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Abstract

A growing attention has been given to understanding the social, economic and environmental impacts of circular
economy (CE) strategies at national and regional levels. However, the potential trade-offs and synergies involved
in a CE transition remain underexplored. This paper presents a novel framework designed to measure these trade-
offs and synergies through three key dimensions: impact, geography, and sector. This step-wise, multi-dimensional
approach enables a detailed analysis of circularity challenges and benefits. To illustrate the framework's application,
a hypothetical scenario was developed on CE strategies within the agriculture sector, focusing on trade-offs and
synergies between two regions — the European Union and Latin America & the Caribbean. This framework
contributes to a better understanding of potential winners and losers in a global circularity transition, and supports
policymakers in interpreting CE scenarios effectively.
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1. INTRODUCTION

Circular economy scenarios (CES) have contributed to understanding the potential social, economic and
environmental implications of a circularity transition on a country and global scale (McCarthy et al., 2018). Several
researchers have identified potential trade-offs within circularity strategies (Ross et al., 2023; Safarzynska et al.,
2023). For example, an increase in recycling activities in Europe could potentially create more sources of
employment in European countries while reducing job creation in middle- and lower-income countries (e.g., in
South East Asia and Latin America) (Wiebe et al., 2019). Although several CES result in potential trade-offs and
synergies, there is still a lack of understanding about who would be the winners and losers of a global circularity
transition, and how to assess synergies and trade-offs systematically.

Several frameworks have been developed to identify trade-offs and synergies. For example, the application of
Multi-Criteria Decision Analysis, Data Envelopment Analysis, and Triple-Bottom-Line approaches has facilitated
the identification of trade-offs between social, economic and environmental impacts of multiple systems (Hacking
& Guthrie, 2008; Huang et al., 2011; Sala et al., 2015). Multi-Criteria Decision Analysis (MCDA) has its roots in
operational research and decision engineering, providing a systematic framework for evaluating alternatives based
on multiple criteria to inform decision-making processes, allowing to explore potential trade-offs and synergies
within multiple alternatives (Cinelli et al., 2020). With modern applications, MCDA has evolved since its
beginnings, and played a prominent role in decision-making processes, including in policy-related questions (Belton
& Stewart, 2002). In general, MCDA involves three core components: identifying alternatives, establishing criteria,
and generating recommendations (Belton & Stewart, 2002). A notable feature of MCDA is its interactive nature,
which integrates stakeholders throughout the process, enabling a more robust decision-making environment.

Triple-bottom-line (TBL) considers three fundamental dimensions of sustainability: economy, society, and
environment (Hacking & Guthrie, 2008). Widely utilized for evaluating and reporting socio-economic and
environmental impacts across various scales—from business operations to national policies—TBL incorporates a
distinctive feature of benchmarking to facilitate comparative analysis of multiple indicators and longitudinal
monitoring of a system (Vanclay, 2004). From a macro-level perspective, several studies have applied TBL
principles to assess socio-economic and environmental performances of different economies (Onat et al., 2014;
Scherer et al., 2018; Veiga et al., 2018). This approach enables the identification of trade-offs across multiple
indicators. For instance, Wiebe et al. (2023) implemented TBL concepts to evaluate the impacts of CE strategies in
the Norwegian economy across multiple sectors (e.g., textile, plastics, construction).

Data Envelopment Analysis (DEA) is used to assess the efficiency of processes or systems by considering inputs
as positive or beneficial aspects and outputs as negative aspects (Cook & Seiford, 2009). This approach
distinguishes between positive and negative parameters of decision-making processes, facilitating the identification
of potential trade-offs within operations (Mcwilliams et al., 2016). DEA is an optimization approach, typically
involving linear programming to either maximize or minimize the operation of a systems. Furthermore, DEA has
been applied across various levels, from analyzing business strategies to nation-wide assessments (Fan & Fang,
2020; Mardani et al., 2017; Wang et al., 2021).

Within the context of CE research, Quintelier et al. (2023) recently proposed a mixed-method framework that
integrates stakeholder theory to examine trade-offs, synergies, and strategic decision-making in CE transitions.
However, a significant research gap remains, as there is currently no systematic approach to comprehensively
measure trade-offs and synergies in CE strategies, particularly when considering both direct and indirect impacts of
a global circularity transition. Addressing this gap is essential to developing more effective policies and decision-
making frameworks for CE implementation.

In this paper, I propose a novel framework for measuring trade-offs and synergies of circular economy strategies
on a macro-scale®. The framework provides three key dimensions—geographical, impacts, and sectoral—that allow
for the identification of winners and losers from a multi-dimensional perspective. This is the first framework that
allows for the identification and assessment of trade-offs and synergies of multiple circularity strategies in a

3 A preliminary version of this study was presented at the Special Session on Advances in Circular Economy Scenario
Modelling at the 30™ International Input-Output Association Conference on July 2™, 2024 (in Aguilar-Hernandez, 2024).
This article provides a restructured framework, a new scenario analysis, detailed discussion, and a broader scope,
incorporating feedback from the conference session.
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systematic way. This work contributes to facilitating the interpretation of CES modeling and support decision-
making in CE policies.

This paper is organized as follows: Section 2 provides an overview of the existing literature on circularity trade-
offs and synergies, highlighting the key dimensions—geographical, impacts, and sectoral—that form the basis of
the proposed framework. It also presents the framework in a step-wise manner and introduces an hypothetical CE
scenario to illustrate its application. Section 3 presents the results from the illustrative case study and discusses the
key aspects of the framework, including its strengths, limitations, and practical implications for decision-makers.
Finally, Section 4 provides concluding remarks, outlining future research directions.

