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Abstract

The European Union has placed the Circular Economy (CE) as a central strategy to advance fair and sus-
tainable GDP growth. Yet, the mechanisms through which CE could decouple growth from social and
environmental harms remain underexplored. This study assesses the macroeconomic, social, and ecolog-
ical implications of CE policies in France by applying an extended version of the EUROGREEN model.
The model is grounded in Ecological Macroeconomics, calibrated on historical data, and simulated over
the period 2014-2050 under a business-as-usual (BAU) baseline. A “sequential scenario” methodology is
adopted to evaluate alternative CE pathways: (i) a Techno-Optimistic Circularity (TOC) scenario featuring
substantial improvements in material efficiency and recycling; (ii) two socially-oriented circularity sce-
narios that combine moderate technological progress with innovative social policies like reduced working
time (C2C) and a Job Guarantee(JG) financed through a wealth tax (SEC); and (iii) a Post-Growth scenario
(SCD) characterised by lower consumption and material throughput, supported by a Piketty-style finan-
cial wealth tax. Simulation results reveal persistent trade-offs between economic growth, social equity, and
environmental sustainability. Growth-centred technological and social circularity scenarios do not achieve
sufficient levels of decoupling between economic activity and material use, whereas post-growth pathways
deliver balanced outcomes across material extraction, employment, and inequality. Overall, simulation
outcomes reveal that growth-oriented circularity strategies cannot combine social equity and long-term
sustainability goals. Instead, it seems that integrated policy packages combining technological innovation,
social policies, and consumption reduction can reconcile CE ambitions with the pursuit of well-being
within planetary boundaries.
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1. Introduction

Over the past fifteen years, the Circular Economy (CE) framework has gained increasing
prominence within French and European policy discourses, and governments have begun to sys-
tematically monitor the performance of circularity interventions (Mayer et al. 2019). The CE
approach seeks to address pressing environmental challenges, including pollution, climate change,
and dependence on critical raw materials. It aims to achieve these goals by promoting strategies
centred on the reuse, repair, and recycling of products and materials. At the European level, the CE
has been institutionalised through the CE Action Plan, a key component of the European Green
Deal, which aims to decouple growth from material consumption! in pursuit of so-called green
growth. In parallel, the private sector has increasingly embraced CE practices as opportunities to
improve resource efficiency, reduce operational costs, and enhance profitability.>
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A growing body of literature has examined the macroeconomic implications of transition-
ing towards a CE (MacArthur et al. 2013; Aguilar-Hernandez et al. 2021). Most macroeconomic
analyses of CE remain anchored in neoclassical frameworks, typically relying on Computable
General Equilibrium (CGE) and macro-econometric models. Recently, Bongers and Casas (2022)
employed a dynamic CGE model to identify optimal recycling rates, showing that increased cir-
cularity can enhance social welfare in a growing economy. Similarly, Brusselaers et al. (2022),
applied a CGE model for Belgium, as a small open economy, to demonstrate that local job cre-
ation and reduced import dependency depend critically on global market reactions and national
competitiveness. Kalas et al. (2024) found that government spending, inflation, and tax rev-
enues positively influence CE-related investment in both the short and long run. In parallel,
Rizzati and Landoni (2024) highlighted that agent-based modelling can capture heterogeneity and
behavioural complexity in CE transitions, dimensions often abstracted away in CGE models.

A second strand of research has centred on Environmentally Extended Input—Output (EEIO)
analysis, which has been widely applied to waste management (Nakamura and Kondo, 2002; Towa
et al. 2020) and raw material flow assessment (Eriksen et al. 2020; Lederer et al. 2021), typically
incorporating the mass-balance principle (Nakamura et al. 2007). EEIO has also proven valu-
able for scenario analysis, providing insights into the potential impacts of policy interventions.
For example, Gue et al. (2022) and Gause et al. (2024) employed EEIO to investigate economic
growth and policy prioritisation in relation to decarbonisation and resource use. The Stock—Flow
Consistent (SFC) approach has contributed to the analysis of fossil-fuel phase-outs and green fiscal
policies (Monasterolo and Raberto, 2019, 2018), although its application within the CE frame-
work remains limited (Bimpizas-Pinis et al. 2023). Finally, emerging studies document the CE
rebound effect, whereby efficiency improvements may unintentionally stimulate higher consump-
tion and offset environmental gains (Lowe et al. 2024; Ferrante et al. 2024), though considerable
uncertainty remains regarding data quality and effect magnitude.

On the one hand, despite their widespread use, CGE models exhibit significant limitations in
capturing the complex dynamics and structural transformations. As Blanchard (2017) observed
in his critique of neoclassical macroeconomic models, such approaches must “become less impe-
rialistic and willing to share the scene with other modelling approaches.” Stiglitz (2018) echoed
this sentiment, arguing that mainstream macroeconomic models have failed to incorporate essen-
tial behavioural and institutional dimensions due to their flawed microfoundations. On the other
hand, although SFC and EEIO models offer valuable integration of monetary and ecological flows,
they remain limited in their treatment of labour market dynamics, income distribution, and the
role of public finance. These shortcomings constrain their ability to address the multidimensional
implications of CE strategies. Bridging these gaps is therefore essential for developing simulation
tools capable of evaluating environmental, social, and economic aspects of circular transitions in
an integrated and coherent manner.

To overcome these limitations, Ecological Macroeconomic Models (EMMs) have emerged
over the past decade as a promising alternative (Victor and Jackson, 2015; Repke, 2016). These
models integrate Stock-Flow Consistent (SFC) and Environmentally Extended Input—Output
(EEIO) approaches within a post-Keynesian macroeconomic framework (Fontana and Sawyer,
2016; Hardt and O’Neill, 2017). Their demand-driven structure reflects the assumption of excess
productive capacity, enabling non-equilibrium dynamics in which fluctuations in aggregate
demand play a central role (Lavoie, 2014). Situated within the broader intellectual tradition
of Ecological Economics, EMMs adopt a strong sustainability perspective (Daly, 2007). They
treat key dimensions like economic growth, social equity, and environmental integrity as inher-
ently incommensurable (Georgescu-Roegen, 1971). This motivates the integration of a wide
set of indicators to capture the multidimensional nature of socio-ecological systems. Moreover,
EMMs commonly draw on System Dynamics methodologies, which allow for the explicit mod-
elling of feedback loops, time delays, and path dependencies (Hardt and O’Neill, 2017; Gozluklu
and Sterman, 2023). EMMs are designed to evaluate the long-term implications of alternative
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policy strategies through scenario analysis (Nieto et al. 2020). By incorporating lagged responses
and endogenous feedback mechanisms, these models offer a more realistic representation of tran-
sition dynamics and are gaining relevance as decision-support tools for policymakers (Calheiros
et al. 2022; Distefano and D’Alessandro, 2023).

Recent efforts have aimed to assess raw material use from a systemic perspective, accompa-
nied by the development of novel indicators (Talens Peir¢ et al. 2022). Yet, their integration into
EMMs remains limited (Capellan-Pérez et al. 2020). At the same time, there is growing recog-
nition of the need to account for the broader socio-economic and institutional context, which
can significantly influence the effectiveness of waste management and circularity policies (Luzzati
et al. 2022). More holistic contributions, such as Basu et al. (2024), highlight structural tensions
between economic growth, CE implementation, and climate neutrality. It frames the absence of
such win—win situations as a trilemma.

Despite increasing interest in CE transitions, a substantial gap persists in the macroeconomic
literature regarding integrated, policy-oriented assessments that jointly consider material circular-
ity, socio-economic outcomes, and environmental sustainability. This study contributes to filling
this gap by extending the French EUROGREEN model (D’Alessandro et al. 2020) to incorporate
raw material use, waste generation and treatment, and a wide range of CE strategies. The main
research questions are: What are the macroeconomic consequences of supply-side CE strategies
focused exclusively on improving material efficiency and recycling? To what extent can social pol-
icy interventions mitigate potential adverse side effects? Is a contraction in overall consumption
necessary to remain within planetary boundaries?

