and rows and values 
in each technology matrix constructed were different depend-
ing on the conditions of each scenario which are described and 
illustrated in detail in Section 2.4 of the supplementary infor-
mation. To analyze the LCA and LCC results at the network, 
entity, and flow levels for the REF and ISN scenarios, the  

annual production output values listed in Table S2-1 in the 
supplementary information were used in the demand vector. 
For the LCC, values in price vector ⍺ were given a value if 
the cost or revenue of a flow (row) was incurred during the 
period of analysis. The different values used in the demand 
vector for network-level, entity-level, and flow-level analyses 
are provided in Table S2-11 in the supplementary information.

4  Results

4.1  Environmental evaluation

4.1.1  Overall results

The life cycle environmental impacts of the REF and 
ISN scenarios are presented on an annual basis in Fig. 5. 
Although the case study’s goal and scope specified a 10-year 

Fig. 4  Configuration of entities in the case study ISN
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time frame, the trends and conclusions drawn from the 
LCA results on an annual basis remain valid because it was 
assumed that the activities in the network are the same each 
year. In this case study, there is a large difference in annual 
production volumes among the entities. Therefore, the LCA 
results at the network and entity levels were presented in 
two ways. The graphs on the left side of Fig. 5 show the 

absolute LCA results of the ISN over a period of one year. 
These results help show how much each entity contributes 
to the total environmental impacts of the entire network. The 
graphs on the right side of Fig. 5 show the LCA results per 
kilogram of food item for each entity. These graphs better 
illustrate the change in total environmental impacts for each 
entity in terms of a single unit of food product, which is 

Fig. 5  Network and entity-level LCA results of REF and ISN scenarios

Table 3  Percent change 
in entity-level life cycle 
environmental impacts after 
waste-to-resource exchanges

Impact category Soil farm Hydroponics farm Brewery Egg farm Fish farm

Climate change 298% 462%  − 1%  − 17% 58%
Cumulative energy demand  − 179%  − 373% 1%  − 26% 79%
Water depletion 1% 20%  − 0.15%  − 22% 38%
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Fig. 6  Flow-level analysis of waste-to-resource exchanges of ISN entities
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seen less clearly in the graphs on the left side of Fig. 5. The 
subsequent sections explain the LCA results at the network, 
entity, and flow-levels.

4.1.2  Network‑level results

In Fig. 5, the network-level results are shown on the left side 
of the red dotted lines in each graph. The results were gen-
erated through  UM3-LCE3-ISN by setting the values of the 
demand vector to be the total annual production volume of 
leafy vegetables from the hydroponics and soil farms, beer, 
eggs, and fish. At the network level, the waste-to-resource 
exchanges reduced the life cycle environmental impacts by 
1.7–2.1% in comparison to the REF scenario (business-as-
usual). Most of the reductions in environmental impacts 
occurred as a result of converting 95% of the chicken manure 
produced in Singapore into electricity instead of sending it  
to the incinerator which occurred in the REF scenario. 
Although the life cycle environmental impacts of the ISN at 
the network-level decreased in all impact categories, certain 
entities increased in their total environmental impacts after 
the waste-to-resource exchanges.

4.1.3  Entity‑level results

On the right side of the dotted lines in the graphs in 
Fig. 5, the life cycle environmental impacts of each entity 
are shown. These results were computed through the 
 UM3-LCE3-ISN methodology by setting a value in the 
demand vector for the specific entity of interest while all 
other values in the demand vector were set to zero. For 
example, to analyze the life cycle environmental impacts 
of the brewery, the demand vector was set to 200,000,000  
liters; the total beer produced in one year. The same process of  
manipulating the demand vector was done to analyze the 
environmental impacts of each entity in both scenarios. 
In the supplementary information, Table S2-11 shows the 
demand vector values used to analyze each entity.

At the entity level, depending on the impact category, 
each entity either increased or decreased in environmental 
impacts when the waste-to-resource exchanges are imple-
mented as shown in Table 3.

