
Rethinking environmental benefit allocation in industrial symbiosis

Anna Ruini a,b, Fabio Sporchia a,b, Valentina Niccolucci a, Federico M. Pulselli a,  
Simone Bastianoni a,*

a Ecodynamics Group, Department of Physical Sciences, Earth and Environment, University of Siena, Italy
b Department of Science, Technology and Society, University School for Advanced Studies IUSS Pavia, Pavia, Italy

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A new redistribution of environmental 
benefits in Industrial Symbiosis is 
proposed.

• The holistic approach aligns enterprise 
improvements with overall system 
gains.

• The method avoids the fragmentation 
issue in IS benefit assessment.

• The environmental benefits are seen as 
emergent properties of the IS network.

• Allocation is shifted from Life Cycle In
ventory to Life Cycle Impact 
Assessment.
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A B S T R A C T

Industrial Symbiosis (IS) enables enterprises that typically operate independently to collaborate through the 
exchange of energy, materials, services, and knowledge. This approach helps reduce reliance on virgin resources, 
minimize waste, and contribute to climate change mitigation, among other impacts. Recently, the potential of 
this approach has gained attention, as policymakers are integrating IS into ambitious targets, such as 2050 
climate neutrality. Moreover, initially mainly driven by cost savings, now IS is valued for its environmental gains.

This shift has sparked interest in quantifying the advantages to both the overall network and individual en
terprises. However, a standardized method for assessing these benefits has yet to be established.

Most of the current methodologies found in literature and guidelines take a reductionist approach, addressing 
the multifunctionality issue in IS by isolating one or a few enterprises at a time, thus fragmenting the complex 
system. This approach, which focuses on identifying ‘who benefits’ among the enterprises involved in IS, 
overlooks the complexity of the entire system. To address the tension between the need for a systemic perspective 
and the desire to quantify each enterprise's contribution and environmental gains, this study proposes a new 
redistribution approach. This approach ensures that each enterprise improves its score in line with the overall 
rate of improvement in the industrial symbiosis, compared to a scenario where no symbiotic practices are 
implemented. This approach is based on the idea that, regardless of the types of products and organizations 
involved, the environmental benefits of IS are emergent properties of the entire industrial symbiosis network, a 
composite system. That is why rather than focusing on inputs, this approach redistributes the overall benefits and 
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impacts across the network, shifting the allocation process from the Life Cycle Inventory stage to the Life Cycle 
Impact Assessment stage.

1. Introduction

Industrial Symbiosis (IS) is a practice that builds interfirm exchanges 
of energy, utilities, materials, services, and knowledge among enter
prises that are typically separated to create competitive advantages 
(Chertow, 2000; Lombardi and Laybourn, 2012). This practice is 
intended to optimize resource efficiency: it minimizes the use of raw 
materials and energy by utilizing one enterprise's production residue (a 
material not deliberately produced in a production process that may or 
may not be a waste (European Commission et al., 2012) as another 
enterprise's productive input (Chertow, 2000), making it a symbiotic 
resources. Hereafter, we refer to symbiotic resources as an input that 
substitutes a conventional raw material.

The practice of IS is rapidly gaining momentum worldwide. It has 
been enforced at various policy levels, from local to international, and in 
multiple forms, e.g. top-down government mandates and bottom-up 
independent projects and programs (Cecchin et al., 2020). The Euro
pean Union (EU) has identified IS as a vital component of its strategy to 
become the world's first climate-neutral continent by 2050, making IS a 
critical element of the EU Sustainable Industry Policy Program 
(European Commission et al., 2018) and the Green Deal (European 
Commission, 2019). The European Commission is placing growing 
emphasis on the enterprises' responsibilities for their environmental 
performance (European Commission, 2020). Against this background, 
enterprises, initially driven by cost savings, now also value IS for envi
ronmental gains (Ormazabal et al., 2018).

Partaking into an IS can bring environmental benefits both to the 
overall system and to the individual enterprises, potentially supporting 
environmental claims. An enterprise supplying a production residue 
may claim the credit for reducing the demand for virgin material, while 
the enterprises receiving and reusing the production residue might want 
to market their product as having a lower environmental impact 
(Kristensen et al., 2021). Understanding how much an enterprise gains 
or contributes to the IS network's environmental performance can pro
vide a strong incentive for opting for symbiotic resources. This justifi
cation can support any necessary modifications to the production chain 
or additional costs required to join the network (Arce Bastias et al., 
2023). Since the primary drivers and implementers of the IS network are 
the participating enterprises (Tao et al., 2019), quantifying the envi
ronmental benefits of an IS—both from a system perspective (network- 
wide) and an enterprise perspective (individual enterprises)—has 
become increasingly important to these enterprises (Kerdlap et al., 
2020).

The methods and indicators applied to evaluate an IS network's 
environmental impacts are various: Input-output analysis, ecological 
network analysis, Life Cycle Assessment (LCA), environmental impact 
assessment, carbon footprint analysis, material flow analysis, exergy 
analysis, emergy evaluation, and Ecological Footprint evaluation (Neves 
et al., 2020). Among these, LCA, a method based on accepted scientific 
standards and guidelines, clearly shows how networking reduces overall 
the demand for virgin raw materials, energy, and landfill waste disposal 
and their related environmental impacts (Brondi et al., 2018; Røyne 
et al., 2018; Neves et al., 2020). Even if there are many studies in 
literature that focus on the environmental performance of the overall IS 
network (Neves et al., 2020), only few have attempted to determine how 
the environmental performance of each enterprise changes due to 
partaking in the symbiotic network as it is a challenging step: the IS 
network is, by definition, a group of multiple enterprises—each pro
ducing its own main outputs and usually one or more symbiotic 
resources—making both the network and its participants inherently 
multifunctional (a system is multifunctional when it provides multiple 

functions (Ekvall and Finnveden, 2001)). Many scientific articles, re
views, and opinion papers discuss the existing solutions to handle 
multifunctionality, i.e. allocation methods, aiming to suggest how LCA 
practice can improve consistency. It is worth mentioning Pelletier et al. 
(2015), Hanes et al. (2015), Schrijvers et al. (2016a), Schrijvers et al. 
(2016b), Ijassi et al. (2021), Guinée et al. (2021), Schrijvers et al. 
(2021), Schaubroeck et al. (2021), Schaubroeck et al. (2022). Some 
articles specifically investigated how to solve the multifunctionality 
issue in order to address the redistribution of impacts among the en
terprises involved in IS network and circular systems – see, for example, 
Van Berkel (2010); Martin et al. (2015); Kim et al. (2018); Arce Bastias 
et al. (2023); Ruini et al. (2025). Along with them, there is a wide array 
of standardized LCA guidelines, such as protocols (WRI and WBCSD, 
2011), International Life Cycle Assessment Handbook (ILCA, 2015), 
Product Environmental Footprint - PEF (European Commission, 2013), 
and ISO 14044 (2006), that offer different ways to deal with the issue.

Table 1 summarizes the most used allocation methods to assess the 
impact of the enterprises involved in a IS network, outlining their main 
advantages and disadvantages regarding multifunctionality and the 
approach on which they are based, i.e. attributional or consequential. 
The attributional approach aims to quantify the existing impacts of a 
system through a retrospective and cause-oriented study (Tillman, 
2000). The consequential, instead, looks ahead and assesses the varia
tion in environmental exchanges resulting from implementing an IS 
(Schaubroeck et al., 2021). For an overview of the differences between 
the attributional and consequential approaches in dealing with multi
functionality issues within circular systems the reader can refer to 
Schaubroeck et al. (2021).

The aim of Table 1 is to provide a concise overview, not an in-depth 
analysis. For more detailed information, please refer to the relevant 
literature reviews, including those previously cited and Schrijvers et al. 
(2016b, 2016a), Moretti et al. (2020), Guinée et al. (2021), Lai et al. 
(2021).