The structure of the paper is outlined as follows: Section 2 delineates the key innovations
applied to the EUROGREEN model alongside the policy measures evaluated. In Section 3, an
in-depth analysis of each scenario is provided. Section 3.1 elaborates on the parameter calibra-
tion process employed for the simulation of CE policy scenarios. Section 4 presents the results of
the macrosimulation analysis. Lastly, Section 5 discusses the principal findings and limitations,
articulating the primary policy conclusions.

2. Methodology

This section synthesises the principal characteristics of the EUROGREEN model and provides a
detailed description of the main innovations introduced to operationalise the CE framework.

2.1 EUROGREEN model in a nutshell

This study extends the EUROGREEN model (for a comprehensive description, see D’Alessandro
et al. 2020), which is grounded in the tradition of Ecological Macroeconomics. The model inte-
grates a Post-Keynesian macroeconomic framework with core principles of Ecological Economics,
enabling the simulation of social, economic, and environmental outcomes under alternative
techno-policy scenarios.

Figure 1 illustrates the extended structure of EUROGREEN used in this study, which incorpo-
rates three additional modules: raw materials, waste generation, and recycling. These extensions
are described in detail in the subsections that follow and are summarised in Table A3.

EUROGREEN is a demand-driven macroeconomic model built on the assumption of idle pro-
ductive capacity. Investment decisions depend on the gap between actual and potential capacity
utilisation, on the profit rate, the depreciation rate, and an autonomous investment component
that does not expand productive capacity but stabilises the economy against Harrodian instability.
The model links the financial and real sectors through a portfolio approach in which households
are disaggregated into 13 socio-economic groups, defined by occupational status and skill level.
They allocate their wealth across different financial assets. This formulation allows for a detailed
evaluation of the distributional implications of public policies. Production is represented using
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Figure 1. Macroview of the model structure. This figure presents the main components and feedback mechanisms of
the extended EUROGREEN model (new modules in yellow). The extended model includes France’s raw material footprint,
measured as domestic material consumption, into four material categories: biomass, metal ores, non-metal ores, and fossil
fuels. Each material type is linked to specific economic sectors (e.g., biomass to agriculture), enabling the assessment
of extraction and recycling flows by category. France’s residual waste management system is driven by technological
innovations, with improvements in material efficiency influencing both waste generation and the availability of secondary
materials. The dynamic substitution of primary raw materials with recycled inputs generates structural adjustments within
the economy, captured through time-varying technical coefficients in the EEIO tables. Red circles highlight modules or
parameters driven by exogenous assumptions, notably those pertaining to technological change and policy interventions
(detailed in Section 3).

Input—Output (IO) tables, disaggregated into ten sectors. Endogenous technical change is incor-
porated by allowing technical coefficients (the “A matrix”) to evolve over time. These coefficients
quantify the share of inputs required from each sector to produce one unit of output and therefore
encode both the production technology and the structural configuration of the economy. Through
a system-dynamics approach, the model captures complex and potentially non-linear macroeco-
nomic dynamics emerging from feedback loops. In line with recent macro-simulation studies of
energy transition pathways (e.g., Nieto et al. 2024; Di Felice et al. 2024), EUROGREEN endoge-
nously generates key socio-economic variables. Targets for GDP growth, labour productivity, or
other macroeconomic indicators are not imposed exogenously; instead, their trajectories emerge
from the model’s internal feedback mechanisms and time-lagged structural responses. Table A2,
in the Appendix, summarises the core assumptions and key feedback mechanisms linking all
modules in the seminal EUROGREEN. The model is grounded on data collected from several
databases (Eurostat, KLEMS, IEA, and WIOD) for France, facilitating the replication and cali-
bration of the model to accurately reflect real-world dynamics. Data sources and main parameter
settings are described in the Appendix.
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In this context, the inclusion of raw material flows, waste generation, and recycling builds on
the theoretical foundations of ecological macroeconomics, where the economy is modelled as an
open subsystem of the biosphere with material throughput constraints; embedding these processes
endogenously enables a systemic evaluation of CE pathways.

2.2 Raw Materials

We apply Material Flow Analysis to model the consumption-based material footprint of the
French economy, commonly referred to as Domestic Material Consumption (DMC). Data are
taken from EUROSTAT® for estimating the material footprint of different economic activities.
DMC is calculated using the following formula, with the material footprint of domestically

produced output (M%), imports (M’), and exports (M®) measured in tons of raw material
equivalents:

DMC=M" + M — M® (1)
Since EUROSTAT does not provide disaggregated data by economic sector, we estimated the
raw material intensity coefficient (ySJ ,in tonnes/€) using data from the GLORIA database (Lenzen
etal. 2022), as reported in Table A6 in Appendix A. This coefficient represents the ratio of the total
domestic extraction of raw materials (]\/I]fi), for each category j, to the total monetary output of the
sector s (x;). This can be expressed as:
d
M,

Y=

)

Xs
where j includes four categories: biomass, fossil fuels, metal ores, and non-metal ores. To ensure
consistency in the units of measurement, monetary values are expressed in real terms, meaning
the output is adjusted for inflation.

These ratios are incorporated into EUROGREEN. In the absence of specific policy scenarios
that could affect them (which will be described in the following sections), they are assumed to
remain constant in the baseline scenario, based on historical averages. This assumption is sup-
ported by empirical observations showing that despite some fluctuations, these ratios tend to be
very stable over time, as evidenced by the very low standard deviations presented in Table A6 in
Appendix A.

To calculate the footprint and the physical trade balance (expressed as M--M¢), we need to
determine the intensity coefficients related to monetary imports and exports, expressed in real
terms. In this case, since a single sector is responsible for the near-total extraction of each raw
material category (as shown in Table A5), we calculated these coefficients at the national level.

Hence,
Y
ye=—1, 3)
Xe
.M
vl =-1, (4)
Xi

where x; and x, stand for total national imports and exports, respectively.

Monetary imports and exports fluctuate according to the endogenous dynamics of the econ-
omy. In EUROGREEN, imports are calculated as a fraction of domestic intermediate and final
demand, both of which are subject to endogenous variations, while exports are tied to GDP
growth. Consequently, under different scenarios, the physical value of trade may vary despite con-
stant intensity coefficients. Each year, the model endogenously computes the domestic material
consumption of the French economy, disaggregated by material type. The physical trade balance
is then derived by subtracting the raw materials embedded in imports from that of exports.
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The concept of dematerialisation is central to the mainstream narrative on CE. Material effi-
ciency, in particular, is considered a cornerstone of green growth strategies. It is considered to
serve as a critical pathway for decoupling GDP growth from environmental degradation (Del Rey
and Lopez-Garcia, 2017). We propose two different hypotheses regarding external technologi-
cal advancements that reduce the raw material content embedded in final products. Under the
cases “Al0” and “A20,” we assume a gradual and linear reduction in the intensity coefficient ()
between 2024 and 2050, achieving total reductions of 10% and 20% by the end of the period,
respectively. The first case constitutes an optimistic presupposition, considering that historical
data has demonstrated a fluctuating pattern with no clear trends. Conversely, the latter scenario
presupposes a rate of efficiency enhancement that is twice as rapid as this optimistic assumption.
It enables us to evaluate the practical outcomes of very optimistic material efficiency assumptions.