Only the brewery and egg farm decreased in total impacts 
whereas the soil, hydroponics, and fish farms increased in 
impacts. The brewery and egg farms decreased in impacts 
because they reduced the amount of waste (manure and 
spent grains) sent to the incinerator. The egg farm showed 
a decrease in environmental impacts in all three impact 
categories. This is because the egg farm was able to avoid 
sending 95% of the manure produced in Singapore to the 
incinerator and sent it to an anaerobic digester where it was 
converted into electricity. The brewery had a small decrease 
in impacts in the ISN scenario because less than half (45%) 
of the spent grains was used as a resource. The entities that 
generally increased in total impacts after waste-to-resources 
were the soil, hydroponics, and fish farms. This is because 
these entities inherited the impacts of the process for con-
verting the wastes (manure and spent grains) into valuable 
resources (electricity and alternative fishmeal).

4.1.4  Flow‑level results

Through flow-level analysis, more granular information 
about the life cycle environmental impacts of a waste-to-
resource conversion process can be acquired. This helps 
determine how much a specific waste-to-resource conver-
sion process contributes to the total impacts of the entity 
that consumes the recycled product. Figure 6 shows the 
entity-level results and isolates the impacts of the waste-to-
resource exchange flows. The total impacts of each entity 
in the graphs in Fig. 6 are presented per kilogram of food 
product. Similar to Fig. 5, the impacts in Fig. 6 are presented 
per kilogram of food product to more clearly illustrate the 
comparison in environmental performance of all entities 
on a single graph. The numerical values for the life cycle 
environmental impacts of each waste-to-resource exchange 
process on an annual basis are provided in Table S3-4 in the 
supplementary information.

In the category of cumulative energy demand, the results 
for the soil and hydroponics farms were negative in the ISN  
scenario  for two reasons. First, these two entities con-
sumed electricity generated by the anaerobic digester, and  
second, the sludge co-produced with electricity from the 
anaerobic digester was sent to the incinerator with energy 

Table 4  NPV of network 
and entities in REF and ISN 
scenarios at year 10

Perspective REF ISN Percent change

Network S$ 20,706,416,279 S$ 20,831,379,366 0.60%
Soil farm S$ 60,038,759 S$ 60,106,696 0.11%
Hydroponics farm S$ 18,595,425 S$ 18,628,697 0.18%
Brewery S$ 20,461,064,627 S$ 20,471,982,814 0.05%
Egg farm S$ 140,543,285 S$ 253,635,354 80.47%
Fish farm S$ 26,174,183 S$ 27,025,806 3.25%
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recovery, which avoids additional electricity production from 
the national grid. In the REF scenario, any manure from the 
egg farm or sludge from the anaerobic digester was sent to 
an incinerator with energy recovery. The soil and hydro-
ponics farms did not have negative results for cumulative 
energy demand because they consumed electricity from the 
Singapore grid instead of the anaerobic digester that would 
have resulted in sludge. In-depth explanations are provided in  
Section 3.1.2 in the supplementary information about why each 
entity increased or decreased in impacts to climate change,  
cumulative energy demand, and water depletion after waste-
to-resource exchanges. Through the use of flow-level anal-
ysis, the user can isolate the impacts of specific waste-to-
resource exchanges and quantify how much they contribute 
to the overall environmental performance of specific entities.

4.2  Economic evaluation

4.2.1  Overall results

Table 4 presents the NPV of the whole network and the indi-
vidual entities after 10 years in the REF and ISN scenarios.

The economic evaluation results were generated through 
 UM3-LCE3-ISN by setting values in the demand vector, the 
price vector, the specific years for the time variable, and the 
interest rate (8.88%). Similar to the environmental evalu-
ation, the demand vector values were set to the total food 
items produced by all five entities annually. In price vector 
⍺, monetary values were set for all flows that incur a cost 
or revenue during the time period of interest. This means 
that at year zero, the monetary value for all flows that are 
operational costs were set to zero and the monetary values 
for all capital goods were set to their price per unit multi-
plied by the capital goods’ assumed lifetime of 10 years. In 
years 1–10, a monetary value was set for all flows that are 
operational costs and revenue, while the monetary values 
of all capital goods were set to zero. Finally, in year 10, a 
monetary value was set for all capital goods that could sal-
vaged at 10% of the original price. The interest rate was set 
to 8.88% for all 10 years.

4.2.2  Network‑level results

As shown in Table 4, the overall network NPV in the ISN 
scenario was higher than that of the REF scenario. Figure 7 
illustrates the present value of the entire network in the REF 
and ISN scenarios from years 0 to 10. The present value 
starts off negative in year zero for both scenarios because of 
the initial cost of investing in capital goods for all entities. 
From years 1 to 10, the present value shows profitability. 
Each year, the ISN scenario has a slightly higher profitabil-
ity than the REF scenario by about 0.6–0.8% as a result of 
waste-to-resource exchanges. The improvement in profitabil-
ity is due to the reductions in annual costs of all the entities, 
which can be explored through entity-level analysis.

