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Abstract: Industrial symbiosis (IS) involves transferring waste materials and/or energy
flows between stakeholders to enhance resource efficiency and reduce environmental
impacts. The success of these transactions depends on supply-demand matching, technical
feasibility of waste integration into industrial processes, economic savings, and compliance
with legal and environmental regulations. This paper presents a methodology for the
technoeconomic assessment of IS projects, integrating material flow cost accounting (MFCA)
and cost-benefit analysis (CBA) incorporating CAPEX and OPEX considerations. MFCA,
traditionally used to identify hidden costs from inefficiencies, is adapted here to assess
resource utilisation across industry networks. The methodology is applied to two real-
world demo cases: a novel fertiliser production process in Escombreras (Spain), where IS
focuses on process optimisation and by-product valorisation, and an IS process design in
Frovi (Sweden), where CO, and residual energy flows are exchanged between industrial
sectors. The results demonstrate the potential of MFCA-CBA integration to enhance
decision making in IS implementation. In Spain, process optimisation led to a 50% reduction
in operating costs, whereas, in Sweden, CO, reutilisation resulted in a 30% increase in
resource efficiency. These findings highlight the economic and environmental benefits of IS
and provide insights into cost allocation and pricing strategies.

Keywords: industrial symbiosis; circular economy; waste utilisation; technoeconomic
assessment; material flow cost accounting; cost-benefit analysis; resource efficiency

1. Introduction

Industrial symbiosis (IS) solutions represent a key factor to boost circular economy
models [1]. IS exchanges often involve the integration of different resource types, such as
energy, water, power, carbon, by-products, or wastes [2]. Under certain circumstances, IS
solutions may have a very positive impact on the overall waste and emissions reduction
at the industrial park level [3] and may potentially represent a favourable business case
scenario [4] for the involved stakeholders.
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IS has been successfully implemented in various industrial sectors across the globe,
with significant adoption in Europe, Asia, and North America [5]. The European Union
actively supports IS through policies such as the EU Green Deal and the Circular Economy
Action Plan [6]. Similarly, China has integrated IS principles into Eco-Industrial Parks
(EIPs) to optimise waste valorisation and energy recovery [7].

IS is most commonly applied in energy-intensive industries, such as cement, chemicals,
and metallurgy, where by-products like waste heat, CO;, and secondary raw materials are
exchanged between companies [8,9]. Other sectors, including food processing and textiles,
have also adopted IS strategies to improve waste management and valorisation, particularly
in Europe and South America [10]. Despite its advantages, the global diffusion of IS remains
uneven, with economic, regulatory, and technical challenges limiting widespread adoption
in some regions [11].

Given the potentially high costs of waste management [12] (i.e., transportation, landfill-
ing, and development of recycling/valorisation strategies) and the increasingly restricting
legislation related to their emission [13], which imposes severe penalties on companies
exceeding the permitted emission rates, IS emerges as a necessary long-term strategy for
both sustainability and economic viability for stakeholders.

Waste management plays a crucial role in achieving the Sustainable Development
Goals (SDGs) [14], particularly SDG 12 (Responsible Consumption and Production) and
SDG 13 (Climate Action). Globally, inadequate waste disposal contributes to nearly a
billion tonnes of CO,-equivalent emissions annually [15]. Furthermore, approximately
2 billion tonnes of municipal solid waste was generated worldwide in 2020 [16], with pro-
jections indicating a 70% increase by 2050 if no effective waste management strategies are
implemented [17]. For companies, integrating efficient waste management strategies into
industrial processes not only ensures regulatory compliance but also reduces operational
costs and enhances resource efficiency, aligning with the principles of industrial symbio-
sis [18]. By facilitating the exchange and valorisation of waste streams, IS contributes
directly to these sustainability objectives while promoting economic and environmental
benefits [19].

Despite the growing interest in IS, there is still a lack of standardised frameworks capa-
ble of simultaneously assessing environmental and economic benefits. Existing methodolo-
gies tend to evaluate these aspects separately, making it difficult for industry stakeholders
to identify cost-effective and sustainable symbiotic opportunities. A comprehensive ap-
proach that integrates both dimensions is needed to ensure that IS initiatives are not only
environmentally beneficial but also financially viable.

However, the need to upgrade waste flows for their use as raw materials in other
processes often requires investments in technological solutions for their treatment and
enhancement [20,21]. Together with this, the varying interests of different companies and
site-specific regulations hinder the implementation of several IS relations [22]. Further-
more, the available methodologies to assess the technoeconomic viability of IS solutions
are frequently uncertain [23], given that each IS framework and solution has its specific
characteristics. This hinders the adoption of generic tools [24] and methods [25] and the
establishment of general guidelines to evaluate potential IS opportunities and assess price
exchange agreements [26].

The problem addressed in this research is the lack of standardised methodologies for
assessing the technoeconomic feasibility of industrial symbiosis (IS) initiatives. Current
tools often focus on either environmental (e.g., LCA) or financial aspects (e.g., CBA) but
fail to integrate both dimensions comprehensively. Additionally, uncertainties in waste
valorisation costs, regulatory constraints, and the variability of IS partnerships create signif-
icant barriers to implementation. This study proposes an integrated approach combining
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material flow cost accounting (MFCA) with CBA to enhance decision making and facilitate
the adoption of IS solutions.

This work aims to bridge this gap by developing a comprehensive framework that
integrates MFCA and CBA to support decision making in IS implementations. By applying
this methodology to two different symbiosis systems—one focused on process optimisation
and by-product valorisation (Escombreras, Spain) and another on intersectoral reuse of CO,
and energy flows (Frovi, Sweden)—we assess its effectiveness in quantifying economic and
environmental trade-offs, enabling more informed and sustainable industrial strategies.

Typically, a cost-benefit analysis (CBA) for industrial processes consists of the estima-
tion of capital costs (CAPEX), operating costs (OPEX), and revenue based on technical and
financial input parameters [27]. The main uses are the evaluation of the economic feasibility
of the process [28] under a certain set of assumptions, identifying research and develop-
ment (R&D) targets with the greatest potential to improve profitability, and quantifying
uncertainty and potential risks [29].

Nevertheless, since IS solutions emerge from the need to valorise waste streams and
avoid emissions or landfilling [30] and involve the exchange of waste, energy, and material
streams among stakeholders, the sole analysis of CAPEX and OPEX for new industrial
processes is not sufficient to assess their viability [31]. Apart from these expenditures,
the stakeholders should fully identify and quantify the cost of the waste streams they
produce, i.e., which processes are generating a waste stream and the incurred costs in
monetary units for disposing of the waste stream. For this purpose, a holistic analysis of
the product’s lifecycle should be considered to quantify the monetary value of the waste
disposal (transport and landfilling) or valorisation using the best available techniques. In
this scenario, material flow cost accounting (MFCA), which is a powerful tool employed by
organisations to evaluate and track production inefficiencies, product losses, and hidden
costs, emerges as a complementary resource to assess the viability of IS opportunities, as it
helps to set the cost of waste material flows. MFCA not only allows waste stream owners
(typically process industries) to quantify and allocate costs to their waste flows but also
provides potential users of these waste streams with a structured approach to assess their
economic viability and integration into new processes.

Specifically, MFCA is a tool for quantifying material and energy flows in processes or
production lines in both physical and monetary units [32]. MFCA reveals the hidden costs
(such as system costs, labour costs, waste management costs, and other environmental
costs) of production inefficiencies and losses by putting in place an information system
to track and monitor the nonproduct output (NPO) costs as well as other environmental
costs. Organisations can identify the focus areas to be addressed, including essential
material /energy flows, and determine what improvements and saving opportunities exist
in those areas [33]. In IS, the advantage of MFCA is that it provides an overview of how
the input—output efficiency of a group of industries and how the utilisation has been
carried out. Furthermore, considering the technology to be applied, one can estimate the
inputs and outputs of a potential industrial process or facility and assess its feasibility for
implementation within an existing industry.