After reviewing the literature, it appears that there is no one-size-fits- 
all method to capture each enterprise's role in IS network environmental 
performance, nor is there a standardized method or framework. This 
results in a struggle to agree on how to attribute the environmental 
advantages driven by the IS network to each enterprise in the IS network 
(Russell, 2019). In this context, justifying attribution becomes complex 
and can result in misleading environmental claims or “greenwashing” 
(Schrijvers et al., 2021). As noted by Ruini et al. (2025), when multiple 
enterprises within an IS network seek to claim environmental benefits 
resulting from material upcycling and resource sharing, they face a lack 
of consistent guidance. The most widely used LCA frameworks—the 
Greenhouse Gas Protocol, ISO standards, and the PEF—each propose 
different procedures, leading to significant variation in results. These 
inconsistencies can influence how environmental benefits are reported 
and may even affect enterprises' willingness to join or invest in IS net
works. Furthermore, most of these procedures were clearly explained 
only for products that have reached the end of their life cycle and require 
disposal or reintegration into a new cycle. As such, it is sometimes un
clear how to apply them on exchanges of residues typical of industrial 
symbiosis, where materials are diverted from waste streams and reused 
before becoming waste. An example is the circular formula in PEF. The 
formula is well described and applied to product at the end of their life, 
but no concrete example is provided for managed residues, making its 
application uncertain (Ruini et al., 2025).

According to Voinov and Farley (2007), and later to Bastianoni et al. 
(2023), sustainability should be assessed from a systems perspective. 
Focusing solely on individual enterprises (or pairs of enterprises), as in 
an enterprise perspective, may undermine the benefits of cooperation 
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(Figge et al., 2021) and fail to capture the true environmental advan
tages of the symbiotic network. However, it is fundamental to highlight 
the competitive advantages that each enterprise can gain from 
networking to secure the enterprises' interest in the IS (Kerdlap et al., 
2020). To address the issue, we propose a novel approach based on LCA 
that shifts the allocation procedure from the Life Cycle Inventory phase 
to the Life Cycle Impact Assessment stage, redistributing the IS network's 
environmental benefits and impacts among its enterprises in a holistic 
manner. This approach is based on the idea that the IS network is a 
complex, interconnected system, with its environmental benefits arising 
as emergent properties.

The proposed approach addresses a real-world question increasingly 
often raised by enterprises considering participation in industrial sym
biosis (IS) networks: What environmental benefits can I claim for my 
enterprise? This question becomes especially relevant when a symbiosis 
network is introduced through top-down initiatives—such as territorial 
policies or pilot projects led by public institutions, consultancies, or 
companies promoting circular economy practices in a specific region: 
the proposed approach can be a useful tool for circular economy 
managers.

The next sections are organized as follows: Section 2 covers the 
proposed methodology, and Section 3 explains the rationale for the new 
allocation approach with a numeric example. Section 4 discusses its 
novelty, challenges, and implications. Lastly, the conclusions present the 
main findings and their significance. Annex 1 presents a list of terms 
used in this paper, each accompanied by a specific definition and, where 
applicable, an acronym.

2. Material and methods

The proposed approach employs LCA, a widely used tool for assess
ing resource savings and environmental performance in IS networks 

(Daddi et al., 2017; Wadström et al., 2021; Arce Bastias et al., 2023; ISO 
59020, 2024), to quantify the Environmental Benefits (EBs) of an IS 
network. EBs are defined as the environmental impacts avoided by the 
IS, including the impacts associated with the additional processes and 
inputs required to implement it, such as transportation and extra residue 
processing (Fig. 1). A common method to determine the overall EBs of 
an IS is to compare the environmental impact of the entire IS network, 
with a reference scenario, usually a linear scenario “where no circularity 
takes place” and where “there is no recirculation of energy and materials 
among enterprises” as defined by Bastianoni et al. (2023).

There are many examples in literature that aim to assess the impacts 
and benefits of a IS network based on it comparison with a linear sce
nario. See, among the others Sokka et al. (2008), Van Berkel (2010)
Sokka (2011); Mattila et al. (2012); Martin et al. (2015); Kim et al. 
(2018); Martin and Harris (2018); Arce Bastias et al. (2023); Bastianoni 
et al. (2023); Ruini et al. (2025).

These examples helped to coherently define and model the reference 
scenario of a IS, also to compare alternative designs, as illustrated by 
Sokka (2011). Among the others, Martin (2015) recommended creating 
the reference scenario based on the current system's information and 
geographical data; it is essential to provide detailed explanations and 
justifications for all assumptions made when developing the reference 
scenario, such as materials used, energy consumption, transportation 
options, and other factors. Furthermore, Aissani et al. (2019) produced a 
comprehensive review on the topic of reference scenario for the IS.

Once the reference scenario(s) have been properly defined, it is 
essential to ensure comparability between the IS and the linear scenario 
(s) by setting the same functional unit and system boundaries (ISO, 
2006). However, this task can be challenging. From a system perspec
tive, an IS network is inherently multifunctional, delivering a variety of 
products with distinct functions. Each enterprise within the network 
produces its own main products—defined as the principal outputs of its 

Table 1 
Most common methods dealing with multifunctionality in LCA, as highlight by and Guinée et al. (2021), Lai et al. (2021), Moretti et al. (2020), Schrijvers et al. (2016b, 
2016a).

Allocation method Key aspects Main advantages Main disadvantages

Subdivision Divides a multifunctional process into sub-processes and 
collects data for each sub-process (ISO 14044:2006). 
Based on an attributional approach.

Avoids allocation issues and provides 
more detailed environmental 
information.

Rarely fully applicable; often it is not possible 
to subdivide the system.

System Expansion Expands system boundaries to include all co-functions within 
the same boundaries (ISO 14044:2006). Based on an 
attributional approach.

Provides system-level results and 
avoids allocation.

Does not provide detailed information for 
individual co-products.

Substitution (System 
Expansion by 
Avoidance

Expands the system to account for co-functions by introducing 
substitutional production systems for non-primary functions, 
subtracting their impacts. It can be applied under both 
consequential and attributional approaches 
(Dalgaard et al., 2008; Schrijvers et al., 2016a)

Reflects real-world consequences. Has high uncertainty due to assumptions 
about substitution; does not align with ISO 
14044.

Physical Relationship 
Partitioning

Allocates burdens based on measurable physical relationships 
(e.g., mass, energy, or other physical properties) (ISO 
14044:2006). 
Based on an attributional approach.

It is simple and often data-efficient; It 
aligns with causal relationships when 
physical dependencies exist.

May not reflect actual environmental impacts; 
It is limited to scenarios with clear physical 
relationships.

Economic 
Partitioning

Allocates burdens in proportion to the economic value of 
outputs (ISO 14044:2006). 
Based on an attributional approach.

Reflects market conditions and socio- 
economic context.

It is sensitive to market fluctuations; often fails 
to reflect environmental causality.

Cut-Off Approach Assigns all environmental burdens to the main products, while 
other outputs leave the system as “burden-free” (Ekvall and 
Tillman, 1997). Also known as the ‘recycled content 
approach’ or ‘100–0 method.’ Based on an attributional 
approach.

It is simple and widely used in 
attributional LCAs; avoids complex 
calculations.

Does not account for recycling benefits or 
future uses; underestimates long-term 
environmental effects (Schrijvers et al., 
2016b)

End-of-Life Recycling 
Allocation

Attributes benefits to the producer since primary material 
production is avoided. Also known as the ‘avoided burdens’ 
approach (Heijungs and Guinée, 2007) ‘recyclability 
substitution’ (European Commission, 2010), ‘closed-loop 
approximation’, or ‘0–100 method’(Giorgi et al., 2017)

Reflects actual recycling rates and their 
impacts; is suitable for open-loop 
recycling.

May be inconsistent across different material 
loops; requires detailed tracking of recycled 
content and losses.