4.2.3  Entity‑level results

Similar to Fig. 7 above, NPV graphs can be created at the 
entity level. Figures S3-1 to S3-5 in the supplementary infor-
mation show the growth in NPV of each entity from years 0 
to 10. The process for generating the economic evaluation 
results at the entity-level was similar to that of the network-
level. The only difference is that for the entity-level results, 
the demand vector was set to the amount of food items 
produced annually by the entity of interest. The numerical 
values used to produce the NPV graphs for each entity are 
provided in Section 3.2.2 of the supplementary information.

The entity-level results show that all the entities were 
able to have higher profits after waste-to-resource exchanges. 
Some entities were able to gain higher profits annually than 
others. The egg farm had a significant increase in profit-
ability each year due to waste-to-resource exchanges. The 
other entities also improved in economic performance after 
waste-to-resource exchanges, but only by a small amount. 
The fish farm improved in annual profitability by about 
3–7%, whereas the brewery, hydroponics, and soil farms 
improved in annual profitability by less than 1%.

The reason all the entities were able to improve in profit-
ability in the ISN scenarios was that the waste-to-resource 

Fig. 7  NPV of whole network 
in REF and ISN scenarios over 
10 years
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exchanges allowed the entities to reduce their annual costs. 
The breakdown of the annual costs for each entity in the 
REF and ISN scenarios are compared in the graphs in 
Fig. 8. The values of the annual cash flows, both revenue 
and costs, are provided in Section 3.2.2 of the supple-
mentary information. The breakdown of the costs for each 
entity was generated through producing a scaled monetary 
matrix. Detailed explanations regarding how all five enti-
ties were able to reduce their annual costs in the ISN sce-
narios can be found in Section 3.2.3 of the supplementary 
information.

5  Discussion

5.1  Methodological contributions

5.1.1  Technical issues in multi‑level LCAs and LCCs of ISNs

In Section 1, there were three issues mentioned regarding 
the state-of-the-art of methodologies used to conduct multi-
level LCAs and LCCs of ISNs. The first issue is that exist-
ing methods that use a matrix-based model to unify LCA  
and LCC have been applied to single product systems, 

Fig. 8  Breakdown of annual OPEX for entities in REF and ISN scenarios
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but not multi-product systems that are linked by waste-to-
resource exchanges which is often the case for ISNs. The 
second issue is how to represent fixed costs in a model that 
is used for both LCA and LCC. The environmental impacts 
of capital goods in LCA are typically amortized and are 
distributed across the equipment’s lifetime and number of 
products that are produced within the capital good’s life-
time. On the contrary, in an LCC, the full monetary cost 
of a capital good is incurred once during a specific time 
period. A model that unifies LCA and LCC of ISNs needs 
to be able to satisfy these two aforementioned conditions. 
The last issue is the lack of a method for disaggregating 
network-level LCA and LCC results of an ISN to the levels 
of specific entities or product flows.

5.1.2  Addressing the technical issues

The  UM3-LCE3-ISN methodology uses a matrix-based 
model that unifies LCA and LCC to address the aforemen-
tioned challenges. By following the formalism for model 
construction and analysis as shown in Figs. 2 and 3, the 
 UM3-LCE3-ISN methodology can consistently construct 
a square and invertible technology matrix that can disag-
gregate multi-product systems. To address the first chal-
lenge, the  UM3-LCE3-ISN methodology unifies LCA and 
LCC by creating matrices that represent both the physical 
and monetary flows that occur across the life cycle stages 
of an ISN. Steps are provided at each stage of construct-
ing a technology matrix (see Fig. 2) that represents the 
physical flows of the system. The model construction 
formalism states rules about the number of columns to 
create in the technology matrix to represent the entities, 
waste-to-resource conversion processes, intermediary pro-
duction processes for raw materials, and waste treatment 
processes. The methodology’s formalism also states rules 
regarding the number of rows to create in the technology 
matrix and how additional rows should be added when 
there are flows with multiple sources and sinks. To trans-
late the physical flows to monetary flows in the model, 
price vectors ⍺ and β are defined which are used to con-
struct a monetary matrix. The monetary matrix represents 
the physical flows of the technology matrix in terms of the 
monetary values specified in price vectors ⍺ and β. Thus, 
the same model can be used to represent both physical 
and monetary flows. An interventions matrix is defined to 
represent the environmental impacts of a process (column) 
as well as the monetary marginal value. The monetary 
marginal values for each process are computed from the 
monetary matrix, which are used to compute the NPV of 
an ISN at multiple levels.