2.3 Waste management

We first added waste generation (W) to EUROGREEN’s EEIO tables. We compiled and har-
monised Eurostat data on physical waste generation by sector (W;) to align with EUROGREEN’s
classification (from Table A4). We also introduced a coefficient (wy,) representing the municipal
waste (W},) linked to household consumption, which contributes to a small fraction (less than
10%) of French waste generation. This allowed us to create a new vector of waste-to-output coef-
ficients for industries and household consumption, effectively adding a row to EUROGREEN’s
EEIO matrix (see Table A7 in the Appendix). This vector allows for an endogenous calculation of
annual waste generation in France. Namely,

W, = ws - Xs, (5)
Wy =wy-f, (6)
W=>" W+ W, 7)

where w; is the waste intensity coefficient, W is the total amount of waste at the national level, and
f is the final demand. As per raw material extraction, the intensity coefficients (@) are assumed
to remain constant in the baseline scenario, as historical data indicates no significant change
over time. However, for consistency reasons, we assume that waste generation follows the same
reduction trajectory as raw material extraction under the “A)I/O ” and “Af/o” cases.

This assumption reflects the idea that, if fewer amounts of raw materials were embedded in
the output, a corresponding reduction in waste generation would occur. It is important to note,
however, that we do not account for any specific waste management plans or changes in product
lifespan. In particular, product lifetime extension would affect the durability of goods and the
composition of the final demand. However, as the level of sectoral aggregation in EUROGREEN
limits the precise evaluation of these effects, such considerations fall beyond the scope of this
paper.

In a second step, we calculated waste treatment (W*) — with W* =k, - W, and k,, constant
based on historical data (see Table A7 in the Appendix) — by compiling data by waste category,
hazardousness, and waste management operation from Eurostat. It enables us to calculate the
recycling rate (p) in France, which remains stable and is assumed to stay constant in the base-
line. The volume of recycled waste (W) refers to the amount of "Materials recovery," excluding
backfilling. Namely,

Wo
W’
Acknowledging that the categorisation of waste generation and treatment differs from that of
raw materials, we estimated the portion of W, attributable to the four raw material types j. This
was done by applying the CMU or ¢, with 0 < ¢ < 1, which is available only at the EU level.* This

0= (8)
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estimation of the Domestic recovered materials (R) is based on the Circular Material Use (1phi)
general formula, omitting the specification per material category j for simplicity, as

_ R-W;,+W,
" DMC+R—-W;+ W,
1—-¢)(W;—W,)—¢-DMC
o (= )(Wi= W) — ¢ - DMC w0
(1—-9)
Note that EUROSTAT provides data by material category at an aggregated scale for the domes-
tic production, exports, and imports of waste, W, and W; respectively. Hence, we recover the
recovered materials, by raw material category (R;), indirectly, and we use it to calculate the shares

of recycled waste to be imputed to each raw material category as®

¢ then 9)

Pj= 1" (11)

> pi=1. (12)
j

This step is essential for calculating the quantity of secondary materials that, within a CCE
framework, ought to replace primary raw materials, subsequently affecting resource extraction.

2.4 Closing Supply Chains (€SC)

Closing Supply Chain (CSC) is often described as a key mechanism of the CE framework, as
it aims to maximise the reuse of waste in the form of new inputs in the production process.
Replacing new inputs with secondary materials can limit raw material extraction and reduce the
environmental pressures inherently tied to economic activities (Beylot et al. 2016; Merciai and
Schmidt, 2018; Wiebe et al. 2019), including GHG emissions, loss of biodiversity, and changes in
land-use(Nakamura, 2023; Donati et al. 2020; Aguilar-Hernandez et al. 2018).

The Circular Material Use (CMU) rate is an indicator representing the quantity of recycled
materials (R) used relative to the total material use in the economy(M = DMC + R). We can derive
from it the amount of newly extracted raw materials and secondary materials processed in the
economy. To represent the substitution effect between primary and secondary recycled materials,
we have adjusted the technical coefficients of extractive sectors accordingly (Wiebe et al. 2019).
Considering that the technical coefficient (a, ;) represents the proportion of intermediate goods,
expressed in monetary terms (Z,5), that a given sector s is buying from another sector # to produce
its own output — i.e. a, s = Z,, s /x;— then if the proportion of secondary raw materials increases,
each sector will demand less primary materials from the extracting sectors. To endogenise this
mechanism, we assume that the technical coefficients of the extractive sectors are updated annu-
ally based on the proportion of primary raw materials to total material use (¢ = 1 — ¢) relative to
the initial period (Yo = DMCj/Mp). Namely

. . j
a]n,s(t +1)= a]n,s(t)w_(-t)-

J
0

(13)

At the beginning of the period, the economy requires a given quantity of primary raw materials
(o) to satisty its production needs, from which a corresponding flow of waste is generated. A
fraction of this waste stream is subjected to treatment and recycling processes, yielding secondary
(recycled) materials. In the subsequent period, the extraction of primary raw materials declines, as
part of the material demand is now met by these recycled inputs. In the following period, the total
quantity of waste generated diminishes, and consequently, the volume of recyclable material also
decreases. Under a steady-state economic regime, this dynamic of material substitution between
primary and secondary resources is expected to give rise to an oscillatory pattern over time. By
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Figure 2. Closing supply chain scheme. This figure presents a simple depiction of the principal variables and linkages incor-
porated into the EUROGREEN model to encompass residual waste management and closing supply chains. For simplicity,
the division by raw material categories is not depicted. The circular material use rate (¢ = 1 — v) influences the technical
coefficients (A matrix), which in turn impact total production, subsequently affecting international trade and the physical
trade balance. Additionally, y, w, and p influence extraction, waste treatment, and recycling, generating delayed feedback
effects (arrow with double vertical lines) on the economy.

contrast, in a context of sustained economic growth, the overall demand for raw materials may
increase even in the presence of rising recycling rates. It is noteworthy that alterations in technical
coefficients, as represented by the A matrix within the Leontief framework, vary according to
material type j. For simplicity, we assume that changes in the technical coefficients affect only one
sector for each type of raw material. This assumption is strongly supported by data presented in
Table A5 in Appendix A.

On the other hand, an increase in the volume of recycled materials (R) over time necessi-
tates more activities within the corresponding NACE sector, specifically "Water supply, sewerage,
waste management and remediation activities" (5,,).° Demand for this sector increases along with
changes in waste generation. Consequently, s,, experiences a rise in both demand and output to
accommodate and process the greater volume of waste materials. To effectively capture the conse-

R(t)

quences of fluctuations in recycling, a recycling evolution coefficient is employed (¢ = RLO). This

coefficient dynamically connects recycling levels with the technical coefficients of the public sector
(which includes waste treatment activities in EUROGREEN). It thereby influences the structure

of the output and the final demand level within an Input—Output analytical context. Namely,
asw,n(t +1)= asw,n(t) . (14)

Figure 2 depicts the main variables, parameters, and relations described in the current Section.
The structure of the economy is shaped by the A matrix and the final demand, which together
determine the level of output of each sector. Lagged feedback effects on the demand through the
labour market are included in the model. Raw material intensity coefficients (y) (net of the impact
of international trade) determine the volume of French Domestic Material Consumption. Waste
intensity coefficients (w) and the recycling rate (p) determine the volume of materials recycling.
The Circular Material Use rate (¢) and its complementary variable, the rate of raw material use
(), alter the demand for inputs (A). These, in turn, feed back into economic activities through
adjustments in the technical coefficients that determine output levels in the following periods,
ultimately spurring changes in raw material extraction. In summary, we represented the feedback
loops that connect raw material use with economic activities.
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Table 1. Summary of the main assumptions for every scenario

Scenarios Material efficiency Recycling Tech progress WTR JG Wealth tax DG
BAU <y><w> <p>
B A§° s 'bm'c'zx' o
c2¢ Al o va v
SEC A (B v v v max 3%
ScD A} pmx v v v max 12% v

Note: y and w denote the efficiency of resource utilisation and waste minimisation, respectively. A;O and AL represent an external
enhancement in material efficiency by 10% and 20% by the year 2050, while < p™% > indicates the projected elevation of recycling rates
t0 95% by 2050. Technological advancement corresponds to improvements in energy efficiency and labour productivity, as detailed in the
foundational work EUROGREEN. WTR, JG, and DG signify the reduction in working hours, the assurance of employment, and post-growth,
respectively. The term Wealth tax refers to a Piketty-type tax imposed on financial wealth. The values of all the parameters, by sector, are
reported in Appendix A5, A6 and A7.