The outcome of this paper is, thus, the adoption of a hybrid methodology based
on the traditional cost-benefit analysis (CBA) complemented by an MFCA analysis for
the technoeconomic characterisation of two different IS scenarios and the evaluation of
its potentials and limitations, so that it can serve as a guideline for the technoeconomic
assessment of further IS scenarios.

The structure of this paper is organised as follows: Section 2 provides an overview of
industrial symbiosis and its connection to MFCA in assessing resource efficiency. Section 3
defines the scope of this study and outlines the planned strategy, explaining how IS and
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MEFCA are integrated into the analysis. Section 4 describes the MFCA methodology applied
to IS, detailing its principles and implementation. Section 5 introduces the case studies
under examination, illustrating real-world applications of IS. Section 6 presents the MFCA
results, emphasising key performance indicators and the technoeconomic feasibility of
IS solutions. Finally, Section 7 discusses the main findings, implications, and limitations,
offering insights for future research and industrial applications.

2. MFCA, CAPEX, and OPEX Within Industrial Symbiosis: State of
the Art

Material flow cost accounting (MFCA) has been extensively studied, focusing on
its development [34], applications across various industries [35], and its integration with
environmental management systems [36]. These studies have demonstrated MFCA's
effectiveness in identifying inefficiencies and improving resource utilisation.

While MFCA has been widely applied to improve cost allocation and resource man-
agement, its combination with cost-benefit analysis (CBA) in the context of industrial
symbiosis remains an area of growing interest. Some studies have examined the eco-
nomic aspects of industrial symbiosis [22,23,37,38], particularly regarding financial benefits
from resource exchanges and waste valorisation. However, the integration of MFCA with
comprehensive CAPEX and OPEX evaluations is still required to properly assess the fi-
nancial viability of symbiotic industrial networks. Moreover, recent studies suggest that
integrating MFCA with ISO 14052 [39] could extend its applicability beyond individual
production processes, enabling a systemic approach to resource efficiency across multiple
interconnected industries [40,41]. This integration enhances decision making by providing
a structured framework for assessing cost flows and resource management beyond isolated
company-level evaluations.

This study aims to bridge this gap by developing a methodology that combines MFCA
with detailed CAPEX and OPEX analyses to evaluate industrial symbiosis opportunities.
By doing so, it seeks to provide a more holistic understanding of the economic and envi-
ronmental benefits achievable through industrial symbiosis, thereby offering a valuable
tool for decision makers in pursuing sustainable industrial development.

The integration of MFCA with CAPEX and OPEX analyses is crucial for a comprehen-
sive assessment of industrial symbiosis initiatives. MFCA provides detailed insights into
material and energy flows, highlighting inefficiencies and potential cost savings. However,
without considering the capital and operational expenditures associated with implement-
ing symbiotic exchanges, the financial feasibility of such initiatives remains uncertain.
Incorporating CAPEX and OPEX analyses allows for a thorough evaluation of the invest-
ments required and the operational costs involved, ensuring that the proposed symbiotic
relationships are both economically viable and environmentally beneficial.

Moreover, existing studies often focus on the environmental benefits of industrial sym-
biosis, such as waste reduction and resource conservation, without adequately addressing
the economic implications. By integrating MFCA with CAPEX and OPEX analyses, this re-
search offers a dual perspective, evaluating both the economic and environmental outcomes
of industrial symbiosis. This holistic approach enables stakeholders to make informed
decisions, balancing sustainability goals with financial considerations, and facilitates the
adoption of industrial symbiosis practices on a broader scale.

To contextualise this research within the existing literature, Table 1 summarises key
studies that have explored related methodologies, their focus areas, limitations, and con-
tributions of the analysed study to advancing this field. The articles included in Table 1
were selected based on literature screening, ensuring a representative overview of the most
relevant approaches in the field.
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Table 1. Summary of key studies on MFCA and industrial symbiosis.

Reference Methodology Focus Areas Limitations Remarks
Limited data Provides a br(?ad syrhlthe.sm (?f
S MEFCA applications, highlighting
. Effects and availability may .
Meta-analysis of L common benefits and challenges.
challenges of MFCA affect reliability; T
[42] 73 MFCA case . . . ; Offers practical insights for
. implementation in potential reporting h S
studies . . companies considering MFCA
companies bias in case study .
selection adoption and serves as a
foundation for further research.
Primarily applied toa  Expands MFCA from reporting
Integration of MECA §1ngle case stu.dy to proa'ctlve planning, enak')hng
into budgeting for (liquor production), environmental-economic
MFCA-ABB forecasting resqurce limiting budgeting. Demonstrates the
[43] (Activity-Based & generalisability; potential for adapting
. use, product output, . " .
Budgeting) . MEFCA is traditionally conventional management
and waste generation .. . 1
in manufacturing ex-post, requiring accounting tools to
further validation for sustainability-focused
predictive use decision making.
Introduces a web-based tool
Development of a e Focuses on the aimed at facilitating the
Identification of . . . o
[44] web tool for otential svnereies in development phase;  discovery of industrial symbiosis
identifying industrial po? YIS lacks extensive field opportunities, potentially
S industrial parks L . .
symbiosis application integrating MFCA data for
enhanced decision making.
Provides insights into the
Multiagent Analysis of . economic interactions within
. : . Theoretical model; . . L.
[45] simulation of transaction cost requires empirical industrial symbiosis networks,
transaction costs in dynamics in q valida ticl:))n which could be complemented
industrial symbiosis symbiotic networks by MFCA for a comprehensive
economic assessment.
Economic, energy, LCA alone does not
and environmental ~ account for economic
Inteeration of LCA (BE) sustainability of ~ losses from resource MFCA complements LCA by
[46] gn d MECA greenhouse crop inefficiencies; reliance  quantifying the economic impact
production on subsidies may of waste and inefficiencies
(cucumber, tomato, distort economic
and bell pepper) feasibility
Eco'nomlc and Demonstrates MFCA's potential
environmental . - .
. Focuses on a specific ~ to quantify economic losses from
impacts of food loss PP
. food sector (potato waste and inefficiencies,
[47] MFCA and waste in the . N . .
. chips), limiting supporting circular economy
Italian salty snack L .
generalisability strategies and food waste
sector before and management policies
during COVID-19 & p
Lifecycle extension of Faclfs empirical Expapds MFCA apphcablhty by
. . validation beyond the incorporating lifecycle
MEFCA, integrating .
[48] MFCA-LCA environmental case study; assessment, offering a more
integrated model . theoretical comprehensive sustainability
damage valuation . . . . .
- framework still evaluation for decision making
and cost accounting . . .
developing in enterprises.

Building on the existing literature, our study contributes by developing a comprehen-
sive methodology that integrates MFCA with detailed CAPEX and OPEX analyses within
the framework of industrial symbiosis. This approach enables a thorough technoeconomic
assessment of symbiotic interactions, providing a holistic understanding of the financial
viability and potential cost savings achievable through industrial symbiosis. By applying
this integrated methodology to real-world case studies, our research offers practical in-
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sights and guidelines for decision makers aiming to implement economically sustainable
industrial symbiosis initiatives. This work addresses the identified gap in the literature by
combining MFCA with CAPEX and OPEX evaluations, thereby advancing the field and
supporting the pursuit of sustainable industrial development.