2. METHOD

Firstly, the key dimensions of circularity trade-offs and synergies were defined through a literature review (in
Section 2.1). Then, a step-wise framework was created, incorporating algebraic expressions to identify trade-offs
and synergies systematically (see Section 2.2). Lastly, a Python code was developed to facilitate the quantification
of trade-offs and synergies, which is illustrated with an illustrative scenario measuring the potential trade-offs and
synergies between the European Union (EU) and Latin America and the Caribbean (LAC) under the assumptions
of implementing CE strategies in the LAC agricultural sector (see details in Section 2.3).

2.1 Circularity Trade-Offs and Synergies

In the context of CE policies, trade-offs and synergies are crucial aspects for understanding the dynamics of CE
strategies within systems (e.g., industries, countries, or regions). Trade-offs occur when CE strategies positively
affect one part of a system while negatively impacting another part, creating 'win-lose' situations, whereas synergies
arises when CE strategies have positive effects on multiple parts of a system, leading to 'win-win' situations (OECD,
2022). Likewise, losses occur when parts of a system are negatively impacted, generating ‘lose-lose’ situations.

After analyzing over 300 Circular Economy Scenarios (CES) at macro level, it has been shown that circularity
synergies are more prevalent within isolated countries, particularly in terms of changes in Gross Domestic Product
(GDP), job creation, and greenhouse gas (GHG) emissions (Aguilar-Hernandez et al., 2021). However, considering
broader systems shows potential for trade-offs across multiple dimensions, requiring a structural assessment of
circularity trade-offs and synergies (OECD, 2022; Quintelier et al., 2023). Moreover, it is essential to define the
main dimensions for assessing circularity trade-offs and synergies. Here, three key dimensions emerge from
previous CE modelling studies: impacts, geographical, and sectoral dimensions (see summary in Table 1).

The impacts dimension refers to the effects of CE strategies across various impact indicators. These indicators
encompass social aspects (e.g., employment and occupational health and safety), economic factors (e.g., cost and
changes in value added), and environmental considerations (e.g., materials, energy, water, and GHG emissions)
(Moraga et al., 2019; Padilla-Rivera et al., 2021). For instance, CE implementation in the EU is estimated to boost
GDP by €900 billion and reduce GHG emissions by 50% by 2030, exemplifying a 'win-win' scenario (SYSTEMIQ
& Ellen Macarthur Foundation, 2017). However, such economic gains do not always translate into proportional
environmental benefits. Mohsin et al. (2024) analyzed the relationship between GDP growth and CO- emissions in
EU countries, revealing that a 1% increase in real GDP corresponds to a 1.1% rise in CO:2 emissions. This finding
suggests that highly industrialized economies within the EU may struggle to fully decouple economic growth from
environmental impact, emphasizing the need for targeted CE policies to mitigate unintended consequences.

The impact dimension is commonly assessed in Life Cycle Assessments (LCA) and Life Cycle Costing (LCC)
studies, identifying trade-offs and synergies within environmental and economic indicators, respectively (Merli et
al., 2018; Sassanelli et al., 2019). Luthin et al. (2024) assessed the recycling of carpet tiles containing recycled and
bio-based materials, finding that while global warming potential was reduced, trade-offs emerged in the form of
acidification and increased operational costs for recycling facilities. Similarly, Sasso et al. (2024) demonstrated that
integrating CE activities within lean manufacturing can enhance environmental performance, operational efficiency,
and competitive advantage, further reinforcing the strategic value of circularity.

The geographical dimension examines the macro level effects of CE implementation across multiple countries
or regions within specific impact indicators. For instance, this perspective allows for an assessment of whether CE
strategies in the Global North generate shared economic benefits across both Northern and Southern regions.
Schroeder et al. (2018) highlighted that potential trade-offs may arise between countries when global value chains
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shift, influencing how economic gains and losses are distributed. However, this dimension remains relatively
underexplored, despite the growing use of macro-level modeling approaches such as Multi-Regional
Environmentally Extended Input-Output (MR EEIO) models, Computable General Equilibrium (CGE) models, and
Integrated Assessment models, which facilitate the analysis of cross-regional impacts (Rietveld et al., 2021). For
instance, when assessing employment as a social indicator, CE scenario modeling using MR EEIO models suggests
that a global implementation of CE strategies could lead to a 2.7% increase in employment within the EU, while in
Asian economies, employment could decline by 2.6%, creating a 'win-lose' scenario across regions (Wiebe et al.,
2019).

More recently, Repp et al. (2021) pointed out that employment could significantly decline in low- and middle-
income countries outside the EU, particularly in labor-intensive sectors, exacerbating existing economic disparities.
Furthermore, Safarzynska et al. (2023) explored the leakage effect of CE implementation—where industries
relocate from developed to developing countries due to stringent environmental policies that increase production
costs in developed nations. Their findings suggest that such relocations could also affect metal-intensive industries,
potentially offsetting the intended CE benefits within the EU. Moreover, the Global Resource Outlook 2024 (UNEP,
2024) provided global CE scenarios showing that while GHG emissions reductions could be achieved across low-,
middle-, and high-income regions, regional disparities in environmental benefits persist. This emphasizes that 'win-
win' outcomes are not equally distributed across regions, highlighting the need for context-specific CE policies to
ensure more equitable CE transitions.

Zooming into supply chains, the sectoral dimension examines the trade-offs and synergies that emerge across
different industries when CE strategies are implemented. CE transitions can create significant shifts in employment
and economic activity, benefiting some sectors while challenging others. For instance, secondary-based metal
production, services, and the recycling sector are expected to experience strong job creation, whereas primary
materials extraction and materials-intensive industries may face job reductions (Bibas et al., 2021; Chateau &
Mavroeidi, 2020).