3. Scenarios

A primary objective of this study is to compare, following the current literature, techno-optimistic
solutions with alternative Green and Post-Growth policies (Lamperti et al. 2020; Kallis et al. 2025),
with the aim to evaluate the trade-offs between social, environmental, and economic outcomes in
a CE framework. To this end, a “sequential scenario” strategy (Nieto et al. 2020) is employed in
formulating the narratives. Specifically, each successive scenario is presumed to encompass all
preceding hypotheses in addition to introducing novel conditions. Using this method facilitates
the isolation of impacts attributable to each distinct hypothesis and appraising their cumulative
effects. The sole distinction, as described below, pertains to the speed of efficiency gain, which
is maintained at a higher level in the absence of social policies. We delineate five scenarios,
summarised in Table 1. Namely,

1. Business as Usual (BAU): In the Baseline scenario, the French economy is projected
to continue along its historical trajectory, following trends determined by the current
socio-economic structure. In this case, the main CE parameters are kept constant to their
historical averages, as described in the Table A6 in Appendix A.

2. Techno-optimistic Circularity (TOC): In this scenario, we assume that considerable tech-
nological advancements have long-ranging effects on the waste-material nexus, with p™**
(=95%) to increase recycling rates,” A)Z/O to reduce the extraction and waste intensity
coefficients (y and w, respectively). We also include an eco-design policy to include the
prohibition of single-use plastics. This policy affects the technical coefficients of the man-
ufacturing sector in the same way described by Eq. (13), although the impact is correlated
to the volume of manufacturing activities associated with plastics production.

3. Cradle to Cradle (C2C): This scenario includes a lower technological speed rate, namely
AJI/O, compensated by the inclusion of a Working Time Reduction (WTR) programme,
which entails a reduction by 5 hours in the weekly working schedule, thereby decreas-
ing France’s legal working hours from 35 to 30 hours by 2030. This policy is modelled
to be subsidised by the Government, which provides financial support to balance the
discrepancy in hourly wages, thereby preserving the purchasing power of workers.

4. Socially Equitable (SEC): Building on the previous scenario, it adds a Job Guarantee (JG)
programme creating up to 300,000 full-time public sector jobs annually, primarily within
the services and environment-related sectors. This strategy aligns with the vision of a
French Green New Deal. As indicated in D’Alessandro et al., (2020), the implementation
of a JG would exert a significant impact on public finances. Consequently, we incorpo-
rate a Piketty-style tax on financial wealth (Piketty, 2014; Piketty et al. 2023), targeting
higher-income employees and the wealthiest 1% of the population. We gradually increase
the minimum rate from 0.1% in 2024 to 3% by 2050.
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5. Social equity Circularity and post-growth (SCD): The SCD scenario incorporates a post-
growth case which reduces the average propensity to consume by 1.5% annually. This
assumption is supported by the fact that greener preferences are determined by education
and pollution, which may increase environmental consciousness (Constant and Davin,
2019). Lower consumption could also be the result of state-led policies, including the
prohibition of advertising for polluting products or the strategic reorientation of mar-
keting principles and practices toward sustainability (Lloveras et al. 2022). A decrease in
consumption produces two contrasting effects: firstly, a reduction in production and tax
revenue, accompanied by a substantial increase in public deficit; secondly, an increase in
financial savings. This second finding aligns with Piketty’s theory that reduced economic
growth, let alone post-growth, makes the weight of capital and associated revenues rise in
the economy, hence potentially increasing inequalities if appropriate corrective policies are
not adopted. Consequently, we assume that the French government imposes a Piketty tax
on these “extra” monetary savings, reaching a maximum of 12% by 2050.

3.1 Calibration

The present section describes how the EUROGREEN model was calibrated. It should be men-
tioned before further analysis that, as earlier versions of EUROGREEN recognised, “all models
are wrong” (Cieplinski et al. 2021; Distefano and D’Alessandro, 2023; Sterman, 2002; Saltelli
and Funtowicz, 2014). They can only provide a partial representation of reality. Some assump-
tions regarding exogenous trends, grounded on historical data, or external shocks must be made,
including international trade, as the model only includes the rest of the world without considering
bilateral trade; labour force, aligned with a skill-specific external trend informed by data reflecting
shifts in educational attainment; employment contracts, based on the assumption that all labour is
employed under full-time contracts; and COVID-19 shocks which have influenced the economy
in 2020, causing a downturn in demand and investments as well as a sudden increase in public
spending and associated levels of deficits.® Drawing upon publicly accessible data, this study mod-
els the French economic structure over the period from 2014 to 2021 to ensure coherence given the
limited availability of data for some key macroeconomic variables. Employing the system dynam-
ics software Vensim SDD,” we have calibrated the parameters of our model to approximate the
most accurate representation of our socioeconomic system (details and figures about calibration
and sensitivity analyses are reported in the Appendix and B.1). Nevertheless, the inherent com-
plexity of reality precludes the possibility of an entirely endogenous and perfectly accurate model
of the French economy. While there remains room for enhancement, the parameters employed
are aligned as closely as possible with the typical functioning of French economic, social, and
environmental systems.

Empirical data are showcased through a dotted line in each graph of the Results section. CE
interventions for each of the counterfactual scenarios previously described in the Scenarios sec-
tion are activated starting from 2024. We run all scenarios from 2014 to 2050. We plot the median
and the 95% confidence interval out of 500 simulations to avoid arbitrary outcomes and to clean
out stochastic effects associated with numerical simulations.'°

4. Results

For clarity, we present scenario outcomes in three separate subsections. We show separately the
consequences of CE strategies with regard to their environmental (4.1), economic (4.2), and social
(4.3) effects. The Business-As-Usual(BAU) scenario (outlined as a black line) is compared to past
observable trends (represented as a dotted line), and counterfactual scenarios (plotted as coloured
lines), as described in the Calibration section (3.1).
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Figure 3. Scenario analysis of environmental indicators. Comparison of real data (violet) with the numerical outcomes
— from 2014 to 2050 — under the baseline (black) and counterfactual scenarios: TOC (green), C2C (purple), SEC (blue), and
SCD (red). The vertical dotted line indicates the year 2024 when the policies are introduced. The solid lines and shaded areas
around them indicate the medians and 95% confidence intervals, respectively, out of 500 independent simulations.

4.1 Environmental impacts

Figure 3 illustrates the trends of key environmental and CCE indicators across scenarios. Panel
3a plots the evolutions in Circular Material Use (CMU) across scenarios. Defined as the share of
recycled materials in the yearly supply of raw materials, the CMU rate is a key indicator of the
performance of the CE framework. In all CE scenarios, the CMU rate increases by 2050 relative
to 2024. The scenarios that include social policies in a Green New Deal paradigm (C2C and SEC)
achieve relatively higher circularity rates than the post-growth and techno-optimistic scenarios
(SCD and TOC). This is mainly caused by lower waste generation due to material efficiency mea-
sures and reduced output in the policy mixes. The CMU rate is shaped by both recycling (R) and
total material use (M). Reduced CMU rate may, therefore, reflect lower material consumption
rather than a decline in recycling rates. Differences become evident upon examining the trends
in Circular Material Use across various material categories (refer to Figure B.1 in Appendix B).
Notably, the SCD scenario is the sole scenario demonstrating efficacy in enhancing circularity for
all four material types, including metal ore usage, which shows no improvement under alterna-
tive scenarios. Given the significance of this material in the EU policy agenda, a focus on absolute
values provides a more robust framework for comprehending wider environmental impacts.