3. Scope of the Current Work and Strategy Planned
3.1. Model Background

Material flow cost accounting (MFCA) is a method developed from material flow
analysis in the 1990s [49]. MFCA has been successfully implemented for over 20 years by
several companies, particularly in Japan [50,51] and Germany [52]. In 2011, an ISO standard
for MFCA was released by the International Standardization Organization [33]. Comple-
mentary standards include ISO 14052 [39], which focuses on supply chain applications, and
ISO 14053 [53], providing guidance on MFCA implementation. As part of the ISO 14000
family, which focuses on Environmental Management Accounting, MFCA complements
life cycle assessment (LCA) methodologies, offering a perspective for understanding the
financial implications of resource inefficiencies [34].

Apart from being adopted in industry for achieving cost savings through resource
efficiency, MFCA is also discussed and developed in different directions within the research
community. One area of significant potential lies in its application to IS, as proposed
by [54], who suggested the development of an Environmental Management Information
System that adapts modularly to different companies and fosters IS development. MFCA,
when integrated with other tools like LCA, plays a key role in this framework [34,39].
Additionally, MFCA supports decision making by highlighting opportunities to improve
resource efficiency within processes and among stakeholders [55-57].

3.2. Model Description and Adaptation for IS Assessment

MFCA implementations change depending on specific contexts of its application
(i.e., how a specific company is implementing this type of thinking) [58,59]. However,
there are fundamental elements relevant for any use, particularly when extended to IS
scenarios [58]. Traditionally, MFCA has been employed to assess existing production
inefficiencies and waste-related costs in industrial processes. However, in this study, we
extend its application to evaluate prospectivity, analysing potential future scenarios and
alternative system designs. This approach allows us to explore how MFCA can support
decision making in IS initiatives by integrating expected changes in waste and resource
flows. Below, the essential aspects of the strategy planned in this work are outlined.

3.2.1. Quantity Centres

Defining and using quantity centres (QCs) is crucial in MFCA [33]. These are segments
of a process—such as unit operations or storage points—where material and energy flows
are analysed, as shown in Figure 1. They form the basis for quantifying inflows, assigning
costs (e.g., labour, depreciation, maintenance, and waste management), and allocating these
costs to the process outputs [59].

For IS applications, QCs can be defined at the company level rather than focusing
solely on individual production units, ensuring alignment with the requirements of system-
wide analysis. Instead of restricting QCs to individual processes or production steps,
companies in an IS network can be considered QCs themselves, each representing a distinct
node in the overall resource flow. This allows for a broader evaluation of material, energy,
and waste exchanges within the network.
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Inputs 100 kg, total cost 1000€ * Electricity

Raw material cost 1000€ ® Maintenance

Energy costs (e.g. 100€) Products 75kg, total cost 1575€
Material cost 750€
* Fuel Energy cost 75€
* Heat System cost 750€
System costs (e.g. 1000€)
® Labour
¢ Investment
¢ Transport
Waste management costs (e.g. 100€)
¢ On-site costs
® Recycling costs
. ?orage costs Losses 25kg, total cost 625€
reatment costs
* Disposal costs Material cost 250€
Energy cost 75€

System cost 250€

Waste management costs 100€

Figure 1. Quantity centres in MFCA, including examples of costs and material flows relevant for
the analysis.

To accommodate multi-company symbiotic interactions, the MFCA methodology is
adapted by incorporating inter-company flows into the analysis. This means that inputs
and outputs are no longer confined within a single entity but extend across companies,
tracking the transfer of materials, by-products, or energy. For instance, waste heat from one
company may serve as an energy input for another, and this exchange must be quantified
both in physical terms (e.g., M] of energy transferred) and economic terms (e.g., cost savings
for the receiving company and avoided disposal costs for the provider). By structuring the
analysis at the company level, it is possible to evaluate the economic and environmental
efficiency of IS networks holistically, rather than assessing individual processes in isolation.

3.2.2. Allocation Methods

Within each QC, costs are allocated between positive outputs (products or interme-
diates) and negative outputs (losses) (Figure 2). These costs encompass material, energy,
system-related, and waste management categories (Figure 1). Allocation methods must
consider the specific IS context, with options including mass-based, quality-based, or value-
based distributions. Selection will be informed by the nature of the symbiotic network and
expert judgment.

Raw material .
Quantity centre

Production process

Positive outputs (po)

Inputs Products

Negative products (np)

A

Material losses

Figure 2. Generic overview of inputs and outputs from a QC. Positive outputs on the left-hand side
refer to intermediates from a previous QC.
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Material
and energy
inputs

3.2.3. From Material and Energy Balance to Cost Balance

Similar to LCA, MFCA uses material and energy balances as a basis for cost calcu-
lations. Costs not directly tied to specific flows—such as facility-wide energy costs—are
allocated using appropriate criteria tailored to the IS context. These criteria depend on
the type of resource exchange and the relationships between participating industries. For
instance, energy costs might be distributed based on the proportion of heat or electricity
consumed by each symbiotic partner, while waste treatment costs could be assigned based
on the volume or hazardous nature of the waste exchanged. In cases where by-products
replace virgin materials in another process, cost allocation may follow a mass-based, quality-
based, or value-based distribution, depending on the contractual agreements and economic
valuation of the exchange. This methodology enables detailed tracking of cost propagation
through interconnected processes within symbiotic networks.

3.2.4. Expanding from Single Organisations to Interlinked Systems

Finally, a fundamental aspect of the MFCA approach which is relevant for IS scenarios
is the use of the method at multiple layers of detail. Supply chain approaches for MFCA are
described in the ISO 14052 standard [39] and can be used to assess the efficiency of input
virgin materials to final products in a supply chain, thus creating a larger understanding
of how one company’s work with resource efficiency can be connected to other actors’
decision making and strategies. Adding a symbiosis layer to this implies also connecting
different supply chains and building integrated understanding of how costs flow between
companies and what effect changes in, e.g., quality of raw materials in one company in one
supply chain will affect the costs at other positions in that supply chain. If this is the case,
the quantity centres in MFCA may involve entire companies rather than specific production

processes or sets of processes within an individual company, as shown in Figure 3.

D ! Product output from supply chain>
Company 1 Company 2 Company 3

J J

Companies
handling
losses from
supply chain

Losses in supply chain

Losses in supply chain

Losses in supply chain
]

N N

New input in supply chain

Material Companies
an_d energy in other [] Raw materials and energy
inputs supply chain streams

[ By-products streams
[7] Waste streams

Figure 3. Integration of MFCA assessments between companies within a supply chain and between
supply chains.

4. MFCA Methodology on IS

The methodology outlined in this section will be applied to two industrial symbio-
sis (IS) case studies: the Escombreras Valley (Spain) and Frovi (Sweden). It provides a
structured framework for analysing and quantifying material and energy flows, assessing
technoeconomic impacts, and guiding waste exchange pricing in IS systems. This approach
aims to detect and trace overall losses through current and proposed processes, quantify
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the impact of IS actions on waste reduction, and ensure mutual economic benefits for

stakeholders involved.

10.

The experimental procedure for implementing the MFCA methodology is as follows:

Definition of the baseline configurations: identify the targeted processes impacted
by IS actions at each demo site. For Escombreras, this includes processes within
the fertiliser production chain, while, in Frovi, the focus is on utilising residual heat
from the pulp and paper industry for heating a tomato greenhouse to reduce fossil
fuel consumption. Check existing piping and instrumentation diagrams (P&IDs) for
current processes and collect historical data where available. Set process boundaries
to limit the scope of analysis to processes affected by IS upgrades. Characterise
target streams in terms of material and energy flows, composition, temperature,
and pressure.