Recently, Verma et al. (2024) identified key industries within the food-water-energy nexus (e.g., agriculture,
energy, water irrigation, and treatment industries), highlighting that trade-offs and synergies occur throughout the
supply chain, influencing both resource efficiency and economic stability. Similarly, Romero et al. (2024) examined
the case of Argentina’s recycling sector, showing that while the replacement of virgin materials and fossil fuels
generates over 8000 new jobs in circular activities jobs, it also results in around 5500 job losses in traditional
primary material sectors. These effects extend throughout the entire supply chain, producing both direct and indirect
employment shifts.

Beyond employment, CE policies can also reshape market incentives. The OECD report (2022) on Synergies
and Trade-offs emphasized that CE strategies, particularly those disincentivizing primary material use, can reduce
environmental impacts but may have negative economic consequences for material-intensive sectors.
Understanding trade-offs and synergies at the sectoral level provides a valuable opportunity to engage with affected
industries and develop strategies to mitigate potential losses, ensuring a more just CE transition.
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Table 1. Summary of Circularity Trade-Offs and Synergies Dimensions

Dimension Description References
Luthin et al. (2024)
Examines the social, economic, and environmental Merli et al. (2018)
Impact effects of CE strategies, highlighting trade-offs and Mohsin et al. (2024)
synergies across different indicators. Sassanelli et al. (2019)

Sasso et al. (2024)

Repp et al. (2021)

Analyzes effects of CE strategies across multiple Safarzynska et al. (2023)

countries or regions, assessing economic and

Geographical environmental benefits or disparities caused by global Schroeder ct al. (2018)
value chain shifts UNEP (2024)
’ Wiebe et al. (2019)
Bibas et al. (2021)
Investigates how CE strategies affect different industries, Chateau & Mavroeidi (2020)
Sectoral creating employment shifts, supply chain disruptions, OECD (2022)

and economic consequences. Romero et al. (2024)
Verma et al. (2024)

2.2 Trade-Offs and Synergies Framework

Considering the multi-dimensional aspects of circularity trade-offs and synergies, a novel framework is proposed
here as a systematic approach to identify and assess the ‘winners’ and ‘losers’ of a specific CE strategy. This
framework, comprising four main steps, serves as a guideline for systematically evaluating CE strategies (see Figure

D).
2.2.1 Step 1: Scenario Analysis

Developing scenarios is the first step to assess potential circularity synergies and trade-offs. From macro-level
perspective, there are multiple models that allow to quantity impacts of the CE strategies (McCarthy et al., 2018;
Rietveld et al., 2021; Towa et al., 2021). As mentioned above, MR EEIOA, CGE and Integrated Assessment models
are some of the core models to assess potential social, economic, and environmental impacts of a circularity
transition (Aguilar-Hernandez et al., 2021). For the proposed framework, any macro-level model that quantify
economic, social, and environmental indicators between different countries and sectors can be applied.

As an example for illustrative purposes, Multi-Regional Environmentally Extended Input-Output Analysis (MR
EEIOA) is used as basis for the scenario analysis. MR EEIOA provides a comprehensive approach to assess inter-
industry interactions across multiple regions or countries. This approach allows to measure the direct and indirect
impacts of economic activities across multiple sectors and regions, enabling the calculation of embodied impacts—
such as carbon and material footprints, resource use, and embodied employment effects—from final demand,
bringing the consumption-based perspective on CE impacts (Wood et al., 2015). A key feature of EEIOA is the
Leontief inverse (see Equation [1]), which captures the cascading effects of economic transactions, allowing for the
estimation of upstream and downstream impacts across supply chains (Miller & Blair, 2009). While MR EEIOA is
used here as an example for scenario analysis, the proposed framework is flexible and can integrate other modelling
approaches, such as CGE or Integrated Assessment models, as long as they provide indicators reflecting the multi-
dimensional aspects of CE strategies.

Considering a macro-level model, Circular Economy Scenarios (CES) represent the anticipated changes
resulting from circularity strategies and can be compared against a Business-As-Usual (BAU) scenario to highlight
structural changes. For example, in a MR EEIOA, CES can be expressed by changing parameters in the intermediate
and final demand of specific economic sectors within a country/region (Rietveld et al., 2021; Towa et al., 2021).
Algebraically, CES can be estimated in a MR EEIO system as:

CES; = bjx* = b} (I — A")"'y* [1]

where, x* represents total output of the respective circularity interventions, b; represents the diagonalized vector
of impact i (e.g., value added, total employment, GHG emissions per unit of output), (I — A*)™1 = L*, denotes the
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modified Leontief inverse, and y* is for the modified final demand vector (Cetinay et al., 2020). In a general MR
EEIO system, CES; has a dimension of n X 1, with n = number of sectors X number of countries. Business-
as-usual (BAU) vector can be calculated using equation [1] without any modifications in b, A or y (Donati et al.,
2020). These algebraic expressions are well-known and used by researchers on the EEIOA field (McCarthy et al.,
2018; Rietveld et al., 2021; Towa et al., 2021).

2.2.2 Step 2: Data Harmonization

Data harmonization involves normalizing CES impacts compared to the BAU scenario. This process assigns relative
values to CES impacts, considering both their magnitude and direction. The normalization vector (IV;) is expressed
as the relative value of the difference of between CES and BAU scenarios as:

N = (CES;{—BAU;)
1 n i
k=1BAUL

x 100 [2]

The normalization vector N; is divided by the sum of all the BAU scenarios in order to provide the share of each
individual CES impact respect to the overall impact, which is common application of normalizing factors in MCDA
approaches (see, for example, Cinelli et al., 2022).