Panel 3b depicts the trends in Domestic Material Consumption (DMC), where the BAU sce-
nario generates an increase of approximately 20% relative to the year 2024. Conversely, the
Techno-Optimistic (TOC) case maintains France’s raw material intake at existing levels by the
year 2050. The post-growth (SCD) scenario appears to be the most effective in reducing France’s
absolute material consumption. It achieves a reduction of 23% in France’s material footprint com-
pared to the BAU scenario in 2050. It is also a unique case which sees an absolute decrease in the
DMC compared to the 2024 levels. This dynamic is partially attributed to a reduction in import
dependency within this scenario, as evidenced by the decrease in net material imports illustrated
in Panel 3c.
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Figure 4. Scenario analysis of economic and fiscal indicators. Comparison of real data (violet) with the numerical out-
comes — from 2014 to 2050 — under the baseline (black) and the other scenarios: TOC (green), C2C (purple), SEC (blue), and
SCD (red). The vertical dotted line indicates the year 2024 when the policies are introduced. The solid lines and shaded areas
around them indicate the medians and 95% confidence intervals, respectively, out of 500 independent simulations.

Panel 3d illustrates GHG emissions associated with simulated scenarios. Enhanced recycling
reduces the demand for extractive industries, leading to lower output and greenhouse gas (GHG)
emissions in these sectors. Among the scenarios, the SCD scenario achieves the most substantial
GHG emission reductions in France. This is because the overall decline in consumption out-
weighs the rebound effect triggered by social policies, which tend to increase private spending
and, consequently, raw material use.

Overall, the environmental indicators show that a high rate of technological efficiency signifi-
cantly contributes to stabilising the material footprint, reducing GHG emissions, and increasing
capacity utilisation (CMU). However, only the post-growth scenario—characterised by reduced
consumption and production — is able to achieve absolute reductions in both material use and
GHG emissions, despite lower CMU levels and half of the efficiency gains assumed in TOC. This
indicates that consumption reduction is essential to offset the rebound effects generated by socially
oriented policies that stimulate private spending and resource use.

4.2 Economic performance

Figure 4 plots the evolution of the main macroeconomic aggregates. Under the TOC and C2C
scenarios, the real GDP per capita (Panel 4a) closely follows the BAU, with an average increase of
0.5% per year (see Figure B.3 in Appendix B). In the C2C policy mix, the implementation of wage-
compensated working-time reduction (WTR) creates mild economic growth, increasing income
per capital! by approximately 1,000€ in 2050. In the Socially Equitable Circularity (SEC) scenario,
a JG programme boosts aggregate demand and output, leading to an estimated 15% increase in
French GDP per capita compared to 2024. Under the post-growth (SCD) scenario, the French
real GDP per capita stabilises around current levels. The effects of financial wealth taxation and
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consumption reduction seem to balance the increase in aggregate consumption linked with social
equity measures, resulting in balanced outcomes in terms of GDP.

Panel 4b reports the evolution of the national output. This indicator does not equate to GDP,
as it may be associated with varying added values. Notably, while SEC and SCD scenarios keep
exhibiting the highest and lowest rates of national production, absolute differences difter.

Panel 4c plots the evolution in financial wealth stocks, measured by a financial wealth-to-GDP
ratio. Under the baseline and TOC scenarios, financial wealth continues to accumulate, yet at
a slow pace. The joint implementation of a JG and a wealth tax in the SEC scenarios leads to
a reduction (by 25%) in financial wealth stocks in 2050. The post-growth scenario results in
intermediate financial wealth levels. Higher financial wealth stocks than in the SEC scenario
are attributable to reduced consumption habits in the post-growth scenario, which increase the
average propensity to save. Additionally, as GDP decreases, the wealth-to-GDP ratio tends to rise,
as shown by Piketty (2014).

Finally, we consider the evolution in public deficits in the different scenarios (Panel 4d). As
the BAU and TOC scenarios do not include changes in fiscal and social policy, they do not spark
sizeable changes in public deficits by 2050. In the C2C scenario, WTR increases job participation,
reduces welfare spending and whittles down public deficits, which are set to stabilise at 1% by
2050. The JG scheme included in the SEC policy mix drives up social disbursements, resulting in
higher public deficits. In the post-growth scenario, reduced demand, production and tax revenue
mechanically lead to higher deficits. State-funded social policies and reduced tax revenues from
consumption also contribute to this outcome. Higher taxation on the wealthy partially offsets this
spending, providing a promising pathway to funding a social and circular post-growth transition.

4.3 Social effects

Figure 5 shows the dynamics of key socioeconomic indicators, including (un-)employment, GINI
coefficient, and labour share of added value distribution. Panel 5a illustrates the evolution of
unemployment in France from 2014 to 2050. The Techno-Optimistic (TOC) scenario showcases
the highest unemployment rate in our simulations, reaching 14% by 2050. In the C2C scenario,
the implementation of WTR contributes to a decrease in unemployment through the redistribu-
tion of workload. Nevertheless, ongoing labour productivity improvements lead to an increase
in unemployment in the long run, surpassing 11% by 2050. The introduction of a JG in the
SEC scenario effectively mitigates the adverse effects of CE policies on employment, reducing
the unemployment rate to 5% by 2050. The SCD scenario represents an intermediate outcome,
with an unemployment rate of 7% by 2050, due to a contraction in economic activities that
diminishes overall output and, subsequently, labour demand. These unemployment levels are
attributed to a reduction in output and employment within the extractive industries, as a result
of policies aimed at enhancing material efficiency. Furthermore, as demonstrated in the seminal
EUROGREEN paper, job polarisation disproportionately affects middle-class workers more than
other categories.

The distributional effects of the different policy scenarios on income inequality (Gini index)
and value-added repartition between labour and capital are plotted in Panels 5b and 5c. Policy
scenarios assessed in this study have sizeable effects on pre-redistribution value-added allocation.
The TOC scenario does not alter the prevailing paradigm of value-added distribution. It actually
results in a decrease in the proportion of value-added directed to workers. With the labour share
down by 9 percentage points in 2050 compared to current levels, the TOC scenario favours profit
accumulation. Conversely, the post-growth (SCD) scenario, followed by the SEC scenario, leads
to the most important increases in the portion of value-added allocated to workers by 2050. This
trend is predominantly attributable to redistributive policies, such as the imposition of a wealth
tax and the amplification of social expenditure. Moreover, wage-compensated WTR facilitates a
distribution of value that favours labour.
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Figure 5. Scenario analysis of social indicators. Comparison of real data (violet) with the numerical outcomes — from
2014 to 2050 — under the baseline (black) and the other scenarios: TOC (green), C2C (purple), SEC (blue), and SCD (red). The
vertical dotted line indicates the year 2024 when the policies are introduced. The solid lines and shaded areas around them
indicate the medians and 95% confidence intervals, respectively, out of 500 independent simulations.

The evolution of the Gini coefficient closely aligns with the distribution of value-added. While
the baseline (BAU) and Techno-Optimistic (TOC) scenarios tend to intensify income dispari-
ties, the Social and Circular post-growth (SCD) and Socially Equitable Circularity (SEC) scenarios
are more successful in promoting equitable outcomes. The C2C scenario presents mixed implica-
tions: although it benefits labour through the allocation of value added, it concurrently exacerbates
income inequalities compared to current levels.

5. Discussion

This study extended the EUROGREEN model by incorporating raw material use and waste-
generation dynamics, enabling the simulation of complex interactions between CE policies, social
equity objectives, and macroeconomic performance. To interpret the outcomes of our scenario
analysis, we drew on a conceptual framework inspired by the sustainability trilemma, which
highlights potential tensions among three core policy goals: economic growth, social equity, and
ecological sustainability (Martine and Alves, 2015; Sconfienza, 2019; Wu et al. 2024).