Waste Mining Applies to residues with an unconstrained supply; attributes 
benefits to the consumer by avoiding waste management in 
the residue's life cycle (Ekvall and Tillman, 1997)

Avoids waste management burdens. May lack reliable data in practice.

50/50 Method Combines allocation to both recycled content and avoided 
primary production in equal proportions (Schaubroeck et al., 
2021)

Balances both production and recycling 
perspectives; increases consistency for 
recycling scenarios.

May not align with specific LCA goals or 
accurately reflect market impacts.
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production process—as well as residues. Some of these residues become 
symbiotic resources exchanged among enterprises, making the IS 
network a multifunctional system composed of interrelated multifunc
tional sub-systems (i.e., the participating enterprises). According to ISO 
59020 (2024), IS can be considered an example of aggregated partial 
systems that integrate into a larger inter-organizational system.

In this context, Martin et al. (2015) recommend setting the func
tional unit as the sum of the main products of the involved enter
prises—namely, those that determine the output of each production 
process (Weidema, 2000). This approach is supported by Bastianoni 
et al. (2023), who reached similar conclusions in the context of evalu
ating system circularity.

Once the functional unit is established, the next step is to define the 
system boundaries. According to Martin et al. (2015), the system 
boundaries of both the IS network and the reference scenario(s) should 
include all indirect upstream impacts—such as those from raw material 
extraction and transportation—as well as the direct impacts of the 
production processes themselves.

3. The proposed approach

In the proposed approach, the assessment of the overall EB is similar 
to most of the existing LCA methods. It starts from an existing IS with 
material and organizational linkages between the different enterprises 
constituting the symbiosis, as already defined by Aissani et al. (2019), as 
a current IS, and compares it with its corresponding linear scenario, a 
Hypothetical NonSymbiotic Reference Scenario (HNSRS) (Aissani et al., 
2019). HNSRS does not represent the current industrial processes but a 
hypothetical scenario with no symbiotic exchanges between the enter
prises involved (Aissani et al., 2019) – see Error! Reference source not 
found.

To identify and quantify the EB of a current IS, the approach com
pares the impact of the current IS with that of its HNSRS.

In line with this, the proposed approach models the HNSRS as the 
linear system that existed before implementing circular practices and 
imposes to collect data about it. In this way, the HNSRS can be defined 
based on both an in-depth understanding of how the linear system 
operated and on-site data, resulting in reasonable assumptions. How
ever, using a reference scenario leads to a variability issue that should be 
addressed by performing a sensitivity analysis (as recommended by ISO 
standard 14044, 2006).

To ensure comparability between the systems, the current IS and 
HNSRS present the same functional unit – the sum of the main products 

of the IS – and the same system boundaries. In line with Martin et al. 
(2015), the system boundaries of the current IS is defined as “cradle to 
gate” including all the upstream system of the enterprises involved, their 
direct and indirect impact during production, as well as all the addi
tional process necessary to turn the residues into symbiotic resources 
and the management of the residues that remain unused (i.e., not used 
even in the IS). The HNSRS is the set of single independent enterprises 
acting in a linear way. The system boundaries for the HNSRS are “cradle 
to gate” and it is necessary to clearly define the adopted residue man
agement practices. Clearly defining the residue management practices 
used in the IS and linear scenario(s) helps to capture changes in the 
impacts related to the transportation, treatment, and utilization of res
idues or symbiotic resources. On the other hand, since the IS aims to 
repurpose production residues currently unused or utilized differently, 
in both scenarios, the main products of the involved enterprises remain 
unchanged, ensuring comparability.

In both the HNSRS and the current IS, the “end of life” stage of the 
main products is neglected as they are assumed to be the same in both 
the current IS and HNSRS, as per the definition of functional unit. If this 
was not the case, the end-of-life stage should be included.

When implementing symbiotic measures that involve a previously 
used residue (see Fig. 2), it is essential to assess whether the new 
network enhances the environmental performance of the overall system. 
This can be achieved by expanding the system to include the process that 
is already utilizing the studied residue. In this case, it is important to 
introduce a scenario, distinct from the HNSRS, that considers the pre
vious use of the residue: the Previous IS scenario. All scenarios must 
account for both the enterprises involved in the Current IS network and 
those from the previous IS network, as well as any processes that have 
adapted to fit the Current IS (see Fig. 2).

A detailed discussion about the selection of the most appropriate 
method, i.e., attributional or consequential, is provided in the section 
titled “Methodological challenges” below.

After ensuring comparability, the approach proceeds with the Life 
Cycle Impact Assessment (LCIA) for both the current IS and HNSRS. The 
LCIAs are then compared and subtracted from one another, impact 
category by impact category, to evaluate the EB that the IS network has 
gained for each category, resulting in a list of EB, one for each category. 
The use of a single indicator (e.g., through aggregation and/or 
normalization) is avoided in order to quantitatively show the cumulative 
consequences of the IS symbiotic exchanges on the different impact 
categories and highlight potential trade-offs, as suggested by Bastianoni 
et al. (2019, 2023). By trade-offs, we refer to simultaneous changes in 

Fig. 1. A simplified graphical representation of Industrial Symbiosis (IS) and related linear scenarios involving three enterprises: Enterprise A, Enterprise B, and 
Enterprise C, producing Products a, b, and c, respectively. Hexagon represents processes for handling waste and residue. Light gray boxes indicate production inputs, 
while dark gray boxes represent inputs for managing waste. Green boxes highlight additional inputs specific to the IS scenario, including transportation and extra 
residue processing, light green boxes that represent co-products.

A. Ruini et al.                                                                                                                                                                                                                                    Science of the Total Environment 992 (2025) 179932 

4 



different impact categories that may go in opposite directions. For 
example, a symbiotic exchange that reduces GHG emissions by 
substituting fossil fuels with biomass might simultaneously increase 
nutrient discharges into water bodies, thereby worsening eutrophica
tion. The IS's EB for the impact category U (EBU) is calculated as follows: 

EBU = − (Uc − UH) (1) 

UC indicates the impact assessed for the impact category U of the 
current IS, and UH indicates the ones of HNSRS. The minus in the for
mula ensures that a reduction of impact from the linear scenario to the 
symbiotic one can be read as a benefit. When EBU is positive, the sym
biotic system performs better than the linear one at least for the selected 
impact category (i.e. U).

The choice of which impact category should be prioritized depends 
on local environmental priorities and political will. The IS will be 
defined as an advantageous practice for the impacts for which EBs is 
positive (>0). The next step would be redistributing the EB among the 
enterprises partaking in the symbiotic network.

4. Redistributing the environmental benefit among the 
industrial symbiosis enterprises

Redistributing the EB among the enterprises in the IS network is 
challenging: the IS network is, by definition, a group of multiple 
enterprises—each producing its own main outputs and usually one or 
more symbiotic resources—making both the network and its partici
pants inherently multifunctional.

This study tackles this challenge by proposing a novel procedure to 
redistribute the EB among the enterprises in the IS network. The EB, as 
calculated in Eq. I, is the EB of the overall IS network and results from 
the interactions among all the enterprises involved, resembling the 
emergent property of a complex system. The cooperation among the 
enterprises is a necessary condition for the existence of an EB. Therefore, 
all IS enterprises should be considered co-responsible for reducing the 
environmental impact of the IS. This is why this paper proposes to 
consider each IS enterprise as co-accountable for the EB. Thus, it im
poses that each enterprise improves at the same rate, which is equal to 
the overall rate of improvement of the entire IS compared to the HNSRS. 
The percentage of improvement is equal to the overall rate of 
improvement of the IS system compared to the HNSRS, for each impact 
category.

For the category U, the percentage of improvement (IU) of the current 
IS is calculated as follows: 

IU =
EBU

UH
*100 (2) 

where UH indicates the impact assessed for the impact category U of the 
HNSRS and EBU is the IS's EB for the category U, as defined above, Eq. 
(1).