As part of data harmonization, it is crucial to develop a sign harmonization. This ensures consistent interpretation
of positive and negative values across economic, social, and environmental indicators. For instance, a ‘win’ situation
for changes in GDP would imply positive values of Ngpp elements, while a ‘win’ situation for environmental
dimension would be a reduction of GHG emissions represented as negative values of N;p; elements. In this paper,
a ‘win’ is interpreted as N; > 0; a ‘lose’ as N; < 0, and a ‘tie’ as N; = 0. However, sign allocation can be changed
by practitioners when applying this framework as long as it is defined, and used consistently throughout Step 3 and
4.

As in most of the cases environmental indicators are considered ‘wins’ if there is a reduction of environmental
impacts in CES compared with BAU. This implies a sign harmonization when comparing economic and
environmental indicators such as value added and GHG emissions. Thus, signs should be changed for those
indicators where ‘win’ and ‘lose’ situation are the opposite (see Table 2).

Table 2. Sign harmonization according to ‘win’or ‘lose’situations

Impact Indicator (example) Win situation Lose situation Sign
dimension harmonization
Economic Value added, VA Nys >0 Nys <0 NpH = Ny,

Social Employment, Emp Ngmp >0 Ngpmy, <0 Nimp = Nemp

Environmental GHG emissions, GHG Ngpe <0 Ngpg >0 NeH. = —=(Ngug)

It is important to note that sign harmonization can be implemented in other dimensions, although it is most
commonly applied to environmental impacts. For example, when economic costs or debts are used as economic
indicators, a 'win' situation would correspond to a reduction in such indicators. Thus, Table 2 should be modified
accordingly to reflect this in the economic dimension. For illustrative purposes, the rest of the paper will use the
sign harmonization as presented in Table 2. Furthermore, sign harmonization requires the inclusion of stakeholders
to decide which changes in impacts are considered a ‘win’ or ‘lose’ situation. In general, it is expected a ‘win-win’
when increasing socioeconomic impacts while reducing environmental impacts, but it might vary depending on the
indicators. Thus, the application of MCDA procedures can contribute to include stakeholders’ views as part of the
eligibility criteria, enhancing the framework.
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2.2.3 Step 3: Concatenating Dimensions

The harmonized CES vectors are concatenated to form a trade-offs, synergies, and losses matrix (T'SL), which
integrates the impact, geographical, and sectoral dimensions. Each element of TSL corresponds to a specific sector
within a country, and the harmonized impacts. TSL matrix is generated by concatenating each harmonized vector,
as follows:

TSL = [N{"IN"| - INg"] 3]

Here, TSL has m blocks of N vectors concatenated horizontally. In a matrix system — such as in MR EEIO
system — T'SL contains sectors s per country ¢ in rows, and harmonized impacts i in columns, which means that
each element of TSL covers the three circularity trade-offs and synergies dimensions.

By arranging data points in a cardinal system, trade-offs and synergies can be easily visualized, facilitating
further analysis. For instance, when considering two dimensions, A and B, the TSL matrix is structured within a
cardinal system, enabling easy identification of trade-offs and synergies. In a two-dimensional analysis, data points
are compared to identify 'win-win' situations as synergies, 'win-lose' or 'lose-win' scenarios as trade-offs, and 'lose-
lose' outcomes as losses (see Figure 1). This interpretation follows the principles considered by several trade-offs
and synergies studies (see, for example, Haase et al., 2012). Likewise, a multi-dimensional analysis can be
developed by following the same structure, considering a clear interpretation of trade-offs, synergies and losses in
each analysis.

Dimension B

Synergies

Dimension A

Losses

Figure 1. Diagram of Trade-Offs, Synergies and Losses for Two Dimensions A and B. Synergies (in blue quadrant) are ‘win-
win’situations, trade-offs (in yellow quadrant) are ‘win-lose’ and ‘lose-win’, losses (in red quadrant) are ‘lose-lose’
situations

2.2.4 Step 4: Trade-Offs and Synergies Analysis

Finally, the magnitude of trade-offs, synergies and losses are quantified by using an Euclidean approach. Similar to
methods used for calculating Decision Making Unit in DEA approaches (see, for example, Ezici et al., 2020), the
overall magnitude of circularity trade-offs and synergies (v ) is estimated by:
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V= \/(tSldim—l)z + (tSldim—Z)Z + et (tSldim—n)Z [4]

where tslg;n_n represents the elements of TSL for n dimensions. For example, considering a trade-offs and
synergies analysis for dimension A and B, in which the A element is a ‘lose’ situation with a = —0.4, and the B
element is a ‘win’ situation with b = 0.5. This means that there is a trade-off between dimension A and B as a ‘lose-

win’ situation. Following equation [4], the magnitude of this trade-off is vup =\/ (tsly)? + (tslg)? =

\/ (—0.4)2 + (0.5)% = 0.64. Figure 2 shows a graphical representation of quantifying trade-offs and synergies.