The second issue of representing fixed costs (e.g., capital 
goods, equipment) in a unified model for LCA and LCC is 
addressed through amortizing the amount of capital goods 
a process consumes in the technology matrix and adjusting 
the monetary value set in price vector ⍺ for the fixed cost. In  
Section 1.2.4 of the supplementary information, an example is  
provided about how to compute the amount of capital goods 
an entity in an ISN consumes per unit product. The monetary 
value of the capital good inserted into price vector ⍺ must 
be set as the price of the capital good multiplied by its total 
lifetime. This ensures that the full cost of the capital good is 
completely incurred in the time period of interest without 
having to modify technology matrix A. Following the multi-
level analysis formalism in Fig. 3, the monetary value of the 
capital good will only be turned on in price vector ⍺ in the 
year the cost is incurred. The present value computed for the 
network or an entity in the specified time period will include 
the full cost of the capital good. This method was tested in 
the case study, and the bulk capital costs for each entity were 
correctly computed in the LCC for the NPV analysis.

The  UM3-LCE3-ISN methodology addresses the third 
technical issue through a method for constructing a model 
that uses demand vector f and price vector ⍺ to disaggre-
gate the network-level LCA and LCC results to the levels of 
specific entities or product flows. In the multi-level analysis 
formalism (see Fig. 3), rules are provided about how to set 
price vector ⍺ to include the monetary flows that take place 
in an ISN during a specified time period. To analyze the 
results at the different stakeholder levels, rules are provided 
in the multi-level analysis formalism about how to set the 
demand vector to generate LCA and LCC results at either 
the network, entity, or flow levels. In the  UM3-LCE3-ISN 
methodology, waste-to-resource conversion processes are 
represented in the technology matrix as columns with row 
values that represent flows that come from one or more 
entity columns and/or flows that are sent to one or more 
entities in an ISN. In waste-to-resource exchanges, entities or 
processes (columns) will have multiple valuable output flows 
since they produce the main product(s) and valuable waste 
flows. The formalism for  UM3-LCE3-ISN states rules in the 
multi-product allocation stage of matrix construction regard-
ing how the column for an entity or process with multiple 
valuable output flows should be split for each product. In 
terms of economic analysis, rules are established with regard 
to how the values in price vector ⍺ should be set to reflect 
the revenue and costs of a waste-to-resource exchange from 
the perspectives of the entities involved. This capability of 
disaggregating the network-level results to the levels of the 
entities and specific product flows was demonstrated in the 
case study through the computation of LCA and LCC results 
for the entire network as well as each of the five entities as 
shown in Figs. 5 to 8.
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5.2  Advantages

The case study demonstrated several advantages of using the 
 UM3-LCE3-ISN methodology to conduct multi-level LCAs 
and LCCs of ISNs.

5.2.1  Multi‑level analysis in a single model

The first advantage is that unified modeling and analysis 
allows the user to use a single model for each scenario to 
analyze both the life cycle environmental impacts and eco-
nomic costs and revenue simultaneously. In the case study, 
only one matrix model was needed for each scenario and 
only one computation was required to construct the model as 
opposed to several computations in multiple separate mod-
els. Through manipulation of the demand and price vec-
tor, the model can compute the LCA and/or LCC results 
of the whole network, which can be broken down to the 
individual entities or their specific output flows in the case of 
multi-output entities. Using traditional approaches, the user 
would need to construct multiple separate process-based 
LCA models to represent the perspective of each entity, 
each waste-to-resource exchange, and combine the results 
to get the perspective of the whole network (Kerdlap et al. 
2020a). Representing both the foreground and background 
systems of an ISN in just one model avoids the need to do 
separate computations in each system that is modeled. Fur-
thermore, the  UM3-LCE3-ISN methodology can conduct a 
more detailed LCA and LCC of waste-to-resource conver-
sion processes within an ISN and determine their contribu-
tion to environmental and economic performance of specific 
entities. Through this multi-level approach, LCA and LCC 
results can be generated for stakeholder groups with different 
interests regarding the environmental and economic perfor-
mance of an ISN. Network-level results would be of inter-
est to policy makers and industrial estate planners, whereas 
entity-level results would be of interest to the individual 
companies operating in an ISN. Although LCAs and LCCs 
of ISNs can be done by constructing more than one model, 
the use of a single model reduces the amount of time needed 
to analyze the different stakeholder perspectives.