The approach provides the EB for each impact category assessed, 
resulting in a set of I for the single IS's enterprises and the overall IS.

4.1. A simplified system to illustrate the proposed approach

A simplified system illustrates the rationale behind the proposed 
approach featuring a current IS with its HNSRS, see Fig. 3 and Table 2. It 
involves three enterprises—Enterprise A, Enterprise B, and Enterprise 
C—each producing distinct products (Product a Product b, and Product 
c, respectively).

Fig. 3 shows various inputs: inputs 1 to input 6 are related to pro
duction resources, while inputs v to z are required to manage residues 
and wastes. Inputs 7 and 8 are specific to the current IS. They are related 
to the additional processes and inputs necessary to make the IS network 
possible – for instance transport and additional residue processing 
(green boxes). Inputs w and y are the inputs necessary for processing 
residue in the HNSRS when they are not used as symbiotic resources 
while input v, x and z are still necessary also for the IS. For the sake of 
simplicity and to enhance the clarity of the example, it is assumed that 
the implementation of industrial symbiosis fully replaces some waste 
management flows (i.e., Inputs w and y in Fig. 3) and the production 
processes of products b and c (Inputs 4 and 6 in Fig. 3).

In the HNSRS, Enterprise A uses inputs 1 and 2 for its production 
process while input v and w are the material and energy flow necessary 
to treat its production residue and waste. Enterprise B uses inputs 3 and 
4 for its production process, while x and y are used to treat its production 
residue and waste. Enterprise C uses inputs 5 and 6 for its production 
process, while input z is used to treat its production residue and waste.

The current IS system has an impact of 1300 units, while the related 
HNSRS has an impact of 1575 units.

The IS system performs 17 % better than the HNSRS, with a differ
ence of 275 units, see Table 3.

The proposed approach assigns to each sub-system a 17 % 
improvement rate over the performance of its corresponding HNSRS 
counterpart for the selected impact category U. Table 4 shows each sub- 
system's impact in the HNSRS and current IS, as well as the assigned 
improvement, the sums match the system's totals.

As shown in Table 4, enterprise A improves its performance by 131 
units, enterprise B by 96 units, and enterprise C by 48 units. The pro
posed approach provides each enterprise a benefit based on the overall 
environmental performance of the system: each enterprise's environ
mental performance improves proportionally to the IS.

Fig. 2. This example illustrates the “HNSRS” and “Previous IS” scenarios, where the past structure of the system is taken into account along with the corresponding 
Current IS. The dotted line represents the system boundaries of the LCA study, which is consistent across all three scenarios. The solid line delineates the boundaries 
of the productive systems considered. In the Current IS scenario, the system consists of two components: the current IS (green) and an additional enterprise (purple). 
For the Previous IS scenario, the previous IS (blue) is considered along with two enterprises from the current scenario (red and yellow). In the HNSRS scenario, each 
enterprise operates independently.
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It is possible to compare the results obtained by the proposed 
approach with some of the main allocation approaches presented in 
literature and suggested in guideline as ISO or GHG protocol listed in 
Table 1.

As show in Table 5 the choice of allocation method significantly 
influences how environmental benefits and burdens are distributed 
among the enterprises participating in the IS network, despite a 
consistent overall system improvement of 17 % compared to the HNSRS. 
Methods based on physical and economic partitioning lead to highly 
uneven outcomes: while Enterprise A benefits under physical allocation 
(+35 %), Enterprise C sees a worsening (− 11 %); economic partitioning 
strongly favors Enterprise B (+38 %) but penalizes C (− 44 %). In 
contrast, the Cut-approach shifts burdens to product producers, result
ing in improvements for A (20 %) and B (27 %), but a worsening for C 
− 9 %). The End-of-Life and 50/50 methods also show imbalanced ef
fects, with B consistently burdened. The only method that seems to 
guarantee a win-win situation is the 0–100 approach. However, there is 
a significant imbalance in the benefits gained by different companies 
that can still access the information system network. This imbalance 
prevents a fair redistribution of the overall impact. These findings 

underscore the importance of allocation choices, as they can signifi
cantly influence perceptions of fairness and should be thoughtfully 
considered in assessments of industrial symbiosis. Coherent results on 
real case studies were obtained by Ruini et al. (2025) in a study that 
focused on how different guidelines, namely GHG protocol, PEF and ISO 
standard, norms the redistribution of the upcycling credit among the 
enterprises of a IS network. The present comparison does not encompass 
the System Expansion by substitution due to the fact that this method 
requires a carful definition of the substitutive system and it is usually 
used in consequential studies.

5. Discussion

5.1. Advantages of the approach

The literature presents various methods for addressing multi
functionality: some are based on stakeholder consensus aiming to pro
mote a specific type of behavior. These include the Cut-Off Approach (or 
“100–0 method”), End-of-Life Recycling Allocation (“0–100”), and the 
50/50 method. Other, such as partitioning methods grounded in phys
ical relationships and the substitution approach (System Expansion by 
Avoidance), rely on empirical evidence. Economic partitioning falls 
somewhere between these two categories.

Regardless of the method used, all existing allocation criteria are 
determined by the LCA practitioner, with or without adherence to spe
cific standards. Additionally, these methods typically analyze the IS 
network by fragmenting it into individual enterprises (i.e., partitioning 
based on economic and physical factors, as well as system expansion and 
System Expansion by Avoidance) or pairs of enterprises (using the cut- 
off approach, end-of-life recycling allocation, and the 50/50 method), 
adopting an individualistic perspective. The individualistic approach 
simplifies the IS – a composite system – into juxtaposed fragments. It 
aims to solve the multifunctionality issue of a complex system by first 

Fig. 3. Current IS and the corresponding HNSRS, the Hexagon represent the processes necessary to treat waste and/or residue.

Table 2 
The impacts related to the inputs to the overall system for a generic impact 
category (U) in the Current IS scenario and in the HNSRS respectively “u” is the 
unit of measure of the generic impact category U.

Input Impact (U) 
Current IS

Impact (U) 
HNSRS

Production resources Input 1 250 u 250 u
Input 2 200 u 200 u
Input 3 200 u 200 u
Input 4 0 u 100 u
Input 5 50 u 50 u
Input 6 0 u 25 u

Resources specific to the current 
IS

Input 7 100 u 0 u
Input 8 50 u 0 u

Resources to manage residues 
and waste

Input v 150 u 150 u
Input 
w

0 u 150 u

Input x 100 u 150 u
Input y 0 u 100 u
Input z 200 u 200 u

Table 3 
The overall system performance in the current IS and in the HNSRS, the overall 
variation calculated as per Eq. I reported in absolute value and in percentage.

Current IS HNSRS EBU IU

Total impact 1300 u 1575 u 275 u 17 %
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solving the single enterprise multifunctionality issue, seeking to deter
mine “What benefit do I (enterprise) get?” (Martin et al., 2015). How
ever, in this way, they fail to detect the results of all connections and 
relations that underpin a symbiotic system, detectable only through a 
systemic perspective (Figge et al., 2021). As discussed by Figge et al. 
(2021) regarding the eco-efficiency of circular systems (production per 
unit of resource use) and Bastianoni et al. (2023) concerning their 
environmental performance, decision-making processes based on indi
vidual indicators overlook the advantages of cooperation among enter
prises. This oversight risks making symbiotic exchanges seem less 
efficient and less appealing. Some enterprises may face additional costs, 
which presents a significant barrier to establishing IS (Figge et al., 
2021), as also shown in Table 5.

The proposed approach tackles the multifunctionality issue with a 
systems perspective. It shifts the EB assessment from the enterprise level 
to the system level through system expansion. It expands the system 
until it encompasses the entire IS. Consequently, the symbiotic resources 
never leave the IS system as output and, therefore, there is no need to 
subtract them from the inventory.