Dimension B .
Synergies

0.5

L : :
<4+ ‘@ -— —+——+—+—P Dimension A
4

Losses v

Figure 2. Example of Magnitude of Trade-Offs, Synergies and Losses for Dimension A and B

The Euclidean sum offers a comprehensive means to analyze multiple dimensions simultaneously, thereby
providing a convenient method for assessing overall circularity trade-offs and synergies. When dealing with
numerous data points across dimensions—such as examining GHG emissions in multiple sectors across two
regions—this approach allows for the aggregation of trade-offs, synergies, and losses into a single measure, as
follows:

Usum = Z%’:l vy [5]

where v, represents each Euclidian vector for w number of data points. The magnitude vy, serves as an
aggregate indicator that enables comparisons between different CE scenarios. A higher vy,,,,, value suggests a greater
overall synergy, trade-off or losses effect, meaning that the scenario introduces more significant positive and/or
negative impacts across dimensions. Conversely, a vg,,, value suggests that the trade-offs and synergies are more
balanced or have a lower overall intensity.
For example, suppose two CE strategies are being compared:
e Scenario A: Reducing waste to landfill through stricter landfill bans and improved waste separation,
with an Euclidian sum v, _4.
e Scenario B: Increasing remanufacturing by expanding infrastructure and integrating remanufactured
components into supply chain, with an Euclidian sum vy, 5.
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If Ygum—a > Vsum—p» this suggests that the waste reduction strategy generates larger overall trade-offs and
synergies than the remanufacturing activities. This could mean that Scenario A has stronger positive impacts (e.g.,
lower emissions, reduced resource extraction) but also greater trade-offs (e.g., higher costs, job losses in treatment
sector). Meanwhile, Scenario B, despite requiring initial investment in remanufacturing facilities and technological
adaptation, may lead to more stable economic benefits, such as job creation in high-value recovery industries. Thus,
Vsum does not determine which scenario is ‘better’ or ‘worse’ but rather provides a decision-support tool to help
policymakers assess which strategy aligns best with their priorities.

"
Step 1 @
Scenario Analysis

Impact Geography Sector

/ Step 2
Y o
Data Harmonization

Step 3
Concatenating dimensions

Lasses

Aimenion §

synergies

XA Step 4
R e Trade-offs and Synergies
} Analysis

Losses ¥

Figure 3. Diagram of Proposed Trade-Olffs and Synergies Framework
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2.3 lllustrative Example and Data

2.3.1 Scenario Setting and Assumpltions
To illustrate the application of the proposed framework, this study conducts a circularity trade-offs and synergies
analysis focusing on Latin America & the Caribbean (LAC) and the European Union (EU).

LAC plays a critical role in global supply chains, particularly in biomass production, which includes agricultural
and forestry products (Coalition of Circular Economy from Latin America & Caribbean, 2022). Currently, the region
has around 40% of biomass potential that could be recovered through CE strategies (Circle Economy, 2023). At the
same time, biomass waste remains a significant environmental challenge. For instance, in food production and
consumption, LAC generates around 2 tonnes per capita of food loss and waste per year, which represents
approximately 15% of its food availability (Costa et al., 2024; FAO, 2014).

As the CE transition gains momentum, multiple LAC countries have started implementing CE policies
(Samaniego et al., 2022). To date, 11 countries have developed national strategies and roadmaps, focusing on key
economic sectors such as agriculture, mining, manufacturing, and construction (Aguilar-Hernandez et al., 2024;
Gallego-Schmid et al., 2024). Within the agricultural sector, regenerative agricultural practices have emerged as a
core CE strategy, aiming to replace chemical fertilizers with composted biomass waste and promote organic
production (Gallego-Schmid et al., 2024). For instance, Colombia has set a target to utilize 20% of its total biomass
production for CE purposes by 2030 (MinAmbiente, 2019), while Chile aims to repurpose 40% of biomass and
recycled materials by 2040 (MMA, 2020).

Within this context, the modeled scenario assumes that the LAC region implements regenerative agricultural
practices as part of its CE strategies, while the EU increases its demand for circular agricultural products from LAC.
The specific interventions modeled include:

1. Reducing the use of chemical fertilizers: A 30% reduction in chemical fertilizer supply, including both
domestic production and imports, in the LAC agricultural sector and final demand. This value is based
on the average biomass recovery target set by Colombia (20%) and Chile (40%) for 2030.

2. Increasing organic composting as a substitute: A corresponding increase in the supply of organic
compost in the LAC agricultural sector and final demand, replacing the reduced fertilizer use. The
amount of organic compost supplied is determined based on the monetary savings from fertilizer
reduction, assuming a reallocation of agricultural and final demand spending.

3. Higher EU demand for circular agricultural products from LAC: An increase of 30% in EU imports of
LAC agricultural and food products, driven by a growing EU market preference for circular food
products.

This is a hypothetical counterfactual scenario, meaning it is not a prediction but an exploratory analysis for
illustrative purposes. The objective is to assess how the proposed interventions in the LAC agricultural sector could
influence both LAC and EU economies under CE scenarios, identifying potential ‘winners’ and ‘losers’. Overall,
the assumptions do not introduce radical economic changes, which mean that modelling results are assumed to be
marginal changes, which are sufficient to show the applicability of the proposed framework.

2.3.2 Data
For this example, I applied the MR EEIOA model developed by Donati et al. (2020), using the Input-Output table,
industry-by-industry for 2020 from EXIOBASE v3.9.5 (available at: https://zenodo.org/records/14869924). In the
MR EEIOA field, updating datasets is often challenging due to the complexity of data collection and computational
constraints (Wiedmann et al., 2011), although recent advancements have improved this process. As a result, a five-
year gap between available datasets is common, and the 2020 data represents one of the most up-to-date datasets
currently accessible. While this poses some limitations for scenario analysis, it is important to note that structural
changes in the economy typically unfold over decades rather than short periods (Wiedmann et al., 2011). Thus,
assuming no radical economic shifts at the global scale remains a reasonable assumption for the analysis.
EXIOBASE v3.9.5 contains 163 industries across 44 countries and 5 rest of the world regions, along with 9
economic factors of production, 7 consumption categories, and 728 social and environmental indicators. To simplify
the model for illustrative purposes, the dataset was aggregated into: 3 world regions (i.e., LAC, EU, and Rest of the
World), 10 industries including agriculture, chemical fertilizers, composting, manufacturing, and services (full list

10
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in ‘data input (aggregated) + assumptions’ file, Supplementary Information), 1 factor of production (i.e., value
added), 1 consumption category (i.e., final demand), and 2 social and environmental indicators (i.e., employment
and GHG emissions). The aggregation procedure and modeling were conducted using MARIO software (Tahavori
et al., 2023). The aggregated Input-Output table used in this study is available in the ‘data input (aggregated) +
assumptions’ file, Supplementary Information.