Firstly, simulation outcomes showed that a fully CE is unattainable, even under highly techno-
optimistic assumptions. Secondary materials cannot replace primary raw materials entirely, nor
can waste be fully eliminated (Giampietro, 2019). This reflects a structural constraint: circular
systems depend on continuous waste flows to supply recyclable materials. As recycling increases,
primary extraction declines, and production slows. Waste generation falls, leading to a shortage in
recycled materials which needs to be compensated for by renewed primary extraction to sustain
the aggregate demand. Furthermore, model outcomes indicated that CE policies do not automati-
cally generate environmentally sustainable outcomes. In the TOC scenario, high Circular Material
Use (CMU) rates entailed a relative decoupling between Domestic Material Consumption (DMC)
and GDP growth, stabilising the national material footprint by 2050. While such stabilisation may
seem encouraging, it remains well above the thresholds compatible with planetary boundaries

https://doi.org/10.1017/5S1365100526100972 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100526100972

Macroeconomic Dynamics 15

GDP Growth

Social Well-Being Within planetary boundaries

[Employment levels, inequalities) (Raw material demand, GHG emissions)

Figure 6. Circularity trilemma each vertex of the triangle corresponds to one of the key desiderata within the circular econ-
omy framework, namely: economic growth, social well-being, and minimal environmental harm. We provide a qualitative
positioning of each scenario, as described in Section 3, within this triangular space in order to indicate which desiderata
they most closely approximate.

(Hickel et al. 2022). The limited environmental improvements attained under the TOC scenario
are accompanied by increasing unemployment and deepening social inequalities, thereby rais-
ing concerns regarding its political feasibility. Despite its high level of technological ambition,
the TOC scenario has not delineated a credible trajectory toward green economic growth, let
alone toward genuinely sustainable development, understood as the simultaneous achievement of
long-term economic growth, social equity, and a swift and absolute reduction in environmental
pressures (Brundtland, 1987).

To counteract the rise in social inequality observed in the TOC pathway, we tested a package
of social policies: a Working Time Reduction (WTR) plan, a JG programme, and a Piketty-style
financial wealth tax. Although the Cradle-to-Cradle (C2C) and Socially Equitable Circularity
(SEC) scenarios achieved high CMU rates, they generated a higher overall material footprint. This
outcome is largely driven by a demand-driven rebound effect. Increased consumption amplifies
the demand for imported raw materials and deteriorates the trade balance (Luzzati et al. 2022).
In other words, advancing social equity without simultaneously reducing the overall material
throughput risks exacerbating ecological overshoot, thereby contributing to the transgression of
planetary boundaries. These rebound dynamics, frequently underestimated in CE policy assess-
ments, highlight the difficulty of reconciling social and environmental outcomes within a “green
growth” paradigm.

Instead, the Social Equity Circularity and post-growth (SCD) scenario seemed to achieve a high
CMU rate together with relatively low material consumption. This result stems not only from
improved circularity but also from environmentally conscious consumption patterns and strong
redistributive public policies, including a tough financial wealth tax. These measures enhance
social equity while keeping the public deficit within the range observed in the early simulation
period. Still, it is higher than in other scenarios.

These findings therefore, highlight the existence of a circularity trilemma, wherein sustained
economic growth, social equity, and ecological sustainability seem to be mutually incompatible
and cannot be simultaneously achieved. Figure 6 provides a useful framework for analysing the
trade-offs and synergies emerging from alternative CE strategies. CE strategies can meaningfully
contribute to reducing material pressures only when combined with profound social reforms,
including progressive taxation of financial wealth and policies that deliberately curb aggregate
consumption. Such an integrated approach offers the most coherent pathway for aligning social
equity with ecological sustainability, whereas growth-oriented CE pathways fall short on both
fronts.
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Special attention is also needed to ensure that CE strategies do not reinforce the structural
imbalances inherent in the global political economy. Any CE framework designed for high-
income EU countries, such as France, must therefore be critically assessed in light of its reliance
on imported raw materials and externalised waste flows. This dependence reflects long-standing
patterns of ecologically unequal exchange (Roberts and Parks, 2009), through which countries of
the Global North disproportionately appropriate biophysical resources from the Global South
while externalising socio-environmental costs associated with extraction, production, and dis-
posal (Hornborg and Martinez-Alier, 2016; Warlenius et al. 2015). These dynamics extend beyond
waste: the Global North’s need for critical raw materials structurally hinges on extractive indus-
tries in the Global South, reinforcing ecological degradation, dependency relations, and a hierar-
chical international division of labour (Arsel and Pellegrini, 2022; Hickel et al. 2022). In this light,
CE strategies implemented in the Global North cannot be meaningfully separated from the global
political economy they depend on. Without explicitly addressing international material and waste
flows, CE policies risk reproducing global environmental injustices rather than reducing them.

5.1 Limitations

The current section outlines the main limitations of this study, thereby indicating avenues for
future research.

Firstly, we rely on exogenous assumptions to represent future gains in material efficiency.
However, it is important to note that historical data do not display statistically significant trends in
material efficiency. Additionally, the allocation of waste into secondary raw materials was inferred
indirectly using observed data on the Circular Material Use (CMU) rate, because the EUROSTAT
categories for primary raw materials and waste generation are not fully aligned. Moreover, the level
of sectoral aggregation in the model may lead to an overestimation of the potential substitution of
secondary raw materials for primary ones.

Changes in the demand for waste management services were not considered, even though
higher recycling rates could require additional chemicals or more advanced technologies to pro-
cess larger volumes of recycled materials. The absence of data on stocks of primary and secondary
materials may also lead to an overestimation of domestic extraction capacities while underestimat-
ing potential health risks and social conflicts, such as the well-documented NIMBY!? responses
associated with waste allocation. Furthermore, the model does not incorporate the potential effects
of extended product life cycles, which could reduce waste generation but also modify the structure
of final demand. Finally, France’s material footprint of imports is based on static coefficients and
does not reflect endogenous changes in the economic systems of its trading partners.

While these limitations point to areas where future research can refine and extend the model,
the validity of the present results is supported by comparisons with historical trends and by sen-
sitivity analyses, both of which indicate that the core conclusions remain robust. It should also
be stressed that this study alone does not provide definitive evidence that the Social and Circular
post-growth (SCD) strategy would be sufficient to place the French economy fully within plan-
etary boundaries. Future research could apply or extend the methodology developed by O’Neill
et al. (2018) to evaluate whether the SCD policy package is capable of moving the French econ-
omy into a “safe and just space,” (Raworth, 2012) where fundamental human needs and social
well-being are satisfied without transgressing biophysical limits. Such an assessment lies beyond
the scope of this study but represents a crucial avenue for continued investigation.

5.2 Concluding remarks

This study extended the French EUROGREEN model (D’Alessandro et al. 2020) by incorporat-
ing raw material use, waste generation, and recycling dynamics in order to examine the systemic
effects of CE strategies within a macroeconomic, distributional, and biophysical framework. By
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combining post-Keynesian ecological macro-modelling with explicit material-flow extensions,
we have shown that the interactions between circularity measures, social equity policies, and
environmental performance are far more complex than suggested by mainstream narratives of
“win—win” green growth.

Scenario outcomes demonstrated that neither technological improvements nor increases in
recycling rates are sufficient to achieve deep reductions in France’s material footprint while simul-
taneously ensuring employment stability and reducing inequality. Even optimistic circularity
pathways faced rebound effects, persistent reliance on primary extraction of raw materials, and
insufficient mitigation of socio-economic inequalities. The tensions manifested across the various
scenarios are synthesised in the circularity trilemma, which elucidates the structural constraints
inherent to implementing a CE within a growth-oriented socioeconomic system. As CE scenarios
that do not question the growth-centred paradigm result in the continuation of structural inequal-
ities and overconsumption dynamics, they eventually undermine social fairness and ecological
sustainability at the heart of ”sustainable development.” To reconcile CE with enhanced social
and environmental outcomes, it is therefore key to rethink CE interventions outside the box.