Based on the idea that the existence of the EB is contingent upon the 
collective symbiotic interactions among all enterprises involved in the 
IS, the EB can be defined as an emergent property of the complex system. 
The proposed approach redistributes the EB rather than the inputs of the 
IS, solving the multifunctionality issue of the single entity based on the 
overall EB and not vice-versa. This is possible by postponing the allo
cation from the Life Cycle Inventory (LCI) stage to the Life Cycle Impact 
Assessment (LCIA) phase. Each enterprise improves at the overall rate of 
improvement of the entire current IS compared to the HNSRS, providing 
a redistribution factor that reflects the physical relationship between the 
EB and the overall IS network regardless of the types of products and 

enterprises involved. This makes the proposed approach preferable with 
respect to other allocation methods: until now, no single criterion seems 
to have been able to provide logical partitioning for all types of products 
and organizations, and practitioners recommend different partitioning 
criteria depending on the subject studied (Curran, 2007). Moreover, the 
choice of the allocation criterion has a drastic effect on life-cycle impacts 
(Stamp et al., 2013) and, in some cases, it can be manipulated to achieve 
specific study objectives, undermining the overall credibility of the 
assessment (Hanes et al., 2015). To mitigate these issues, using multiple 
allocation methods has become common practice. However, this has not 
solved the problem as it leads to conflicting results, making it difficult to 
draw meaningful conclusions (Zaimes and Khanna, 2014). This is why 
the proposed approach is an efficient solution that helps draw mean
ingful conclusions without undermining the overall credibility of the 
assessment.

In the proposed approach, each enterprise improves at the overall 
rate of improvement of the entire IS compared to the linear scenario, 
providing a redistribution factor that reflects the physical relationship 
between the EB and the overall IS. The approach captures the different 
scale of the environmental impact of each enterprise partaking into the 
IS. The redistribution criterion allows a consistent attribution across 
enterprises based on such scale and differences. Accordingly, any over- 
or under-compensation is prevented as no enterprise will get exagger
ated benefit, whether high or low. This is consistent with the fact that 
enterprises with higher emissions have a higher mitigation potential.

When an enterprise acts as an “anchor tenant” —connecting with 
multiple other enterprises while engaging in several symbiotic 
exchanges— two cases can be envisioned: 1) the networks are totally 
disconnected and they unite only within the enterprise (e.g. the pro
duction of an output and its packaging); 2) the networks overlap.

Table 4 
The impact of each sub-system in HNSRS along with the assigned improvement reported in percentage and in absolute value and the impact of each sub-system in the 
current IS.

Enterprises Enterprises impact in HNSRS (u) % of improvement EBU Current IS

A 750 u 17 % 131 u 619 u
B 550 u 17 % 96 u 454 u
C 275 u 17 % 48 u 227 u
Total system 1575 u 17 % 275 u 1300 u

Table 5 
The assigned improvement percentage for each sub-system and the overall current IS, calculated by applying the most common allocation method in literature, as listed 
in Table 1; the calculation is available in the supplementary materials.

Allocation method Assumption Improvement over the HNSRS (%)

Enterprise 
A

Enterprise 
B

Enterprise 
C

Overall 
system

Subdivision It is not possible to perform subdivision N.A. N.A. N.A. N.A.
System Expansion It is possible only to assess the overall IS network benefits and not the one for each enterprise N.A. N.A. N.A. 17 %
Physical Relationship 

Partitioning
The mass proportion between product a and its residue is 
product a: residue =70:30 
The mass proportion between product b and its residue is 
product b: residue =90:10

35 % 8 % − 11 % 17 %

Economic Partitioning The economic proportion between product and its residue is product a: residue =80:20 
The economic proportion between product b and its residue is product b: residue =70:30

25 % 38 % − 44 % 17 %

Cut-Off Approach 
(100− 0)

The environmental burdens of Enterprise A is assigned to the main product a, while the 
residue leaves Enterprise A as “burden-free”. The same goes for Enterprise B and its main 
product b and residue. 
The additional processes and inputs necessary to make the IS network possible, inputs 7 and 
8, are attributed to the company that uses the residue. Therefore, inputs 7 is assigned to 
Enterprise B, and input 8 by Enterprise C.

20 % 27 % − 9 % 17 %

End-of-Life Recycling 
Allocation 
(0− 100)

Attributes benefits to the producer since primary material production is avoided. 7 % 36 % 9 % 17 %

50/50 Method The additional processes and inputs necessary to make the IS network possible, inputs 7 and 
8, are split between the enterprises involved in the symbiotic exchanges, enterprise A 
-enterprise B and enterprise B -enterprise C, respectively.

13 % 32 % 0 % 17 %
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In case 1 the multiple IS networks should be considered separately to 
account for the scale and the role that the enterprise plays relatively to 
each network, which could be higher for one (higher improvement 
share) and lower for another. If this separated application were not 
implemented, considering a single IS network might cause the unjusti
fied reduction of the EB of one (or multiple) member of one IS. In 
numbers, if the anchor tenant would get a 10 % improvement in one IS 
network (together with all other members of the first IS), and it would 
get a 5 % improvement in a second one (together with all other members 
of the second IS), treating the expanded system as a unique IS network 
might cause attributing, for instance, a 7,5 % improvement to all 
members of the (expanded) IS network. This of course would favor the 
members of the second network and penalize the members of the first 
network, resulting inconsistent with the objective of the approach. 
Obviously, in the two separate assessments, the anchor tenant enterprise 
must present the same baseline emission. This allows the accumulation 
of the benefits from different networks in an additive fashion, still 
ensuring that no exaggeratedly low or high benefit is attributed to the 
anchor tenant – thus also avoiding negative balance.

In Case 2, where the networks overlap, the different IS networks 
should be integrated into a single, extended system. This integration is 
justified only if it results in a greater overall environmental benefit at the 
system level. Within this extended network, all enterprises — including 
the anchor tenant — are considered equally responsible for the collec
tive outcomes. No additional credit is assigned to central players, nor are 
they disadvantaged. This approach promotes collaboration over 
competition in pursuing environmental improvements and supports the 
long-term development of stable and mutually beneficial symbiotic 
relationships.

5.2. Methodological challenges

The proposed approach addresses the methodological challenges 
faced in assessing the IS benefit thought LCA such as defining the hy
pothetical scenario and selecting the most appropriate approach—either 
attributional or consequential.

5.2.1. Definition of the hypothetical scenario
The selection of the reference scenario is essential for assessing the 

EB of the IS network, as clearly highlighted among the others by Van 
Berkel (2010); Sokka et al. (2011); Mattila et al. (2012); Martin (2015); 
Martin and Harris (2018); Aissani et al. (2019).

Uncertainty in the definition of the hypothetical scenario can be 
screened by means of a sensitivity analysis that will quantify the rele
vance of the various modeling choices. Such analysis could point out 
extreme cases (e.g., best and worst) that could be used as alternative 
linear scenarios to account for the uncertainty linked to the modeling 
choices. A possible option would be to use the worst case (i.e., lowest 
benefit) to adopt a conservative approach.

5.2.2. Attributional or consequential approach
We refer the reader to Schaubroeck et al. (2021) for an overview of 

the differences between the attributional and consequential approaches 
in dealing with multifunctionality issues within the circular systems. 
The proposed approach has been explained assessing the EB of an 
existing productive system. In this case the chosen approach has been 
the attributional: it quantifies the existing impacts through a retro
spective and cause-oriented study (Tillman, 2000). The analysis con
siders the activities that contributed to the life cycle of the IS products, 
tracing them back in time using data on either specific or market- 
average suppliers. The results can be used to communicate to the en
terprises involved and the public if and how much the IS has lowered the 

system's negative environmental impact.
However, the model is suitable also in prospective situations where 

an IS system does not exist (yet). Take, for example, the task of evalu
ating the benefits of implementing an IS system from scratch and 
assessing how each enterprise could contribute to those benefits. The 
new research question focuses on an IS that does not exist yet: it com
prises possible linkages between current enterprises and hypothetical 
processes added to link enterprises, or the implementation of a whole IS 
in a given area. Aissani et al. (2019) define it as prospective IS.