Considering EXIOBASE v3.9.5 as data inputs, the scenario analysis incorporated changes in inter-industries
coefficients and final demand following the assumptions described in Section 2.3.1. Then, the key dimensions—
geographical, impact, and sectoral—were analyzed in terms of the final demand of each aggregated region. EU
member countries were aggregated into a single EU region, while LAC encompassed Mexico, Brazil, and the
remainder of Latin America and the Caribbean, following EXIOBASE country-region classification.

The geographical dimension was selected as an illustrative example of Global North-South interactions,
highlighting potential trade-offs and synergies between developed and developing economies. However, this
framework can be applied to any regional grouping, depending on the scope of the analysis and the specific research
questions being addressed.

Regarding the impact dimension, this case study focuses on value added (measured in million euros) as an
economic indicator, employment (in thousand people) as a social indicator, and GHG emissions (in tonnes CO:
equivalent) as an environmental indicator. In EXIOBASE v3.9.5, emissions data includes 413 distinct pollutants,
of which six are classified as greenhouse gases (GHGs) from combustion processes: carbon dioxide (CO:), methane
(CHa), nitrous oxide (N20), sulfur hexafluoride (SFs), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs).
These GHG emissions were converted into COz-equivalent (CO:z eq) by multiplying the GHG emissions values with
their respective Global Warming Potential (GWP-100) values from the IPCC ARG report (Minx et al., 2022) (see
full method in Python code, Supplementary Information). For 2020, the total GHG emissions in CO: equivalents
from EXIOBASE v3.9.5 were estimated at 35.6 gigatonnes CO: eq, which aligns closely with the 35.9 gigatonnes
CO:2 eq from combustion reported by the IPCC for the same period (Minx et al., 2022).

The sectoral dimension considers changes in the chemical fertilizers and composting sectors, as these are the
key industries involved in the scenario analysis (as described in Section 2.3.1). In all three dimensions, it is crucial
to account for both direct and indirect impacts of CE strategies when identifying ‘winners’ and ‘losers’ to determine
whether a particular CE implementation yields net benefits. This highlights the importance of employing models
such as MR EEIOA, which enable the quantification of embodied impacts (i.e., footprints) across these dimensions
(Della Bella et al., 2023; Donati et al., 2020; Towa et al., 2021). By integrating MR EEIOA, researchers can
comprehensively evaluate the ripple effects of CE strategies, facilitating the interpretation of their potential
outcomes and informing decision-making processes.

The framework was presented during the Special Session on Advances in Circular Economy Scenario Modelling
at the 30th International Input-Output Association Conference (see Aguilar-Hernandez, 2024). The session gathered
35 experts in macroeconomic modeling who provided valuable feedback on the approach. Overall, the framework
and algebraic expressions (in Section 2.2) were well-received. One suggested improvement was to consider using
MR EEIO databases other than EXIOBASE. Despite these limitations, EXIOBASE was selected due to its high
level of geographic and sectoral resolution (e.g., secondary material production in the 49 countries/regions), which
is essential for testing the multi-dimensional aspect of this framework. Furthermore, as the hypothetical scenario is
mainly illustrative, the use of EXIOBASE does not impact the framework’s usability. As mentioned in Step 1 -
Scenario Analysis, the framework can be adapted to any model that enables multi-dimensional scenario
assessments.

A summary of data inputs and assumptions is available in ‘data inputs + assumptions’ file, in Supplementary
Information. Further details, including scenario analysis, results and Python code, are available at the
DOI 10.5281/zenodo.15223878
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3. RESULTS AND DISCUSSION

3.1 Circularity Trade-Offs and Synergies From Implementing CE Strategies in the
LAC Agricultural Sector

Considering the suggested CE scenario (in section 2.3.1), the following section presents the potential trade-offs,
synergies, and losses that could occur in the LAC and EU social, economic and environmental footprints from
implementing CE strategies in the LAC agricultural sector.

Figure 4 presents the aggregated results showing changes in value added, employment, and GHG emissions
footprints resulting from the implementation of the CE scenario (outlined in Section 2.3.1). Under the CES
assumptions, the overall impact on the EU would include a 0.03% increase in value added, a 0.29% rise in
employment, and a 0.30% reduction in GHG emissions (adjusted to +0.30% following sign harmonization).
Meanwhile, in LAC, the scenario leads to a 0.04% reduction in value added, a 0.01% increase in employment, and
a2.96% rise in GHG emissions compared to the Business-as-Usual (BAU) scenario.

While CE strategies are generally expected to reduce GHG emissions, this scenario shows that substituting
chemical fertilizers with organic alternatives leads to higher embodied emissions for the LAC final demand. This
finding aligns with existing literature, which suggests that chemical fertilizers contribute significantly to nitrous
oxide emissions, while organic fertilizers derived from biomass can generate larger amounts of CO2 and methane
(He et al., 2023). However, the scenario analysis does not account for feedback loops or the fact that organic matter
originates from renewable sources, contributing to a closed carbon cycle. Moreover, the GHG emissions produced
by organic composting would still occur if the biomass were wasted in landfills, but in that case, it would provide
no added value to the economy. Thus, the results from this hypothetical scenario should be interpreted with caution,
as they do not capture the full complexity of carbon dynamics and long-term system interactions.