5.2.2  Traceability

When modeling the physical and monetary flows of an ISN 
across the entire life cycle, the user must be able to check 
if the physical and monetary flows simulated in the model 
represent reality. This means that the user should be able to 
know the absolute amounts of physical and monetary flows 
being modeled and trace their respective sources and sinks. 
Verification of the model constructed by the  UM3-LCE3-ISN 
methodology can be done by producing the scaled 

technology and monetary matrices. The scaled technology 
matrix can be used to verify all the physical flows of an ISN 
across the entire life cycle. This is done by taking technology 
matrix A and multiplying it by the diagonal matrix of scaling 
vector s (ADiag(s)) to produce a new technology matrix that 
is scaled to the functional unit defined by demand vector f. 
In the scaled technology matrix, the total inputs and outputs 
of the system are computed. The scaled monetary matrix can 
be used to verify all the monetary flows of an ISN across the 
entire life cycle. Similar to producing the scaled technology 
matrix, the scaled monetary matrix is produced by taking 
the monetary matrix (Amonetary) and multiplying it by it by 
the diagonal matrix of scaling vector s (AmonetaryDiag(s)). 
The scaled monetary matrix serves an account balance sheet 
where the user can view all the costs and revenue of each 
column and identify where the cash flows move to and from 
in the system modeled. By analyzing the scaled technology 
and monetary matrices, the user can determine the physical 
and monetary relationships between the entities in an ISN 
based on how the resource and waste flows move from their 
source to production and recycling processes and become 
inputs to other entities in the network. The scaled technology 
and monetary matrices can be adjusted accordingly based on 
the values set in the demand vector. The use of the scaled 
technology and monetary matrices are explained in further 
detail in Section 1.5 of the supplementary information.

5.2.3  Consistency in physical and monetary flows 
and assumptions

Using the  UM3-LCE3-ISN methodology helps ensure con-
sistency between the systems used to conduct the LCA and 
LCC of an ISN. This is achieved through a single model 
that represents both the monetary and physical systems as 
opposed to relying on two or more separate models for envi-
ronmental and economic evaluation. The premise is that with 
one matrix model, the  UM3-LCE3-ISN methodology is able 
to unify potential conflicting assumptions and data used by 
different models and obtain more holistic LCA and LCC 
results that are harmonized for stakeholders across the dif-
ferent levels. Using separate models for the LCA and LCC 
would require more time to construct and analyze the mod-
els and check to make sure the assumptions in the different 
models are consistent with each other.

5.2.4  Time‑based resolution

The  UM3-LCE3-ISN methodology was designed to include 
a time parameter to factor in the time value of money in 
the LCC. The model therefore computes the results for dif-
ferent snapshots of time. This is necessary because some 
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activities, such as the purchase of capital goods, occur dur-
ing specific time periods and are not repeated over several 
years. Therefore, the user can compute the life cycle envi-
ronmental impacts and NPV for a given time period. With 
this in mind, the technology matrix could be modified to 
reflect a change that occurs in the system during a given 
period (e.g., improvement in energy efficiency, reduction in 
virgin resource consumption, reduction in waste). Thus, the 
user can use the same model to represent an ISN at differ-
ent time periods and make modifications in the inputs and 
outputs for processes (columns) in the technology matrix. 
Users can design the model to represent taxes or incentives 
and use price vector ⍺ to control which time periods those 
monetary flows should occur in and how these changes affect 
the economic evaluation results.

5.3  Limitations

One of the challenges encountered during the development 
of the methodology was the need for mass balancing of pro-
cesses with flows that have multiple sources and sinks. In 
the formalism, this occurs during the multi-product alloca-
tion stage of matrix construction with a rule that states “… 
The value of the flow in each ‘split’ row should be propor-
tional to the amount coming from the different sources and/
or going to different sinks.” The need for mass balancing 
often occurs during a waste-to-resource exchange process 
when an entity consumes a resource from a virgin or recy-
cled source or when an entity produces waste with a portion 
that is recycled and another portion that is disposed. Mass 
balancing in the technology matrix is needed so that the LCA  
and LCC results generated are an accurate representation 
of the ISN. Currently, the mass balancing is done manually 
outside the matrix-based model and the values for the flows 
are inserted into the technology matrix accordingly.