In this case, the scenario used for comparison is a current industrial 
process with no symbiotic exchanges between the enterprises concerned 
(a business-as-usual scenario): a current nonsymbiotic reference sce
nario (CNSRS). In this situation, the LCA study is requested to provide 
the enterprise with information about the possible future environmental 
benefits of a choice.

Even if the proposed approach to redistribute the IS benefits among 
its enterprises remains applicable, it is essential to note the difference in 
terms of the obtained information. In the case of the original question, 
the approach provides information on the system's status quo and an
swers the question “What are the benefits obtained so far by each en
terprise?”. In the second one, the approach looks ahead, assessing the 
future possible system performance; it answers the question “What will 
be the benefits obtained in the future by each enterprise?”

In the second case, a consequential LCA approach should be used, at 
least in the case when previous circular practices already existed. 
Consequential LCA looks ahead and assesses the change in environ
mental exchanges resulting from implementing an IS (Schaubroeck 
et al., 2021). Even under this condition, the proposed approach to 
redistribute the IS benefits among its enterprises remains applicable: 
after ensuring comparability between the IS and the CNSRS, the LCA 
proceeds, generating a LCIA for both the IS and the CNSRS. The LCIAs 
are compared and subtracted from one another, category by category, to 
evaluate the future EB that the studied IS could gain if such IS were 
implemented, in a prospective way.

The proposed approach, applied prospectively, adopting the conse
quential approach, considers all the changes the IS can cause. In this 
way, it detects any IS/circular measure that can cause environmental 
disadvantages to the overall systems, while still being able to assess an 
enterprise ‘s EB.

Applicability of the proposed approached in reference to other recent 
LCA guidelines.

The proposed approach is in line with many established methodol
ogies in the literature regarding the assessment of the overall environ
mental benefits of IS network, while introducing a novel approach for 
redistributing these benefits among participating enterprises. It is also 
consistent with ISO standards, particularly ISO 14044:2006, which 
recommends allocation procedures based on physical relationships. In 
this approach, the EB is treated as a shared property of the IS network, 
emerging from the collective interaction among sub-systems. This 
reasoning applies both under attributional and consequential 
approaches.

Furthermore, the proposed approach aligns with the GHG Protocol 
Corporate Standard, which does not prescribe a fixed method for allo
cating emissions or reductions among multiple reporting companies, 
instead, it encourages the development of context-specific double 
counting policies (chapter 11, pp. 81–83) – i.e., policies that define how 
“two or more reporting companies should take ownership of the same 
emissions or reductions” (GHG Protocol Corporate Standard, 2004, 
glossary). In this regard, our approach offers a transparent and struc
tured solution for fairly allocating shared EBs in IS networks.

By contrast, the proposed approach is not compatible with the cir
cular footprint formula suggested in the PEF framework. The PEF's 
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approach is reductionist, focusing on individual products or enterprises, 
and – inherently – does not allow for an expansion of system boundaries 
such as the one needed to capture the systemic and interconnected na
ture of industrial symbiosis. A more detailed study about the application 
of the circular footprint formula suggested in the PEF to IS was carried 
out by Ruini et al. (2025).

5.3. Limits of the approach and possible future advancements

It is important to note that EBs associated with IS can sometimes 
seem minor due to differences in scale between the overall environ
mental impacts of enterprises and the EBs generated through IS activ
ities, as shown in some example by Ruini et al. (2025). As we transition 
towards circular production systems, the scale of EBs may seem limited, 
underscoring the necessity of this approach. While some may advocate 
for analyzing only the inputs altered between IS and linear scenarios, 
such a limited perspective would undermine the integrity of the redis
tribution process. EBs should be viewed as emergent properties of the 
entire symbiotic network, emphasizing the need for holistic evaluation.

A limitation of the approach may be the availability of data needed to 
assess overall environmental impacts. As noted by Bastianoni et al. 
(2019, 2023), access to robust environmental data is essential for 
effective policymaking and sustainability efforts, though it is not always 
readily available. However, in the context of top-down initiatives—such 
as territorial policies or pilot projects promoted by public institutions, 
consultancies, or enterprises—data collection is often more feasible also 
due to the fact that enterprises increasingly often have LCA-based cer
tifications. These initiatives can offer a solid foundation for conducting 
environmental analyses. From this perspective, EBs derived from IS 
network are not limited to the IS network itself but may extend to the 
broader territory in which the network operates. Since IS is often 
embedded within wider territorial planning strategies, it is possible to 
quantitatively assess how the EBs of the IS mitigate the overall envi
ronmental impacts of the region as already suggested by Martin and 
Harris (2018). Although such applications fall outside the scope of this 
study, they offer promising avenues for future research.

The proposed approach assesses multiple environmental impact 
categories, selected from widely used LCA characterization methods. 
These categories include global-scale impacts, such as climate change 
and ozone depletion, as well as regional-scale impacts like acidification 
and eutrophication. This allows for a quantitative assessment of the 
cumulative effects of industrial symbiotic exchanges and helps identify 
potential trade-offs across different impact categories.

However, interpreting regional impacts requires caution, especially 
in geographically extensive IS networks, where the effects in one area 
may differ significantly from those in another. This poses a usability 
challenge, as decision-makers must contextualize the list of environ
mental benefits based on the specific system and territory under study. 
Moreover, trade-offs are not restricted to LCA categories, which pri
marily focus on flows from the Technosphere. It is also essential to 
consider impacts and benefit related to the biospheric resources, as well 
as economic and social dimensions (Martin and Harris, 2018). These 
aspects are better assessed using complementary accounting methods, 
such as emergy evaluation (Oliveira et al., 2021) for biospheric resource 
use, Environmental and Societal Life Cycle Costing (Kambanou, 2021), 
and Social Life Cycle Assessment (Sokka, 2011). While the foundational 
principles of the proposed method could be adapted to incorporate these 
broader impacts and benefits, such applications are beyond the scope of 
this study and warrant further investigation in the future.

6. Conclusion

A shift from an individualistic to a systemic perspective is necessary 
to address the multifunctionality issue within industrial symbiosis. The 
proposed approach enables the assessment of each enterprise's envi
ronmental benefits by recognizing the interconnectedness among them 
and promoting an equitable distribution of overall environmental ben
efits. This comprehensive approach captures the effect of interactions 
among enterprises, ensuring that all can benefit from collaboration, thus 
enhancing the overall attractiveness of the industrial symbiosis. The 
reductionist approach of the previous methods does not always bring a 
win-win situation to all the enterprises of the IS, when the imple
mentation of the IS network secures an overall environmental benefit. 
The absence of a proper distribution of environmental benefits among 
the enterprises limits the attractiveness of creating the network; as such, 
a choice might appear disadvantageous for potential participant enter
prises. Without any clear benefit, enterprises struggle to justify adapting 
to symbiotic resources possibly linked with production changes or 
additional costs. Fragmenting the symbiotic system fails to fully capture 
the interactions among stakeholders and policymakers that occur across 
different markets and regulatory conditions.

By promoting a holistic view of multifunctionality, this new 
approach encourages greater cooperation among enterprises and facil
itates the transition from a linear ‘take-make-dispose’ model to a more 
circular approach.
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Annex 1

Table 6 
List of terms, definition and acronym.

Term Definition Acronym

Industrial symbiosis A practice that builds interfirm exchanges of energy, utilities, materials, services, and knowledge among enterprises that are 
typically separated to create competitive advantages (Chertow, 2000; Lombardi and Laybourn, 2012).