Establishment of a block diagram: develop a diagram that includes all relevant process
units and the material and energy flow connections between them. This will serve as
the foundation for both demo sites to visualise their unique process interconnections.
Definition of quantity centres (QC): group process units into QCs that represent
specific roles in the overall process. In Escombreras, QCs may include fertiliser
production units, while, in Frévi, they may involve heat recovery systems and
greenhouse operations.

Matching of flows, units, and streams characterisation: develop a matching matrix
linking inflows and outflows to their corresponding processes or control units. This
matrix allows for calculating losses and inefficiencies in each process stage, tailored to
the operational characteristics of each demo site.

Identification of waste streams: use the matching matrix to identify two key outputs:
(a) material losses, calculated through mass balances for each substance in a control
unit. (b) Energy balances, including electrical contributions (e.g., pumping and
stirring) and thermal contributions (e.g., heating and refrigeration). In Frovi, this
step focused on capturing the thermal energy flow from industrial processes to
the greenhouse.

Transformation of material loss and energy inputs into monetary units: convert
material losses and energy consumption into monetary values. For Escombreras,
this may include electricity costs for fertiliser production, while, in Frovi, it involves
calculating the monetary value of residual heat compared to the cost of fossil fuels
that would otherwise be required for greenhouse heating.

Characterisation of the IS solution: repeat steps 1 to 6 for the proposed IS scenar-
ios, incorporating necessary assumptions. In Escombreras, this might involve op-
timising fertiliser by-products, while, in Frovi, it focuses on integrating residual
heat into the greenhouse heating systems, considering potential investments in heat
transfer infrastructure.

Reporting of MFCA results: present results using Sankey diagrams to visualise ma-
terial and energy flows and their associated costs. The diagrams will highlight the
cost proportions for QCs, material losses, and energy flows, aiding stakeholders in
understanding process efficiency improvements.

Calculation of CAPEX and OPEX for the processes involved in both current and IS
solutions: assess the capital and operational expenditures for both the baseline and
IS scenarios. In Escombreras, this might include only partially amortised equipment,
whereas, in Frovi, new investments in heat exchange and transfer systems could
be evaluated.

Establishment of guidelines for waste materials and energy exchange pricing: couple
MECA results with traditional cost-benefit analyses (CBA) to establish pricing guide-
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lines for waste and energy exchanges. For Frovi, this step includes evaluating the
economic benefits of residual heat utilisation versus conventional fossil fuel heating
costs, ensuring mutually beneficial agreements for all stakeholders involved.

5. Overview of IS Case Studies

Spain and Sweden were intentionally selected as case studies to explore IS feasibility
under different industrial conditions. Spain’s industrial landscape, particularly in the
chemical sector, faces challenges related to high energy consumption and by-product man-
agement, with IS playing a key role in optimising resource use within existing production
processes. In contrast, Sweden’s regulatory framework actively promotes industrial decar-
bonisation and waste valorisation, creating an environment conducive to designing new
IS frameworks from the outset. These differences provide complementary insights into IS
implementation, allowing us to assess how symbiosis can be applied both as an incremental
improvement in existing industries and as a planned strategy in emerging IS networks.

5.1. Spanish Demo-Site Description

The IS activities at Escombreras valley, Spain, are based on the process upgrades
carried out at the industrial site of Quimica del Estroncio (QSr), a fertiliser company within
the Fertiberia Group. QSr is specialised in the production of a wide range of fertilisers
and industrial products, with its primary focus on manufacturing strontium-based salts.
Recently, the production of potassium nitrate (KNOj3) has been gaining strategic importance
due to its increasing market demand [60]. The existing production facilities allow the
production of different fertilisers to be adapted based on their seasonal demand.

The current KNOj3 production is limited by several factors:

e High aqueous dilution requirements: the process requires a significant dilution ratio
of KNOj to HpO (1:5), which hinders efficiency.

e  Elevated energy consumption: the pumping and cooling of the highly diluted product
stream demand substantial energy input, mainly for the separation of KNOj3 from the
by-product (NH4Cl).

e  Generation of a low-value by-product: ammonium chloride (NH4Cl) is produced as a
by-product of the reaction of ammonium nitrate (NH4NO3) and potassium chloride
(KCl), offering little to no commercial value.

o  Wastewater challenges: the production of strontium salts generates calcium chloride
(CaCly) as a secondary by-product due to the use of hydrochloric acid (HCI) in leaching
operations. This CaCl, is partially discharged in wastewater, where it interacts with
sulphate salts from neighbouring industries, forming calcium sulphate (CaSO,) and
causing clogging issues in the general wastewater discharge system.

To address these challenges, the proposed process upgrade focuses on (a) significantly
reducing water and energy usage, (b) eliminating the generation and handling of ammo-
nium chloride by-products, and (c) recovering waste hydrochloric acid (HCI) for reuse in
mineral leaching operations.

The upgraded process will incorporate three advanced technologies, along with the
integration of waste flows from neighbouring industries, including sulphuric acid (HySOy),
COg, and glycerine-rich streams, to intensify the KNOj3; production process (Figure 4).
These innovations aim to improve resource efficiency, minimise waste, and enhance the
overall sustainability of the production system (Figure 5).
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Figure 4. (a) KNOj production process scheme baseline and (b) production process scheme after
IS implementation.
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Figure 5. (a) Use of resources and product generation (a) before and (b) after implementing IS actions.

5.2. Swedish Demo-Site Description

At the initial stage, the Swedish case study intended to showcase a regenerative
industrial approach where low-grade residual heat and CO; from a pulp and paper mill
would be used as inputs to produce both tomatoes in a 100,000 m? greenhouse and shrimp in
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a land-based aquaculture facility. The value of reusing heat and CO; is that environmental
impacts are reduced. For example, the conventional use of primary resoruces such as
natural gas for tomato production is avoided. Locally produced tomatoes and shrimp also
reduce transportation needs and enhance resilience by shortening food production value
chains. From a systems perspective, the Swedish IS case presents both challenges and
benefits, but these are beyond the scope of this paper.

The greenhouse facility studied was under construction between 2022 and 2024, with
groundwork commenced in February 2022 and operation starting in May 2024, demon-
strating the use of low-grade waste heat for ambient heating, while the CO, recycling
resulted instead in the project gaining insights into the limitations and alternatives for
recycling CO; from flue gases in connection to a pulp and paper facility. Early in the project
development, the shrimp farm was removed for reasons not further elaborated in this
paper. The greenhouse, however, is one of the largest in Sweden at 10 ha; for comparison,
the total area for Swedish tomato production was 460,000 m? in 2020 [61]. The boundary
conditions of the case study are depicted in Figure 6.

The symbiosis site was facilitated by the company WA3RM. WA3RM led the work with
the symbiosis and connected the companies running the greenhouse with the paper mill. In
contrast to the Spanish case study, the Swedish case presented in this article is prospective
and includes the greenhouse, CO; recycling, and heat recovery. The grey areas in Figure 6
and beyond could be included in an extended MFCA of the symbiosis but, since these
areas were not part of the project, these are excluded from the current assessment. Data
from various sources with varying degrees of accuracy have been used for a preliminary
assessment, including waste stream measurements, Aspen plus simulations, expertise from
growers and suppliers, and literature reviews.

=5

Electricity

Electricity

Tomatoes
—

L
Nutrients | Heat Organic

:] o

Cooled water

Figure 6. Overview of the Swedish case study at design phase. The green box illustrates the boundary
conditions of the present paper, whereas the industrial symbiosis is shown in grey.