Although providing LCA and LCC results in snapshots 
of time is useful for exploring variations in activities dur-
ing different time periods, the methodology has a limita-
tion with LCC specifically. The methodology currently 
requires the user to compute the LCC results in multi-
ple iterations depending on the number of time periods 
of interest. In essence, the user must change the time 
parameter to generate LCC results for each year. This is 
in contrast to just entering the maximum time period once 
and generating the final LCC results. Typically, this type 
of LCC is done through a summation equation with all  
the LCC parameters defined and the total costs and rev-
enue are computed from the start to the end time period 
defined (Swarr et al. 2011; Reddy et al. 2015). Although 
using a summation equation for LCC provides the ease 
of computing the LCC results by entering the maximum  

time period, such an approach may not be compatible for 
multi-level LCA and LCC (Kerdlap et al. 2020a).

A topic that has been discussed widely in the literature 
in LCA of ISNs is allocation of the environmental impacts 
of co-products and waste-to-resource exchange processes 
between entities (Mattila et al. 2012; Martin et al. 2015; 
Kim et al. 2018). There is not a correct method to solve 
this problem. Rather, the allocation method chosen should 
be consistent with the methodological choices of the study 
(Guinée et al. 2004). The three methods that have been 
used for allocation are 100–0 (also referred to as cutoff 
allocation), 0–100 (also referred to as substitution), and 
50/50, which can be summarized as follows.

• 100–0 method: All the credits for avoided resource 
requirements are given to the company that produced 
the by-product that could be used as a resource for the 
receiving company.

• 0–100 method: The company that receives the by-product 
gets the credit for avoided resource use.

• 50/50 method: The credits are evenly split between both 
companies involved in the waste-to-resource exchange.

LCA case studies of ISNs by Vigano et  al. (2020), 
Hildebrandt et al. (2019), Kim et al. (2018), and Martin 
et al. (2014) have shown that the results can be different 
depending on how the environmental impacts of wastes, 
by-products, and conversion processes are allocated. In 
the  UM3-LCE3-ISN methodology, users can decide how 
to allocate the inputs and outputs of multi-product enti-
ties during the third stage of constructing the technol-
ogy matrix (see Fig. 2). With regard to waste-to-resource 
conversion processes (e.g., recycling, upcycling), the 
 UM3-LCE3-ISN methodology currently treats the conver-
sion processes as a production process where the entity 
that consumes a recycled or upcycled product will incur 
the environmental impacts of converting the waste into a 
resource. However, the user can isolate the environmental 
impacts of the waste-to-resource conversion process by 
setting the demand vector to the amount of recycled prod-
uct and distribute the impacts according to the allocation 
method suitable to the goal and scope of the study.

5.4  Future work

There are several opportunities for future work to push 
the boundaries in this field of research. One area of 
future research is enabling optimization of ISNs in the 
 UM3-LCE3-ISN methodology. The methodology is cur-
rently designed as an analytical model for exploring what-if 
scenarios depending on the user’s interests. Optimization 
would be helpful for users who have a specific objective 
(e.g., achieve lowest or highest environmental impacts, 
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maximize profitability, minimize virgin material use) and 
produce multi-level LCA and LCC results. Enabling opti-
mization would entail setting rules on how the parameters 
of the optimization problem should be defined and how they 
would affect parts of the technology matrix such as the scal-
ing vector values. The feasibility of optimizing ISNs based 
on LCA results could be limited by the high variability of 
LCA results caused by several factors such as the choice of 
the life cycle impact assessment method or use of different 
datasets for background processes.

Another future area of research is enabling dynamic mod-
eling in the  UM3-LCE3-ISN methodology. In the methodol-
ogy’s current state, a different model needs to be constructed 
for each ISN scenario because the processes in the technol-
ogy matrix are different depending on the amounts of flows 
going to and from different sources and sinks in a scenario. 
The  UM3-LCE3-ISN methodology could be improved to 
construct a single matrix for all scenarios and include a 
parameter for turning on and off specific waste-to-resource 
exchange connections in the technology matrix. This would 
help enable more dynamic analyses that can be done in a 
step-wise fashion.