IS

Production residue A material not deliberately produced in a production process that may or may not be a waste (European Commission et al., 
2012)

Symbiotic resources One enterprise's production residue that is utilized as another enterprise's productive input that can substitute a conventional 
input.

Environmental Benefits The impacts that circular practices have avoided minus the impact linked to the additional processes and input necessary to 
make the IS possible such as transport, additional residue processing and so on, from now on added impact of the added 
processes

EB

Emergent property Emergent properties are properties that a complex system has but its individual components such as underlying modules and 
subsystems do not have (Šarić et al., 2017)

Linear system Scenario “where no circularity takes place”, and “there is no recirculation of energy and materials among them” as defined by 
Bastianoni et al. (2023)

Multifunctional system A multifunction process is an activity that fulfils more than one function
Multifunctionality issue An issue regarding the apportionment of the environmental burden to each co-function/co-product (Ekvall and Finnveden, 

2001; Lai et al., 2021)
Current IS An existing IS with material and organizational linkages between the different enterprises constituting the symbiosis (Aissani 

et al., 2019)
Hypothetical NonSymbiotic 

Reference Scenario
A hypothetical scenario with no symbiotic exchanges between the enterprises involved (Aissani et al., 2019) HNSRS

Current NonSymbiotic Reference 
Scenario

A current industrial process with no symbiotic exchanges between the enterprises concerned (a business-as-usual scenario) 
(Aissani et al., 2019)

CNSRS
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symbiotic performance of single entities within networks using an LCA approach. 
J. Environ. Chem. Eng. 11 (5), 111023. https://doi.org/10.1016/j. 
jece.2023.111023.

Bastianoni, S., Coscieme, L., Caro, D., Marchettini, N., Pulselli, F.M., 2019. The needs of 
sustainability: the overarching contribution of systems approach. Ecol. Indic. 100, 
69–73. https://doi.org/10.1016/j.ecolind.2018.08.024.

Bastianoni, S., Goffetti, G., Neri, E., Patrizi, N., Ruini, A., Sporchia, F., Pulselli, F.M., 
2023. LCA based circularity indices of systems at different scales: a holistic 
approach. Sci. Total Environ. 897, 165245. https://doi.org/10.1016/j. 
scitotenv.2023.165245.

Brondi, C., Cornago, S., Ballarino, A., Avai, A., Pietraroia, D., Dellepiane, U., Niero, M., 
2018. Sustainability-based optimization criteria for industrial symbiosis: the 
Symbioptima case. Procedia CIRP 69, 855–860. https://doi.org/10.1016/j. 
procir.2017.11.026.

Cecchin, A., Salomone, R., Deutz, P., Raggi, A., Cutaia, L., 2020. Relating industrial 
symbiosis and circular economy to the sustainable development debate. In: 
Salomone, R., Cecchin, A., Deutz, P., Raggi, A., Cutaia, L. (Eds.), Industrial Symbiosis 
for the Circular Economy: Operational Experiences, Best Practices and Obstacles to a 
Collaborative Business Approach. Springer International Publishing, pp. 1–25. 
https://doi.org/10.1007/978-3-030-36660-5_1.

Chertow, M.R., 2000. Industrial symbiosis: literature and taxonomy. Annu. Rev. Energy 
Environ. 25 (1), 313–337. https://doi.org/10.1146/annurev.energy.25.1.313.

Curran, M.A., 2007. Studying the effect on system preference by varying coproduct 
allocation in creating life-cycle inventory. Environ. Sci. Technol. 41, 7145–7151. 
https://doi.org/10.1021/es070033f.

Daddi, T., Nucci, B., Iraldo, F., 2017. Using Life Cycle Assessment (LCA) to measure the 
environmental benefits of industrial symbiosis in an industrial cluster of SMEs. 
J. Clean. Prod. 147, 157–164. https://doi.org/10.1016/j.jclepro.2017.01.090.

Dalgaard, R., Schmidt, J., Halberg, N., Christensen, P., Thrane, M., Pengue, W.A., 2008. 
LCA of soybean meal. Int. J. Life Cycle Assess. 13 (3), 240–254. https://doi.org/ 
10.1065/lca2007.06.342.

Ekvall, T., Finnveden, G., 2001. Allocation in ISO 14041—a critical review. J. Clean. 
Prod. 9 (3), 197–208. https://doi.org/10.1016/S0959-6526(00)00052-4.

Ekvall, T., Tillman, A.-M., 1997. Open-loop recycling: criteria for allocation procedures. 
Int. J. Life Cycle Assess. 2 (3), 155–162. https://doi.org/10.1007/BF02978810.

European Commission, 2013. Product Environmental Footprint (PEF) Guide. https 
://green-business.ec.europa.eu/environmental-footprint-methods_en.

European Commission, 2019. Communication From the Commission to the European 
Parliament, the European Council, the Council, the European Economic and Social 
Committee and the Committee of the Regions the European Green Deal [Dataset]. htt 
ps://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640% 
3AFIN.

European Commission, 2010. ILCD Handbook—general guide for life cycle 
assessment—detailed guidance. https://doi.org/10.2788/38479.

European Commission, The Director-General, Directorate-General Environment, 2012, 
June. Guidance on the interpretation of key provisions of Directive 2008/98/EC on 
waste. https://ens.dk/sites/ens.dk/files/Affald/guidance_on_the_interpretation_of_ 
key_provisions_on_waste.pdf.

European Commission, Directorate-General for Internal Market, I, International 
Synergies, Technopolis, TNO, Trinomics, University College London, Artola, I., 
Doranova, A., Domenech, T., Roman, L., Smith, M., 2018. Cooperation Fostering 
Industrial Symbiosis: Market Potential, Good Practice and Policy Actions: Final 
Report. Publications Office of the European Union. https://data.europa.eu 
/doi/10.2873/346873.

European Commission, 2020. A New Circular Economy Action Plan. Communication 
From the Commission to the European Parliament. The Council, The European 
Economic And Social Committee And The Committee Of The Regions.

Figge, F., Thorpe, A.S., Good, J., 2021. Us before me: a group level approach to the 
circular economy. Ecol. Econ. 179, 106838. https://doi.org/10.1016/j. 
ecolecon.2020.106838.

Giorgi, S., Lavagna, M., Campioli, A., 2017. Economia circolare, gestione dei rifiuti e life 
cycle thinking: Fondamenti, interpretazioni e analisi dello stato dell’arte. Ingegneria 
dell’Ambiente.

Greenhouse Gas Protocol, 2004. Greenhouse Gas Protocol: A Corporate Accounting and 
Reporting Standard. World Resources Institute and World Business Council for 
Sustainable Development. https://ghgprotocol.org/corporate-standard.

Guinée, J., Heijungs, R., Frischknecht, R., 2021. Multifunctionality in life cycle inventory 
analysis: approaches and solutions. In: Life Cycle Inventory Analysis. Springer, 
Cham, pp. 73–95. https://doi.org/10.1007/978-3-030-62270-1_4.

Hanes, R.J., Cruze, N.B., Goel, P.K., Bakshi, B.R., 2015. Allocation games: addressing the 
ill-posed nature of allocation in life-cycle inventories. Environ. Sci. Technol. 49 (13), 
7996–8003. https://doi.org/10.1021/acs.est.5b01192.

Heijungs, R., Guinée, J.B., 2007. Allocation and ‘what-if’ scenarios in life cycle 
assessment of waste management systems. Waste Manag. 27 (8), 997–1005. https:// 
doi.org/10.1016/j.wasman.2007.02.013.