Lose Win

LAC l

EU

Z

-3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
Relative change (%)

# Value Added = Employment GHG emissions

Figure 4. Relative Changes in Normalized Value Added, Employment and GHG Emissions from the EU and LAC Circular
Economy Scenarios in the Construction Sector. Relative negative changes represent a ‘lose’ situation, while relative positive
changes represent a ‘win’situation

Concatenating dimensions (i.¢., step 3) enables a detailed identification of where trade-offs, synergies, and losses
occur. For instance, Figure 5 shows the relationship between GHG emissions footprint for LAC and the EU final
demand, with each data point representing the changes in GHG emissions footprint per sector, encompassing 10
aggregated sectors from a total of 163 analyzed sectors.

Overall, synergies are observed in mining and chemical fertilizer production (see Synergies quadrant in Figure
5). This occurs because the model allocates a reduction in chemical fertilizer use for both regions, leading to lower
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final demand for mining activities associated with fertilizer production and, consequently, a decrease in GHG
emissions footprints in both LAC and the EU final demands. In contrast, losses are found in waste treatment sectors
and organic composting activities, driven by increased demand for organic compost in the LAC agricultural sector
(see Losses quadrant in Figure 5). While organic composting reduces reliance on chemical fertilizers, it can also
lead to higher process-related emissions, particularly from biological decomposition and energy-intensive waste
management operations.

Trade-offs in GHG emissions footprints for the EU and LAC final demands are observed across other sectors,
including agriculture, food manufacturing, construction, and services (see Trade-offs quadrant in Figure 5). These
trade-offs are relatively marginal, with a general ‘win’ situation for LAC (lower GHG emissions footprint) and a
‘lose’ situation for the EU (higher GHG emissions footprint). This pattern is mostly attributed to changes in trade
flows between the two regions, where LAC benefits from shifting towards CE strategies, while the EU final demand
experiences an increase in imported embodied emissions from LAC’s agricultural and food processing sector.

LAC, ©
GHG emissions Synergles
3.5
Manufacturing \
Services ~ \ 2.5
Electricity ~__ N\
\\\ . \\ 15 ,Mining Chemical fertilizers
Manufacturing - Food ~ \\ \ //
NN N \ / P
Agricult S RGN e
griculture ~ecl ) o | / /_,/
Construction ————_ “SO\1/ EU,
"d‘ GHG emissions
-3.5 -2.5 -1.5 -0._@,5/ 0.5 15 2.5 3.5
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- -1.5
Waste treatment
-2.5
Organic composting —___
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Figure 5. Circularity Trade-Offs, Synergies, and Losses of the EU and LAC Circularity Interventions in the Construction
Sector Across 10 Aggregated Sectors for GHG Emissions

To synthesize the information, Figure 6 illustrates the share of trade-offs, synergies, and losses between the EU
and LAC resulting from implementing the selected CE interventions. Following Step 4 - Trade-off and Synergies
Analysis, the results are estimated by the Euclidean sum in Equation [5].

For value added, the results indicate 44% trade-offs, 36% synergies, and 20% losses. Synergies are driven by
increases in value added in waste treatment and organic composting activities, reflecting the economic benefits of
expanding circular processes. Trade-offs occur due to increased value added in agriculture from the EU final
demand, while experiencing an overall reduction in agricultural value added from LAC final demand. Losses are
linked to reduced value added in chemical fertilizer production, as demand for this activity declines under the
proposed CE scenario.

Employment shows 82% trade-offs, 16% synergies, and 2% losses. This shift is largely due to changes in labor
intensity across sectors and regions. Trade-offs emerge as EU final demand leads to increasing embodied
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employment across the regions, while LAC final demand drives a reduction in embodied employment, reflecting
the regional redistribution of labor demand. The service sector also plays a role in trade-offs, as EU consumption
leads to higher employment in services, while LAC experiences a decline. Synergies are observed in waste treatment
and organic composting. Meanwhile, employment losses are concentrated in chemical fertilizer production,
following the same pattern as value added synergies and losses.

For GHG emissions, the results indicate 86% losses, 10% trade-offs, and 4% synergies. The main contributors
to losses are organic composting and waste treatment. However, as previously discussed, these results should be
interpreted with caution, as the scenario analysis does not account for feedback loops or the broader carbon cycle,
which could offset some of the reported emissions. Synergies are associated with reductions in chemical fertilizer
use due the EU and LAC final demand reductions. It is important to note that these outcomes are directly influenced
by the modeling assumptions outlined in Section 2.3.1, reinforcing that this is a hypothetical scenario designed to
demonstrate the framework’s application.