More research could be done to apply the  UM3-LCE3-ISN 
methodology to broader circular economy applications. As 
the scope of the methodology was limited to cradle-to-gate 
as the system boundary, the methodology can be expanded to 
include the use and end-of-life stages of the products in the 
functional unit. Future case studies could be done to broaden 
the methodology’s application to circular economy systems 
where the downstream activities of products in an ISN are 
included. The products made in an ISN could be recycled 
or reused in other production systems that exist in the ISN. 
More rules would need to be included in the formalism with 
regards to the number of rows and columns that must be 
added to the matrix and how the values in the technology 
matrix, demand vector, and price vector should be set.

There is potential for applying the  UM3-LCE3-ISN meth-
odology in software tools that assist industrial symbiosis 
stakeholders in making decisions. Examples of these stake-
holders include policy makers, urban planners, ISN facilita-
tors, companies, researchers, product designers, and logis-
tics service providers. Each of these stakeholders requires 
environmental and economic performance information at 
either the network, entity, or resource flow levels, which 
the  UM3-LCE3-ISN methodology can provide. To apply the 
methodology in software tools, future work could be done to 
create a dashboard system that improves the visualization of 
the LCA and LCC results of an ISN generated by the meth-
odology. This would help improve communication of the 
LCA and LCC results to the different types of stakeholders 
who lack technical expertise in LCA and LCC, but still need 
to make decisions regarding the development of an ISN.

6  Conclusions

This study introduces  UM3-LCE3-ISN, a methodology 
designed to conduct multi-level life cycle environmental 
and economic performance evaluations of any type of ISN. 
This methodology is able to construct a single matrix-based 
model that represents an ISN and can produce LCA and LCC 
results at the network, entity, and flow levels. A formalism 
is provided that outlines steps for constructing a multi-level 
model and analyze it at different levels through manipulation 
of the demand and price vectors and the parameters for time 
and interest rate.  UM3-LCE3-ISN is designed to be generic 
to any type of ISN and is able to consistently construct a 
square invertible matrix that can represent both physical and 
monetary flows that are produced from multiple sources and 
consumed by multiple sinks. The model is able to produce 
LCA and LCC results at different snapshots of time depend-
ing on the period of interest specified in the time variable.

To test the  UM3-LCE3-ISN methodology, a case study 
was carried out that evaluates the life cycle environmental 
and economic performance of a fictitious urban agri-food 
production ISN in Singapore over a period of 10 years. The 
network comprised five entities that produce leafy vegeta-
bles, beer, eggs, and fish and exchange valuable wastes that 
are used as resources in each other’s supply chains. This case 
study had both products and wastes with multiple sources 
and sinks. The methodological steps outlined in the for-
malism were followed to construct a square and invertible 
technology matrix that disaggregates multi-product systems 
in this case study. Only a single matrix-based model was 
required to represent the foreground and background systems 
of each scenario examined instead of having to construct 
multiple separate models for each entity in the network. Each 
model constructed was able to compute the life cycle envi-
ronmental impacts and economic costs and benefits from the 
perspectives of the network, each entity, and different flows 
of interest. This was done by manipulating the values in the 
demand vector, price vector, and parameters for time and 
interest rate as stated in the methodological steps outlined in 
the formalism (Figs. 2 and 3). For economic evaluation, the 
values in the price vector were turned on and off depending 
on whether the flow was considered a cost or revenue during 
the time period of interest in the analysis. Through following 
these steps, the life cycle environmental impacts and NPV 
were calculated for the REF and ISN scenarios to compare 
the environmental and economic performance before and 
after waste-to-resource exchanges from the perspectives of 
different stakeholders.

The  UM3-LCE3-ISN methodology developed can be 
applied to industrial symbiosis facilitation tools and soft-
ware. This would allow policy-makers, urban planners, busi-
nesses, and product designers to operate on a single platform 
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to make holistic evidence-based decisions in the develop-
ment of ISNs with regard to environmental and economic 
performance. Through the use of a single model that uni-
fies LCA and LCC of ISNs, stakeholders at different levels 
can align on a common system when conducting multi-level 
analysis to acquire the information they need that suits their 
unique set of goals and objectives.
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