The hypothesis of this case study was that MFCA could be used as a structured
approach to assess cost flows between actors in a symbiosis network during the early
design phase. This could be linked to other standardised methods for impact and cost
assessments, such as LCA and LCC, serving as a first step for stakeholders to develop a
more detailed internal MFCA approach for operational use. The MFCA elaborated here is
thus focused on symbiosis connections, which implies that it is an approach focusing on
mass and energy flows suitable for symbiotic exchange. The assessment of suitability in
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the Swedish case study was performed by first classifying the negative products (residuals)
as either avoidable or unavoidable [62], where only unavoidable negative products were
deemed suitable for symbiotic exchange. If a residual stream was deemed avoidable, it
should be subject to internal efficiency improvements instead of symbiotic exchange. In
a second step, the selection was also screened based on practical potential for collecting
and transferring the flow to a receiving actor. The classification was particularly relevant
in this case due to the methodological approach adopted, which focused on optimising
material and energy flows in the symbiosis. In contrast, in the Spanish case study, the
analysis primarily relied on a cost-benefit assessment (CBA) complemented by MFCA
but did not explicitly distinguish between avoidable and unavoidable negative products.
This difference in approach was based on the specific objectives and data availability in
each case.

The concept of unavoidable waste has gained policy momentum, e.g., the British
government is aiming for zero avoidable waste by 2050 [63]. According to lacovidou
et al. [62], inherent characteristics or design principles considered necessary can be seen
as unavoidable. Based on this, for the Swedish case, tomato plant residues (e.g., roots,
leaves, and stems) are classified as unavoidable negative products, as they are an inherent
part of the cultivation process. However, different management strategies exist for their
valorisation, such as composting or bioenergy recovery. Conversely, water evaporation
and vented CO, are considered unavoidable negative products, even though alternative
greenhouse designs (e.g., closed greenhouse systems) could significantly reduce these
losses. These products are, however, not partially relevant for symbiotic exchange since
they are vented off in the greenhouse and cannot be collected. Thus, they are excluded
from the analysis. Leached nutrients and pesticides are excluded from the analysis since
they have a limited effect on the cost flows of the current system design.

In Figure 7, the method for calculating the costs for positive and negative outputs is
visualised. The costs associated with each material input are allocated between positive
outputs (either product or intermediate) and negative products. The allocation is based on
the mass fraction of total positive and negative unavoidable and collectable outputs. This
implies that all allocated costs in the system will end up in the unavoidable outputs and,
thus, will give an indication of the potential for increasing symbiotic exchanges and the
allocated production costs for different symbiotic residual flows. For the symbiotic MFCA,
allocation methods could also be based on, e.g., estimated market prices for the different
output streams. Also, if the derived allocated production costs for different outputs are
high, this would indicate that a more detailed internal MFCA should be conducted to
investigate where the main costs and inefficiencies are located in the system.

The sum of all system costs and the sum of all energy costs of quantity centre n (QCn)
were allocated between the positive outputs and the unavoidable negative products. Addi-
tionally, waste management costs for each QC were allocated between negative products.

Since CO, can be added to a symbiotic greenhouse in multiple ways, various cases
have been assessed in this analysis (Figure 8), with two options (A and B) for obtaining
CO, from the neighbouring paper mill in an IS collaboration. In Option A, the CO; is
provided by using a carbon capture utilisation (CCU) technique, whereas, in Option B, the
CO; is provided by cleaning the industry flue gases with a scrubber. In Option C, the CO,
is provided by an external supplier. In Option D, the CO, to the greenhouse is provided
by a natural gas boiler, without an IS collaboration. This is a common way of providing
electricty, heat, and CO, at existing greenhouses in Europe and is thus used as a reference.
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Global Solar Irradiance

Inputs used in the assessment are historical data on temperature and flow of the
residual heat, composition of the flue gases, and local climate data. Additionally, an
algorithm was developed to capture the general CO, supply strategy commonly used by
tomato growers. As illustrated in Figure 9, the algorithm is based on solar irradiance levels,
which determine the required CO, concentration (500-800 ppm) in the greenhouse. It
also incorporates data from growers regarding the correlation between solar irradiance
and CO; levels, plant photosynthetic uptake, air exchange rates, and correction factors.
This approach allows dynamic adjustments of CO, supply to optimise plant growth and
resource efficiency. For economic inputs, market prices were used, except for flue gases
and residual heat, which were estimated using the cost-plus price setting method. This
method is based on the expenditures of recycling the resource (OPEX and CAPEX) per unit
delivered together with an agreed margin.

Air exchange rate,
correction factor,
calibrate with
maximum CO2 from
growers

Correlation between

solar irradiance and Plants CO, uptake via

CO, concentration in photosynthesis
ppm, from growers

Ambient CO,

concentration
required

Y Y Y

kg COy/h to
greenhouse

[CO,] =500 ppm

Analysis of dynamic

[CO,] =800 ppm data

Figure 9. Chart for evaluating CO, demand for a 10 ha greenhouse in the Swedish case study.

Alternative system designs may introduce new unavoidable negative products that
can affect resource efficiency negatively. Comparing alternatives side by side helps identify
the most resource-efficient option.

6. MFCA Results
6.1. Baseline: Spanish Pre-1S Scenario

The first step in the analysis is to simplify the system in its main stages and establish
a representative flow diagram or, alternatively, the most representative QC that allows a
comparison to be established between the current and IS solution scenarios. In this case,
this phase was found to be especially difficult as the overall production plant is complex
and the information regarding the baseline is much more detailed than that available
for the IS solution scenario. The stages analysed and the energy and material flows are
showcased in Figure 10a. The adopted solution involved system division into reactants
feeding, reaction, and purification sections, since these can be readily identified at both
pre- and post-IS process schemes. In the Sankey diagram of Figure 10a, it is observed
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that the energy input to run the current KNOj3 production plant exceeds 230 kWh/tKNQOs3,
with the main contributors being fluid pumping, tank stirring, and heating/refrigeration
operations. The purification section, which includes reaction mixture refrigeration, KNO;
concentration, crystallisation, and centrifuging, holds more than 70% of the process energy
requirements. The current plant capacity is nearly 2.6 tKNO3 /h in crystal form and, for
this purpose, more than 16 t of reactants and diluting water are employed.

Energy = 600 kWh

NH4NO3 (80%): 4.9 t/h
H20_feeding: 2 t/h

(@ NH4NO3
p (it

KNO3 crystals:
2.6 t/h

Purification |mes—
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H20:4¢€/h

Figure 10. Sankey diagram of mass and energy (a) and the cost (b) flows for KNO3 production baseline.

Due to the high dilution required and the type of reactants used, there is a very
important aqueous by-product flow generation containing both dissolved KNO; and
NH,Cl salts. The KNOs3 content is essentially determined by the solubility of the salt in
water at the pressure and temperature conditions attained at the crystalliser outlet, whereas
NH,4Cl is the by-product of the reaction between NH4NO3 and KCl salts. As such, roughly
14 t/h of dissolved KNOj3 by-product with NH4Cl impurities are generated, which can
either be sold as liquid-phase fertiliser or further processed to recover valuable KNOs. It is
of remark that NH4Cl has low to noncommercial value. Currently, this by-product is sold
below its actual production cost. Moreover, this also implies a significant efficiency loss in
the KNOj production process, as nearly half of the produced KNOs is lost in solution with
NH,4Cl. Specifically, for each ton of KNOj3; produced, aproximately 0.5 t remains as pure
salt, while the other 0.5 t is carried away in the by-product stream, resulting in an overall
efficiency of about 50%.