A. Ruini et al.                                                                                                                                                                                                                                    Science of the Total Environment 992 (2025) 179932 

10 

https://doi.org/10.1016/j.scitotenv.2025.179932
https://doi.org/10.1111/jiec.12842
https://doi.org/10.1016/j.jece.2023.111023
https://doi.org/10.1016/j.jece.2023.111023
https://doi.org/10.1016/j.ecolind.2018.08.024
https://doi.org/10.1016/j.scitotenv.2023.165245
https://doi.org/10.1016/j.scitotenv.2023.165245
https://doi.org/10.1016/j.procir.2017.11.026
https://doi.org/10.1016/j.procir.2017.11.026
https://doi.org/10.1007/978-3-030-36660-5_1
https://doi.org/10.1146/annurev.energy.25.1.313
https://doi.org/10.1021/es070033f
https://doi.org/10.1016/j.jclepro.2017.01.090
https://doi.org/10.1065/lca2007.06.342
https://doi.org/10.1065/lca2007.06.342
https://doi.org/10.1016/S0959-6526(00)00052-4
https://doi.org/10.1007/BF02978810
https://green-business.ec.europa.eu/environmental-footprint-methods_en
https://green-business.ec.europa.eu/environmental-footprint-methods_en
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN
https://doi.org/10.2788/38479
https://ens.dk/sites/ens.dk/files/Affald/guidance_on_the_interpretation_of_key_provisions_on_waste.pdf
https://ens.dk/sites/ens.dk/files/Affald/guidance_on_the_interpretation_of_key_provisions_on_waste.pdf
https://data.europa.eu/doi/10.2873/346873
https://data.europa.eu/doi/10.2873/346873
http://refhub.elsevier.com/S0048-9697(25)01572-4/rf0065
http://refhub.elsevier.com/S0048-9697(25)01572-4/rf0065
http://refhub.elsevier.com/S0048-9697(25)01572-4/rf0065
https://doi.org/10.1016/j.ecolecon.2020.106838
https://doi.org/10.1016/j.ecolecon.2020.106838
http://refhub.elsevier.com/S0048-9697(25)01572-4/rf0085
http://refhub.elsevier.com/S0048-9697(25)01572-4/rf0085
http://refhub.elsevier.com/S0048-9697(25)01572-4/rf0085
https://ghgprotocol.org/corporate-standard
https://doi.org/10.1007/978-3-030-62270-1_4
https://doi.org/10.1021/acs.est.5b01192
https://doi.org/10.1016/j.wasman.2007.02.013
https://doi.org/10.1016/j.wasman.2007.02.013


Ijassi, W., Ben Rejeb, H., Zwolinski, P., 2021. Environmental impact evaluation of co- 
products: decision-aid tool for allocation in LCA. Int. J. Life Cycle Assess. 26 (11), 
2199–2214. https://doi.org/10.1007/s11367-021-01984-0.

ILCA, 2015. International Life Cycle Assessment Handbook.
International Standard Organization, 2006. ISO 14044:2006, Environmental 

management—Life cycle assessment—Requirements and guidelines. https://www. 
iso.org/obp/ui/en/#iso:std:iso:14044:ed-1:v1:en.

ISO, 2006. ISO 14044: Environmental management—Life cycle 
assessment—Requirements and guidelines. International Standardisation 
Organisation.

ISO, 2024. ISO 59020:2024, Circular economy-measuring and asssesing circularity 
performance.

Kambanou, M.L., 2021. Life cycle costing: supporting companies towards a circular 
economy. https://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-175399.

Kerdlap, P., Low, J.S.C., Tan, D.Z.L., Yeo, Z., Ramakrishna, S., 2020. M3-IS-LCA: a 
methodology for multi-level life cycle environmental performance evaluation of 
industrial symbiosis networks. Resources, Conservation and Recycling 161, 104963. 
https://doi.org/10.1016/j.resconrec.2020.104963.

Kim, H.-W., Ohnishi, S., Fujii, M., Fujita, T., Park, H.-S., 2018. Evaluation and allocation 
of greenhouse gas reductions in industrial symbiosis. Journal of Industrial Ecology 
22 (2), 275–287. https://doi.org/10.1111/jiec.12539.

Kristensen, H.S., Mosgaard, M.A., Remmen, A., 2021. Integrating circular principles in 
environmental management systems. J. Clean. Prod. 286, 125485. https://doi.org/ 
10.1016/j.jclepro.2020.125485.

Lai, F., Laurent, F., Beylot, A., Villeneuve, J., 2021. Solving multifunctionality in the 
carbon footprint assessment of primary metals production: comparison of different 
approaches. Miner. Eng. 170, 107053. https://doi.org/10.1016/j. 
mineng.2021.107053.

Lombardi, D.R., Laybourn, P., 2012. Redefining industrial symbiosis. Journal of 
Industrial Ecology 16 (1), 28–37. https://doi.org/10.1111/j.1530- 
9290.2011.00444.x.

Martin, M., 2015. Quantifying the environmental performance of an industrial symbiosis 
network of biofuel producers. J. Clean. Prod. 102, 202–212. https://doi.org/ 
10.1016/j.jclepro.2015.04.063.

Martin, M., Harris, S., 2018. Prospecting the sustainability implications of an emerging 
industrial symbiosis network. Resources, Conservation and Recycling 138, 246–256. 
https://doi.org/10.1016/j.resconrec.2018.07.026.

Martin, M., Svensson, N., Eklund, M., 2015. Who gets the benefits? An approach for 
assessing the environmental performance of industrial symbiosis. J. Clean. Prod. 98, 
263–271. https://doi.org/10.1016/j.jclepro.2013.06.024.

Mattila, T., Lehtoranta, S., Sokka, L., Melanen, M., Nissinen, A., 2012. Methodological 
aspects of applying life cycle assessment to industrial symbioses. Journal of 
Industrial Ecology 16 (1), 51–60. https://doi.org/10.1111/j.1530- 
9290.2011.00443.x.

Moretti, C., Corona, B., Edwards, R., Junginger, M., Moro, A., Rocco, M., Shen, L., 2020. 
Reviewing ISO compliant multifunctionality practices in environmental life cycle 
modeling. Energies 13 (14), 14. https://doi.org/10.3390/en13143579.

Neves, A., Godina, R., Azevedo, S.G., Matias, J.C.O., 2020. A comprehensive review of 
industrial symbiosis. J. Clean. Prod. 247, 119113. https://doi.org/10.1016/j. 
jclepro.2019.119113.

Oliveira, M., Cocozza, A., Zucaro, A., Santagata, R., Ulgiati, S., 2021. Circular economy 
in the agro-industry: integrated environmental assessment of dairy products. Renew. 
Sustain. Energy Rev. 148, 111314. https://doi.org/10.1016/j.rser.2021.111314.

Ormazabal, M., Prieto-Sandoval, V., Puga-Leal, R., Jaca, C., 2018. Circular economy in 
Spanish SMEs: challenges and opportunities. J. Clean. Prod. 185, 157–167. https:// 
doi.org/10.1016/j.jclepro.2018.03.031.

Pelletier, N., Ardente, F., Brandão, M., De Camillis, C., Pennington, D., 2015. Rationales 
for and limitations of preferred solutions for multi-functionality problems in LCA: is 
increased consistency possible? Int. J. Life Cycle Assess. 20 (1), 74–86. https://doi. 
org/10.1007/s11367-014-0812-4.

Røyne, F., Hackl, R., Ringström, E., Berlin, J., 2018. Environmental evaluation of 
industry cluster strategies with a life cycle perspective: replacing fossil feedstock 
with forest-based feedstock and increasing thermal energy integration. J. Ind. Ecol. 
22 (4), 694–705. https://doi.org/10.1111/jiec.12620.

Ruini, A., Bundgaard, A.M., Mosgaard, M.A., Løkke, S., Pizzol, M., 2025. Normative and 
empirical solutions to the upcycling dilemma. Sustainable Production and 
Consumption 54, 466–475. https://doi.org/10.1016/j.spc.2025.01.022.

Russell, S., 2019. Estimating and Reporting the Comparative Emissions Impacts of 
Products. Working Paper. https://www.wri.org/research/estimating-and-reporting 
-comparative-emissions-impacts-products.
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