Among the alternative strategies investigated, the Social and Circular post-growth (SCD) sce-
nario offered the most coherent pathway for aligning social well-being with ecological constraints.
This post-growth perspective radically challenges the assumption that CE policies can deliver
green and inclusive GDP growth. Instead, this scenario relies not only on circularity strategies
but also on a broader policy mix involving progressive taxation, reduced aggregate consump-
tion, and innovative social policies. The integrated post-growth CE strategy successfully reconciles
social well-being with lower material consumption levels. As it may congruently deliver on social
and environmental outcomes, the post-growth scenario provides a promising avenue towards
an economy that fulfils human needs within planetary boundaries. Before drawing firm policy
conclusions, post-growth circularity scenarios would benefit from more in-depth examination,
especially regarding the expected consumption reduction necessary to operate within planetary
boundaries.

This scenario also suggests that CE policies in high-income countries may reduce material
needs in high-income economies. While the consequences of this shift are still to be further
explored in the literature, a genuinely transformative post-growth CE must also confront and seek
to correct entrenched asymmetries in global resource use (Corsi et al. 2024). A post-growth cir-
cular transition in the Global North aiming to advance fair and sustainable outcomes for all must
consider its potential impacts in export-dependent economies. Addressing ecologically unequal
exchange and global environmental inequalities must be at the centre of post-growth transitions
in high-income economies.

Eventually, the present study underlines the need for future Ecological Macroeconomic mod-
elling work to improve the integration of biophysical constraints, behavioural responses, and
institutional dynamics. Improving data availability on material stocks, refining sectoral detail,
and embedding global supply-chain adjustments are essential steps for capturing the full com-
plexity of circular transitions. Beyond model refinements, the findings call for renewed reflection
on the political and institutional conditions under which socially fair and ecologically sound tran-
sitions can be realistically pursued. Future research should explore more granular post-growth
pathways, particularly the interactions between product lifetime extension, GDP trajectories, and
socio-environmental outcomes. It will also be crucial to adopt a multi-scalar perspective, span-
ning regional, national, and global levels, to capture the spatial heterogeneity of material flows
and policy impacts.

Highlights.
e Techno-policy macroeconomic simulations with multiple socio-economic and environmental indicators

e System Dynamic EEIO with economic feedback for raw material efficiency and waste management
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e Technological CE solutions often entail regressive social outcomes
¢ Social CE policies improve social equity at the cost of a rebound effect on the domestic material footprint

o Post-Growth CE can advance both fairer and more sustainable outcomes
Credit author statement. Both authors contributed equally.

Data availability. The seminal EUROGREEN model, developed in Vensim DSS, is published in the Zenodo open-access
repository: https://zenodo.org/records/7322875. The new version will be available upon request.

Notes

1 See the EU CE Action Plan at https://environment.ec.europa.eu/strategy/circular-economy-action-plan_en.

2 See McKinsey and Co.: CE of cement could be worth €110billion by 2050, at https://www.worldcement.com/africa-
middle-east/10032023/mckinsey-co-circular-economy-of-cement-could-be-worth-110-billion-by-2,050/.

3 Handbook for estimating raw material equivalents.

4 For France, where the Circularity Material Use (CMU) rate exceeded the EU average, we proportionally adjusted the CMU
for each raw material j to ensure a higher recycling rate compared to the EU values. This adjustment results in different ¢;
specific to the French context.

5 Due to the discrepancies in the data supplied by EUROSTAT, where the total of the four categories does not align with
the aggregate value also reported by EUROSTAT, it was necessary for us to proportionally adjust these shares to ensure they
collectively sum to one.

6 In EUROGREEN, s,, falls within the public macrosector as indicated in Table A4.

7 We maintain the recycling rate under 100% to acknowledge the limitations imposed by the laws of thermodynamics
(Giampietro and Funtowicz, 2020). Nonetheless, even if the rate were hypothetically set at 100%, the principal conclusions
derived from our framework would remain consistent.

8 Modelling the impact of the pandemic is beyond the scope of this model; therefore, we only introduce external shocks to
the main macroeconomic variables as described in Table A8 in Appendix A. This approach may lead to divergent paths in
the years following the pandemic since we do not model any transitional adaptations, although the trends remain consistent
with the actual data. Additionally, given the increasing risk of international conflicts, other shocks may not be included in
our analysis.

9 We run a multi-objective parameter optimisation mode (which allows automating runs performed in simulation
mode) as provided by the software Vensim SDD. Technical details can be found here: https://vensim.com/optimization/
#model-calibration.

10 Note that the results are robust due to the high number of simulations. They are similar even if we increase the number of
trials.

11 Note that the comparison is feasible because in EUROGREEN model, population growth is exogenous and so it does not
change across different scenarios.

12 Not In My Backyard (NIMBY) refers to situations in which residents oppose the local siting of infrastructure or facilities,
even when these are nationally supported.

References

Aguilar-Hernandez, G.A., ].F. Dias Rodrigues and A. Tukker. (2021). Macroeconomic, social and environmental impacts of
a circular economy up to 2050: A meta-analysis of prospective studies. Journal of Cleaner Production 278, 123421.

Aguilar-Hernandez, GA., C.P. Sigiienza-Sanchez, F. Donati, ].F. Rodrigues and A. Tukker. (2018). Assessing circularity
interventions: A review of EEIOA-based studies. Journal of Economic Structures 7(1), 1-24.

Arsel, M. and L. Pellegrini. (2022). Global extractive imperative: From local resistance to unburnable fuels. International
Development Planning Review 44(1), 1-12.

Basu, P., T. Jamasb and A. Sen. (2024). Trilemma or trinity? The nexus of economic growth, circular economy and net zero.
Energy Economics 138, 107844.

Beylot, A., S. Vaxelaire and J. Villeneuve. (2016). Reducing gaseous emissions and resource consumption embodied in French
final demand: How much can waste policies contribute? Journal of Industrial Ecology 20(4), 905-916.

Bimpizas-Pinis, M., A. Genovese, A. Kaltenbrunner, E. Kesidou, B. Purvis, J. R. Torres, O. Fevereiro and M. V. Passarella.
(2023) Using input-output stock-flow consistent models to simulate and assess circular economy strategies. In Circular
Economy for Social Transformation: Multiple Paths to Achieve Circularity. Ledizioni, pp. 244.

Blanchard, O. (2017). Do DSGE models have a future. In DSGE Models in the Conduct of Policy: Use as intended. CEPR Press
Centre for Economic Policy Research, pp. 93-100.

https://doi.org/10.1017/5S1365100526100972 Published online by Cambridge University Press


https://zenodo.org/records/7322875
https://environment.ec.europa.eu/strategy/circular-economy-action-plan_en
https://www.worldcement.com/africa-middle-east/10032023/mckinsey-co-circular-economy-of-cement-could-be-worth-110-billion-by-2,050/
https://www.worldcement.com/africa-middle-east/10032023/mckinsey-co-circular-economy-of-cement-could-be-worth-110-billion-by-2,050/
https://ec.europa.eu/eurostat/documents/1798247/6874172/Handbook-country-RME-tool/
https://vensim.com/optimization/#model-calibration
https://vensim.com/optimization/#model-calibration
https://doi.org/10.1017/S1365100526100972

Macroeconomic Dynamics 19

Bongers, A.D. and P. Casas. (2022). The circular economy and the optimal recycling rate: A macroeconomic approach.
Ecological Economics 199, 107504.

Brundtland, G.H. (1987). Our common future - Call for action. Environmental conservation 14(4), 291-294.

Brusselaers, J., K. Breemersch, T. Geerken, M. Christis, B. Lahcen and Y. Dams. (2022). Macroeconomic and environmental
consequences of circular economy measures in a small open economy. In The Annals of Regional Science. Springer Nature,
pp.- 1-24.

Calheiros, T., T. Louren¢o, M. Mediavilla, N. Alonso, T. Distefano and I. Ramos-Diez. (2022). Environmental module of the
integrated assessment model Wiliam. In EGU General Assembly Conference Abstracts, pp. EGU22-10310.