Value Added Employment GHG emissions

86%

(a) (b)

Trade-offs .Synergies .Losses

Figure 6. Share of Trade-Offs, Synergies, Losses, and Ties Between the EU and LAC Circularity Interventions in the
Construction Sector for (a) Value Added, (b) Employment, and (c) Global Warming Potential

Overall, the granularity provided by the framework allows us to revisit the concatenation phase to pinpoint
specific sectors experiencing gains or losses from the CES. This level of detail is crucial for two main reasons. First,
it provides targeted policy interventions that contribute to understanding which sectors benefit and which face
challenges, enabling policymakers to design targeted support mechanisms (e.g., incentives for industries
experiencing losses or reinvestment strategies for displaced workers). Second, the level of granularity brings
opportunities for an effective trade-off management. Measuring sector-specific trade-offs and synergies ensures that
CE policies do not unintentionally disrupt economic stability in vulnerable sectors while maximizing CE benefits
across regions and industries. For instance, if the chemical fertilizer sector experiences a decline in value added and
employment, policymakers could mitigate negative impacts by facilitating workforce transitions to growing CE-
related industries. Likewise, recognizing synergies in waste treatment and organic composting could justify
investments in waste infrastructure, thereby amplifying positive economic and environmental impacts.
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Comprising the trade-offs and synergies analysis into easy-to-read figures—such as Figure 6—enhances the
communication of results, making them more accessible and actionable for policymakers. Well-structured
visualizations serve three key functions:

1. Simplifying complexity: Translating multi-dimensional data into a clear, visual format allows decision-
makers to quickly grasp the overall ‘winners’ and ‘losers’ of CE scenarios.

2. Guiding policy priorities: By visually highlighting sectors experiencing synergies, trade-offs, or losses,
policymakers can identify critical areas for intervention and prioritize actions accordingly.

3. Supporting evidence-based decisions: When policymakers are presented with clear, data-driven insights,
they can justify strategic policy adjustments based on sector-specific challenges and opportunities.

For instance, if the trade-offs and synergies analysis demonstrates that employment in waste treatment and
composting increases while chemical fertilizer jobs decline, a hypothetical policy response could be redirecting
subsidies from synthetic fertilizers to organic alternatives, ensuring that affected workers are transitioned into
emerging CE sectors. Similarly, if trade-offs indicate increased embodied GHG emissions in certain sectors, this
could prompt additional carbon mitigation strategies to balance environmental and economic trade-offs.

A pivotal aspect of the framework is that it enables the extraction of detailed information for scientific and/or
technical purposes (e.g., as in Donati et al., 2020; Wiebe et al., 2019), alongside a unified version containing all
relevant information that remains accessible for policymakers. The development of visual tools to facilitate
communication between science and policy is not a novel concept, but in this context, the framework offers a
structured, step-by-step approach tailored to CE scenario modeling. Here, the framework functions like an
‘accordion’— capable of expanding or contracting to provide the appropriate level of detail—much like adjusting
the ‘notes’ to fit the audience. This adaptability ensures that the framework can be used to transition between
granular analysis and synthesized information, maintaining consistency across all elements.

The hypothetical scenario of potential trade-offs and synergies between the EU and LAC regions serves as an
instructive example of how the proposed framework can be applied. Within the CE literature, the significance of
understanding CE implications across multiple regions is well recognized, and the gap in identifying potential
winners and losers, particularly in the Global North-South interactions (Aguilar-Hernandez et al., 2021; OECD,
2022). Although the example in this paper explores only a limited number of CE strategies, it provides sufficient
complexity to demonstrate the framework’s applicability. Moreover, including an Open-access code establishes a
robust foundation for applying and enhancing the framework to other CES and modeling approaches. The following
section elaborates on how this framework can be further improved.

3.2 Further Development

While the current framework effectively measures trade-offs and synergies, it does not assess the optimal set of CE
interventions that maximize synergies while minimizing trade-offs and losses. To address this limitation, a potential
extension could involve integrating a DEA module into the Python code, incorporating linear programming to
resolve an optimization problem (e.g., in Bronner et al., 2022; Ezici et al., 2020). This enhancement would allow
for the identification of the most effective CE strategies tailored to specific contexts. Furthermore, incorporating
stakeholders' perspectives into the CES setting is crucial to ensuring the robustness and relevance of the framework's
assumptions. By integrating MCDA principles into Steps 1 — Scenario Analysis and 2 — Data Harmonization,
policymakers' insights can be incorporated into scenario development and data processes, enhancing the
framework's reliability and utility.

Dynamic aspects are also important considerations in the assessment of circularity implications. While the
current framework does not address a temporal dimension, future iterations could integrate dynamic models such
as applying the framework to outcomes from dynamic Material Flow Analysis (for example, Pauliuk et al., 2017;
Vélez-Henao & Pauliuk, 2025; Wiedenhofer et al., 2019). This would enable the identification of temporal changes
in trade-offs and synergies, providing valuable insights for long-term planning and decision-making.

4. FINAL REMARKS

This paper introduces a novel framework to measure potential trade-offs and synergies between Circular Economy
scenarios. By adopting a multi-dimensional approach, this framework offers a comprehensive overview of the
implications of CE strategies, thereby facilitating policymakers' understanding of the potential benefits and costs
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associated with the CE implementation. Drawing upon principles from Multi-Criteria Decision Analysis, Triple-
Bottom-Line, and Data Envelopment Analysis, the framework provides a systematic approach for exploring the
‘winners’ and ‘losers’ in a circularity transition.

Beyond the technical advancements introduced in this framework, a key contribution of this work lies in its
ability to enhance communication of circularity trade-offs and synergies to key stakeholders, especially
policymakers. A central feature is its capability to condense results from complex scenario analyses into accessible,
easy-to-read visualizations tailored to the audience's needs. This aspect is specifically designed to support
policymakers in interpreting and utilizing the findings from CES modelling effectively. Furthermore, future
developments emphasize the potential for enhancing stakeholder participation in CES development and data
harmonization processes, bringing a co-creation approach that benefits both CE researchers and policymakers in
exploring the potential implications of a CE transition.

By providing a step-wise process (including a Python code that facilitates the use of the framework), this work
encourages researchers and practitioners to collaborate and improve the quantification of circularity impacts.
Looking ahead, continued efforts to refine and expand this framework will be essential for navigating the
complexities of circularity transitions and ensuring their effectiveness and fairness on a global scale.
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