Once a rough estimation of the mass balances of the KNO3 production plant is ready,
the cost of each feedstock, energy input, product, and waste can be quantified. Figure 10b
shows the tentative costs of all energy and mass input and output flows involved in the
KNOj3 production process. The values shown are intended to be representative or, at least,
to provide a realistic order of magnitude for each flow cost. However, due to the market
price fluctuations as a result of the events taking place worldwide in the last two years
and, particularly, in the latest six months, the presented cost allocation is fraught with
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uncertainty. For instance, the selected electricity price (0.15 EUR/kWh) is an average value
within the EU zone along the second semester of 2021 for nonhousehold consumers [64].
At the reporting date, this value is probably obsolete. Furthermore, energy-intensive
companies such as this fertiliser plant have specifically negotiated prices for the energy
usage, which may be significantly different from the averages used here. Similarly, the
price of KCl (220 EUR/t) and NH4NO3 (314 EUR/t) raw materials were selected based on
2021 market price standards [65,66]. To illustrate the extent of the price fluctuation, the KClI
price by June 2022 exceeds 532 EUR/t, which represents a 175% increase with respect to
the market price of the same salt by December 2021.

To address this volatility, sensitivity analyses were performed to evaluate the impact
of different price scenarios on the results, considering both historical trends and projected
market variations. However, price fluctuations remain an inherent limitation in MFCA and
CBA methodologies, as they depend on external economic factors beyond the control of
the analysis. Future studies could integrate real-time price indexing or forecast models
to improve the adaptability of cost assessments and provide more dynamic economic
evaluations of IS scenarios.

Similarly, the price of NH4NOj increased by more than 200% in the first quarter of
2022. As such, the selling price of the KNOj crystals that was set at 1 EUR/kg in this study
based on prepandemic available data can be considered obsolete. The by-product price was
calculated to be roughly 100 EUR/t, which is the sum of the prices of KNO3, NH;Cl, and
water in the real proportions of the mixture. The estimated costs, including energy input,
feedstocks, and by-products (when considered as waste), reach approximately 2700 EUR/h
under the baseline assumptions of 2021. This value was obtained considering an average
price of raw materials and energy prior to the extreme market fluctuations observed in 2022.

If by-products are considered as secondary raw materials instead of waste, their
economic valuation would shift from a cost-based disposal approach to a potential revenue
stream. In this case, their market value, demand, and feasibility of reuse would need to be
assessed, which could significantly impact the overall economic balance of the IS scenario.
Under this alternative approach, the cost allocation strategy would need to be revised to
ensure that the benefits from by-product valorisation are correctly accounted for.

Consequently, if the updated price trends are applied, OPEX could be considered as
EUR 2700/2.6 = EUR 1350/tKNOj (excluding labor), which is very similar to the benefits of
KNO; crystal selling at a given cost of 1 EUR/kg. While price volatility remains a challenge
in economic assessments, future studies could incorporate real-time price indexing or
forecast models to improve the adaptability of cost evaluations in IS scenarios.

6.2. CORALIS: Spanish Post-1S Scenario

In terms of the MFCA analysis, the “post-IS scenario” considers the KNO;3 production
plant upgrade described in Section 3.1. The mass and energy flow diagram of the new
demo plant is presented in Figure 11a. The demo plant capacity is expected to provide
up to 1.2 t of KNOjs crystals per hour (8000 t/year) with a drastically reduced wastewater
generation and energy consumption. Essentially, the resin mobility feature of the new
reactor avoids cleaning steps and, thus, strongly reduces waste generation. The energy
input per ton of crystal salt drops down to 125 kWh (104 kWh/tKNQO3) and the usage of
raw materials also decreases to a significant extent. The production of NH4Cl is avoided.
Diluted HCI (14 wt. %) is produced instead, which may be purified and recovered in the
further stages, as described in Section 3.1. The costs allocated for each of the flows were
obtained from the same sources, adopting the same assumptions as those indicated in
Section 3.2. Figure 11b shows the flow cost diagram of the proposed post-IS solution.
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Figure 11. Sankey diagram of mass and energy (a) and the cost (b) flows for KNOj3 production after

IS implementation.

In this case, the big numbers indicate that the additive cost of feedstocks, electricity,
water, and waste flows may potentially represent an OPEX (excluding labour) of roughly
between 880 EUR/h and 800 EUR/tKNOj3. Considering an estimated resins reactor plant
cost of EUR 4.7 M (again, referring to the 2021 cost of raw materials for reactor construction)
and a fixed KNOj crystal price of 1 EUR/kg, the investment would potentially have a
payback period of 2.9 years and a 4-year return of investment of roughly 36% (excluding

staff effort per unit flow rate).
The payback period (PBP) is calculated as follows:
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These figures are indicative and should be updated whenever the investment is made,
considering potential market fluctuations in raw material costs and energy prices.

The previous scenario considers that nearly 4.3 t/h of a diluted HCl flow (14 wt. %)
with nitrate impurities having a cost allocation of roughly 50 EUR/t are wasted and not
recovered again for production purposes. However, as described in Section 3.1, two differ-
ent options are being considered to denitrify and purify this HCl-based by-product. For
the biological degradation of nitrates with bacteria, being glycerine supplied from neigh-
bouring companies, the estimated CAPEX is around EUR 0.5 M, based on cost evaluation
carried out by Fertiberia Group, taking into account process equipment, installation cost,
civil infrastructure, and auxiliaries services and utilities.

Given the 2021 market price for concentrated technical-graded HCI (around 125 EUR /1) [67]
and the fact that the waste flow from the KNO; production process may potentially gen-
erate 1.6 t/h of concentrated and nitrate-free HCI solution (30 wt. %), this output is not
explicitly represented in Figure 11a, but it is derived from an estimation of recovery from
the 4.3 t/h of HCI (14 wt. %) after the concentration step. The potential savings in HCl
acquisition for mineral leaching purposes may exceed EUR 1.3 M per year. However, the
lack of CAPEX estimations for the last integration at the current project stage does not
allow us to estimate the maximum OPEX of both the denitrification and HCI recovery
pilot plants for a favourable business case scenario. Nevertheless, it is expected that these
process improvements will lead to a reduction in raw material consumption due to higher
reaction efficiency, improved selectivity, and the elimination of NH4Cl formation.

Additionally, the recovery of HCI further reduces the need for virgin acid inputs,
optimising overall material usage. Therefore, it is also impossible to establish a price range
at this point for the potentially incorporated waste flows from the neighbouring providers
(i.e., glycerine, CO;, and Hy50y).

6.3. CORALIS Swedish Demo Site

The mass and energy flows for the four different cases are visualised as a Sankey
diagram in Figure 12. As can be seen in the figure, there is a large need for electricity and
heating in the greenhouse system, and the other large input is the CO, needed for plant
growth. Even though the material flows are similar for all four cases, the need for energy
in alternative A for the carbon capture is apparent. Also, the alternative with a natural gas
boiler will supply both heat and CO; to the greenhouse.
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Figure 12. Cont.
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Figure 12. Sankey diagrams for mass and energy flows in the different cases shown in Figure 8.
(a) Carbon Capture Utilization (CCU) scenario: CO; is captured from the neighbouring paper mill
using a CCU technique. (b) Flue gas cleaning scenario: CO, is obtained by cleaning the industry’s
flue gases with a scrubber. (c) External supplier scenario: CO; is provided by an external supplier
instead of an industrial symbiosis collaboration. (d) Natural gas boiler scenario: CO;y, heat, and

electricity are supplied through a natural gas boiler.

The problem with only analysing mass and energy flows is of course that they say
nothing about costs and quality of the inputs and outputs. The costs for input flows be-
tween the four alternatives are shown in Figure 13. Clearly, alternatives B and C have
low-er input costs than the other two cases. It is also shown in this assessment that the only
negative product identified (the green parts of the tomato plants) could be seen as a viable
option for improvement to increase the resource efficiency of the process. This system is
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small but is a good example of the principles, even though the MFCA would most likely be
more valuable in production systems that are more complex.
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Figure 13. Sankey diagrams for cost flows for the four different cases shown in Figure 8. (a) Carbon
Capture Utilization (CCU) scenario: COj is captured from the neighbouring paper mill using a CCU
technique. (b) Flue gas cleaning scenario: CO; is obtained by cleaning the industry’s flue gases with
a scrubber. (c) External supplier scenario: CO; is provided by an external supplier instead of an
industrial symbiosis collaboration. (d) Natural gas boiler scenario: CO;, heat, and electricity are
supplied through a natural gas boiler.

As the width of the arrows between QCs represents the cost flow in relation to each
other, the figure shows that the greatest cost for the tomatoes is electricity consumption
(blue flow in Figure 13). The model also indicates significant costs associated with tomato
plant residues.
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To explore the potential for increased symbiotic exchange, the monetary efficiency
(costs allocated to positive products/total costs) was used to make more detailed compar-
isons. This metric is defined as:

Costs allocated to all positive products

MonetaryEfficiency = , ()

Total costs

which quantifies the proportion of total costs effectively used for producing valuable
outputs in the industrial symbiosis system. Given the simple case in this paper and that
there are only two product flows that are fixed in size for all cases, the monetary efficiency
will be the same for all cases, approximately 70%. This suggests a 30% potential for
increasing the utilisation of residual outputs in the system through symbiotic exchanges.

The differences between the resulting Sankey diagrams for the alternative system
de-signs were challenging to clearly distinguish. Thus, allocated production costs for
various positive and negative products in the system serve as a key metric in MFCA. For
the greenhouse, the allocated production costs, in EUR/kg, are shown in Table 2. These
costs are sensitive to the CAPEX and OPEX inputs in the assessment and should thus be
presented with uncertainty intervals and include more in-depth sensitivity analyses. In
this paper, fixed numbers based on the MFCA from Figure 13 have been used and do not
represent any real cost estimates performed in the Swedish case study. Allocated production
costs can be compared with typical selling prices for these types of products, showcasing a
potential benefit of symbiosis-oriented MFCA for business agreements between actors in
a symbiosis network. Highlighting allocated production costs can be used as a means to
verify that residual streams are used for suitable receiving processes and can also indicate
the potential need to address internal efficiency measures in industrial facilities if the
allocated production costs are too high to find any feasible collaborations.

Table 2. Allocated production costs for positive and negative products for the four cases shown in

Figure 8.
Option Allocated Production Cost Allocated Production Cost
p for Tomatoes for Plant Residues
A 1.30 EUR/kg 1.33 EUR/kg
B 1.04 EUR/kg 1.07 EUR/kg
C 1.07 EUR/kg 1.10 EUR/kg
D 1.23 EUR/kg 1.26 EUR/kg

The results by themselves do not provide an answer to the next step of the Swedish
case study; rather, the intention in this paper is to showcase how MFCA can be used in
symbiotic exchanges and to increase motivation to reduce the gap between the fields of
business management and industrial ecology by including symbiosis-focused metrics for
capturing resource efficiency into the portfolio of KPIs that decision makers can use when
evaluating different alternatives and to find new ways to improve the process to become
more resource-efficient and to highlight possible extensions of the IS.

A downside of the MFCA method is that it is static. It normally uses an average
timestep (usually yearly production data) and does not include variations in, e.g., electric-
ity prices. This is particularly relevant for highly dynamic processes like the production
of tomatoes in a greenhouse, since potentially profitable flexibility in production is not
included in the analysis. Therefore, its alignment and utility to the technoeconomic as-
sessment of IS solutions and, specifically, to the pricing of exchanged waste materials
requires further study. Still, MFCA adoption can give a clear overview on the waste streams
generation by any industrial activity and can allocate a cost to each waste flow based on
the cost of the individual components in the effluent mixture. It is important to note that



Sustainability 2025, 17, 2730

23 of 30

most waste flows require investment for upgrading. It also holds true that not all waste
flows can be sold or even employed without additional costs by an external receiver.

7. Conclusions

Policymakers and industry stakeholders should consider incorporating material flow
cost accounting (MFCA) into regulatory frameworks for industrial symbiosis (IS) imple-
mentation. This would facilitate cost-sharing agreements, incentivise waste valorisation,
and help to align resource efficiency with sustainability goals. Additionally, standardisa-
tion of IS frameworks across industries is a priority to enhance scalability and adoption.
Policymakers should also explore collaborative efforts between industries to optimise
waste and resource exchanges, leveraging MFCA insights for better decision making at the
system level.

7.1. General

Material flow cost accounting (MFCA) has proven to be a valuable tool for identifying
and allocating costs associated with material and energy flows in process upgrades, includ-
ing waste flows. By estimating the cost of diluted reagent streams containing impurities,
MFCA considers factors such as the market price of pure components, the residual cost of
upgraded flows ready for reuse, and the CAPEX and OPEX associated with employing the
best available technology for upgrading. This is specifically useful when implementing
IS solutions.

However, the costs allocated to waste flows do not always correspond to their actual
residual value. Many waste flows, particularly those with low or no potential for upgrading
or direct use, have negligible residual value despite significant allocated costs, as these
represent the monetary value of individual components dispersed within the waste.

Integrating the MFCA methodology with ISO 14052 into industrial symbiosis (IS)
implies a shift toward a more systemic, multi-layered approach to resource efficiency
and cost management. This integration involves not just optimising individual supply
chains but connecting multiple supply chains and actors into a cohesive network, fostering
collaboration and shared responsibility. This implies:

1.  Holistic resource flow management: MFCA applied across interconnected supply
chains enables a comprehensive understanding of how resource inputs, waste outputs,
and costs are distributed across multiple companies in a symbiotic network. This
fosters shared accountability for resource efficiency.

2. Dynamic cost and resource modelling: integrating MFCA with IS requires new models
to dynamically track how changes in one company (e.g., raw material quality or
process efficiency) ripple across the network, influencing costs and performance at
different points.

3. Redefinition of quantity centres: quantity centres in MFCA would expand beyond pro-
cesses or departments to include entire companies or clusters of companies, requiring
new frameworks to map and manage these broader interactions.

4. Collaborative decision making: IS layers demand collective strategies for resource
sharing, waste valorisation, and cost distribution, supported by MFCA insights that
highlight mutual benefits and shared risks.

5. Alignment with circular economy goals: by identifying opportunities to reuse waste,
reduce virgin material use, and optimise shared resources, this integration positions
MEFCA and ISO 14052 as critical tools for achieving circular economy objectives.

Compared to other methods, such as life cycle assessment (LCA), material flow anal-
ysis (MFA), and cost-benefit analysis (CBA), MFCA offers a structured and quantifiable
approach for assigning economic value to material and energy losses. While LCA focuses
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primarily on environmental impact without directly addressing financial implications and
MFA tracks material flows but lacks economic evaluation, MFCA integrates both material
flow tracking and cost allocation, making it a powerful tool for identifying inefficiencies
and optimising costs in IS networks. Additionally, unlike traditional CBA, which primarily
assesses feasibility based on CAPEX and OPEX without accounting for hidden inefficien-
cies in material usage, MFCA helps quantify and visualise economic losses from waste
generation, offering a more granular perspective on resource efficiency. This capability
makes MFCA particularly advantageous for designing IS strategies that require precise
cost allocation and resource optimisation.

While MFCA offers a structured, ISO-standardised approach for evaluating waste
generation costs, its application as a standalone methodology is insufficient to address
the complexities of pricing IS materials and energy exchanges. To complement MFCA,
traditional economic indicators such as ROI, PBP, and NPV should be integrated with
CAPEX and OPEX analyses of upgraded installations. These additional considerations
help establish a technical price framework for waste flow exchange.

The implementation of MFCA-inspired methodologies requires collaboration and
trust among IS stakeholders, involving extensive data collection and cross-departmental
discussions to ensure a holistic understanding of business operations. The methodology’s
complexity is directly tied to the degree of detail required for waste characterisation and
pricing. Ultimately, while MFCA provides valuable insights for identifying opportunities
to reduce waste and improve resource efficiency, it is primarily an accounting tool. Its
utility lies in characterising existing systems, evaluating ongoing changes, and establishing
a technical baseline for decision making.

7.2. On This Work

The dual application of MFCA and CBA proved particularly effective in assessing the
IS scenario in Escombreras, where pre- and post-IS configurations could be well charac-
terised in terms of waste flow sources and process inputs/outputs. The well-defined waste
streams and direct material substitutions facilitated a robust MFCA application, enabling a
clear economic assessment of material losses and resource efficiency improvements.

In contrast, the Swedish case study posed additional challenges for MFCA due to the
complexity of system interactions, particularly in the waste heat exchange process. Unlike
material flows, energy flows (such as waste heat) lack intrinsic mass, making it difficult to
directly allocate costs and track inefficiencies using MFCA's traditional framework. This
limitation required complementing MFCA with CBA to establish a clearer economic dif-
ferentiation between design alternatives. Additionally, uncertainties related to fluctuating
energy prices and the valuation of waste heat as a secondary resource further complicated
cost allocation and scenario comparison.

A key challenge in both case studies was accurately allocating costs to waste flows
and pricing mass and energy exchanges, especially given market price fluctuations for
feedstocks, energy, and fuels. However, in the Swedish case, the lack of standard-
ised pricing mechanisms for waste heat introduced additional uncertainty, highlighting
the need for hybrid assessment methods that integrate MFCA with broader economic
modelling approaches.

Comparing our findings with those from Walz and Guenther et al. [42], who analysed
73 case studies on MFCA implementation, we observe similar trends in waste reduction
and cost allocation improvements. Their study reports that MFCA applications led to
an average 10% reduction in material losses in various industrial processes, including
pressing, heat treatment, and plating. In our Spanish case study, the IS implementation
allowed for an estimated 50% reduction in the loss of KNOj3, a significantly higher figure
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due to process re-engineering and integration of waste valorisation streams. Similarly, our
Swedish case study highlights an estimated 30% potential increase in resource efficiency
within the symbiotic greenhouse system, aligning with Walz and Guenther’s observation
that MFCA enhances material efficiency when applied at the system level. However, our
study extends beyond their analysis by demonstrating the importance of integrating MFCA
with technoeconomic models to address pricing challenges in symbiotic exchanges.

The use of MFCA is valuable as an intermediate step between preliminary assessments
and more advanced studies, such as LCA, providing faster evaluations and leveraging
available (though sometimes limited) information to drive progress in industrial symbiosis.

A key strength of the MFCA approach in industrial symbiosis is its adaptability
to multiple levels of detail, as outlined in ISO 14052, which facilitates the assessment
of resource efficiency across supply chains. Future research should explore expanding
ISO 14052 to include multi-chain symbiosis, modelling cost flows across interconnected
companies, and exploring “quantity centers” at broader levels, such as industrial clusters.
Pilot studies, integration of circular economy metrics, as well as developing IS-specific
standards and evaluating global symbiosis networks will further optimise its application.

Future research should integrate Monte Carlo simulations to enhance the robustness of
technoeconomic assessments by accounting for uncertainties in cost evolution. Additionally,
agent-based modelling or system dynamics approaches could be used to analyse long-
term interactions between IS stakeholders and assess how material and energy exchanges
evolve under different market conditions. These advanced methodologies would help
improve decision-making frameworks by incorporating dynamic cost fluctuations and risk
assessments into IS evaluations.

Further practical case studies should be conducted to validate the effectiveness of this
methodology in advancing industrial symbiosis. These studies are essential for identifying
real-world applications, refining methodologies, and demonstrating the tangible benefits
of integrating MFCA within IS initiatives.

Industrial symbiosis not only enhances resource efficiency and economic viability but
also plays a crucial role in advancing sustainability. By minimising waste, reducing reliance
on virgin materials, and fostering collaborative resource-sharing networks, IS contributes to
climate change mitigation and aligns with key global sustainability frameworks, including
the Circular Economy Action Plan and the United Nations Sustainable Development
Goals (SDGs).

7.3. Practical Recommendations and Future Research Directions
7.3.1. Practical Recommendations for Policymakers and Industry Practitioners

Policymakers should consider integrating material flow cost accounting (MFCA) into
industrial symbiosis (IS) frameworks, encouraging the adoption of cost-sharing agreements
among industries for waste valorisation, and promoting collaborative resource networks.
Financial incentives or tax benefits for companies adopting resource-efficient technologies
could also be offered to facilitate MFCA adoption. Furthermore, the integration of MFCA
into national and international circular economy strategies, such as the EU Green Deal
and Circular Economy Action Plan, should be accelerated. Policymakers can further
drive sustainability by providing financial support to industries transitioning to a circular
economy and fostering government-led waste valorisation projects.

In addition, industry stakeholders, particularly in developing regions, would greatly
benefit from capacity-building programs focused on MFCA and IS strategies. These ini-
tiatives could include workshops, webinars, and collaborations with research institutions
to increase awareness of the economic and environmental advantages of MFCA. Govern-
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ments can play a crucial role in facilitating these efforts by fostering partnerships between
industry, academia, and public institutions.

7.3.2. Future Research Directions Beyond MFCA and ISO 14052

Looking ahead, future research should focus on improving the dynamic modelling of
IS systems. Although MFCA provides valuable insights into the economic feasibility of IS,
its application remains limited by its static nature. To address this limitation, researchers
should explore incorporating Monte Carlo simulations, agent-based models, and system
dynamics to capture real-time fluctuations in cost and material/energy flows. These
dynamic approaches would offer a more nuanced and comprehensive evaluation of IS
systems, considering cost volatility and long-term uncertainty.

Moreover, future studies should expand the application of MFCA to new industries
that have not yet fully embraced IS practices, such as food production, textiles, and electron-
ics. The research should also investigate multi-level IS networks, where enterprises of all
sizes collaborate, and explore the integration of MFCA within multi-industry supply chains.
This would require new methodologies to evaluate cross-industry and cross-geographic
exchanges, providing a more holistic view of resource optimisation across diverse sectors.

In the context of global IS expansion, standardisation of IS practices will be crucial.
Future research should focus on establishing universal standards for waste exchange pric-
ing, material accounting methodologies, and sustainability metrics. Creating international
IS databases to compare various solutions and identify best practices could help streamline
the global adoption of IS practices.

The impact of digitalisation and Industry 4.0 technologies on IS should also be explored
in future research. Technologies such as IoT, digital twins, and big data analytics can
enhance resource flow tracking, real-time monitoring, and decision making, facilitating
the scaling of IS operations. By incorporating digital tools, industries can optimise the
management of IS exchanges more effectively.

Lastly, long-term evaluations of IS systems are needed to understand their evolution
under different economic and regulatory environments. Future research should investigate
how IS networks can be scaled and integrated into national economic policies, as well
as their potential impact on national GDP, employment, and climate goals. This would
provide valuable insights into the broader implications of IS and its role in sustainable
economic development.
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The following abbreviations are used in this manuscript:

MFCA  Material Flow Cost Accounting
CBA Cost—Benefit Analysis

CAPEX Capital Expenditures
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EIPs Eco-Industrial Parks

CcO2 Carbon Dioxide
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