Capelldn-Pérez, 1., L. de Blas, J. Nieto, C. de Castro, L.J. Miguel, O. Carpintero, M. Mediavilla, L. F. Lobején, N. Ferreras-
Alonso, P. Rodrigo, F. Frechoso and D. Alvarez-Antelo. (2020). MEDEAS: A new modeling framework integrating global
biophysical and socioeconomic constraints. Energy & environmental science 13(3), 986-1017.

Cieplinski, A., S. D’Alessandro, T. Distefano and P. Guarnieri. (2021). Coupling environmental transition and social
prosperity: A scenario-analysis of the Italian case. Structural Change and Economic Dynamics 57, 265-278.

Constant, K. and M. Davin. (2019). Environmental policy and growth when environmental awareness is endogenous.
Macroeconomic Dynamics 23(3), 1102-1136.

Corsi, G., R. Guarino, E. Munoz-Ulecia, A. Sapio and P.P. Franzese. (2024). Uneven development and core-periphery
dynamics: A journey into the perspective of ecologically unequal exchange. Environmental Science & Policy 157, 103778.

D’Alessandro, S., A Cieplinski, T. Distefano and K. Dittmer. (2020). Feasible alternatives to green growth. Nature
Sustainability 3(4), 329-335.

Daly, H.E. (2007). Ecological economics and sustainable development, selected essays of herman daly. In Ecological Economics
and Sustainable Development, Selected Essays of Herman Daly. Edward Elgar Publishing.

Del Rey, E. and M.-A. Lopez-Garcia. (2017). On the dynamic efficiency of balanced growth paths in an endogenous growth
setting. Macroeconomic Dynamics 21(8), 1837-1856.

Di Felice, L.J., L. Pérez-Sanchez, M. Manfroni and M. Giampietro. (2024). Towards nexus thinking in energy systems
modelling: A multi-scale, embodied perspective. Energy Policy 187, 114052.

Distefano, T. and S. D’Alessandro. (2023). Introduction of the carbon tax in Italy: Is there room for a quadruple-dividend
effect? Energy Economics 120, 106578.

Donati, F., G.A. Aguilar-Hernandez, C.P. Siglienza-Sanchez, A. de Koning, J.F. Rodrigues and A. Tukker. (2020). Modeling
the circular economy in environmentally extended input-output tables: Methods, software and case study. Resources,
Conservation and Recycling 152, 104508.

Eriksen, M.K., K. Pivnenko, G. Faraca, A. Boldrin and T.F. Astrup. (2020). Dynamic material flow analysis of PET, PE, and
PP flows in Europe: Evaluation of the potential for circular economy. Environmental Science ¢ Technology 54(24), 16166—
16175.

Ferrante, M., M. Vitti, F. Facchini and C. Sassanelli. (2024). Mapping the relations between the circular economy rebound
effects dimensions: A systematic literature review. Journal of Cleaner Production 456, 142399.

Fontana, G. and M. Sawyer. (2016). Towards post-Keynesian ecological macroeconomics. Ecological Economics 121, 186-195.

Gause, S., H. Liddell, C. Dollinger, J. Steen and J. Cresko. (2024). Environmentally extended input-output (EEIO) modelling
for industrial decarbonization opportunity assessment: A circular economy case study. In Technology Innovation for the
Circular Economy: Recycling, Remanufacturing, Design, Systems Analysis and Logistics. Wiley Online Library, pp. 739-753.

Georgescu-Roegen, N. (1971). The Entropy Law and the Economic Process. Harvard University Press.

Giampietro, M. (2019). On the circular bioeconomy and decoupling: Implications for sustainable growth. Ecological
Economics 162, 143-156.

Giampietro, M. and S.0. Funtowicz. (2020). From elite folk science to the policy legend of the circular economy.
Environmental Science & Policy 109, 64-72.

Gozluklu, B. and J. Sterman. (2023). System dynamics to understand and improve the performance of complex projects. In
Research Handbook on Complex Project Organizing. Edward Elgar Publishing, pp. 70-77.

Gue, LH.V,, RR. Tan, A.S.F. Chiu and A.T. Ubando. (2022). Environmentally-extended input-output analysis of circular
economy scenarios in the philippines. Journal of Cleaner Production 377, 134360.

Hardt, L. and D.W. O’Neill. (2017). Ecological macroeconomic models: Assessing current developments. Ecological
Economics 134, 198-211.

Hickel, J., C. Dorninger, H. Wieland and I. Suwandi. (2022). Imperialist appropriation in the world economy: Drain from the
global South through unequal exchange, 1990-2015. Global Environmental Change 73, 102467.

Hickel, J., D.W. O’Neill, A.L. Fanning and H. Zoomkawala. (2022). National responsibility for ecological breakdown: A fair-
shares assessment of resource use, 1970-2017. The Lancet Planetary Health 6(4), e342-e349.

Hornborg, A. and J. Martinez-Alier. (2016). Introduction: Ecologically unequal exchange and ecological debt. Journal of
Political Ecology 23(1), 328-333.

Kalag, B., B. Radovanov, N. Milenkovi¢ and A.M. Horvat. (2024). Macroeconomic determinants of circular economy
investments: An ECM approach. Sustainability 16(15), 6666.

https://doi.org/10.1017/5S1365100526100972 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100526100972

20 A. Boutiab and T. Distefano

Kallis, G., J. Hickel, D.W. O’Neill, T. Jackson, P.A. Victor, K. Raworth, J.B. Schor, J.K. Steinberger and D. Urge-Vorsatz.
(2025). Post-growth: The science of wellbeing within planetary boundaries. The Lancet Planetary Health 9(1), 62-¢78.
Lamperti, F., M. Napoletano and A. Roventini. (2020). Green transitions and the prevention of environmental disasters:

Market-based vs. command-and-control policies. Macroeconomic Dynamics 24(7), 1861-1880.

Lavoie, M. (2014). Post-keynesian economics: New foundations. In Post-Keynesian Economics. Edward Elgar Publishing.

Lederer, J., A. Gassner, J. Fellner, U. Mollay and C. Schremmer. (2021). Raw materials consumption and demolition waste
generation of the urban building sector 2016-2050: A scenario-based material flow analysis of Vienna. Journal of Cleaner
Production 288, 125566.

Lenzen, M., A. Geschke, J. West, J. Fry, A. Malik, S. Giljum, L¢ Mila i Canals, P. Pifiero, S. Lutter, T. Wiedmann, M. Li, M.
Sevenster, J. Potoc¢nik, I. Teixeira, M. Van Voore, K. Nansai and H. Schandl. (2022). Implementing the material footprint
to measure progress towards sustainable development goals 8 and 12. Nature Sustainability 5(2), 157-166.

Lloveras, J., A.P. Marshall, ].S. Vandeventer and M. Pansera. (2022). Sustainability marketing beyond sustainable develop-
ment: Towards a degrowth agenda. Journal of Marketing Management 38(17-18), 2055-2077.

Lowe, B.H., M. Bimpizas-Pinis, P. Zerbino and A. Genovese. (2024). Methods to estimate the circular economy rebound
effect: A review. Journal of Cleaner Production 443, 141063.

Luzzati, T., T. Distefano, S. Ialenti and V. Andreoni. (2022). The circular economy and longer product lifetime: Framing the
effects on working time and waste. Journal of Cleaner Production 380, 134836.

MacArthur, E. (2013). Towards the circular economy. Journal of Industrial Ecology 2(1), 23-44.

Martine, G. and J.E.D. Alves. (2015). Economy, society and environment in the 21st century: Three pillars or trilemma of
sustainability? Revista Brasileira de Estudos de Populag(do 32, 433-460.

Mayer, A., W. Haas, D. Wiedenhofer, F. Krausmann, P. Nuss and G.A. Blengini. (2019). Measuring progress towards a circular
economy: A monitoring framework for economy-wide material loop closing in the EU28. Journal of Industrial Ecology
23(1), 62-76.

Merciai, S. and J. Schmidt. (2018). Methodology for the construction of global multi-regional hybrid supply and use tables
for the EXIOBASE v3 database. Journal of Industrial Ecology 22(3), 516-531.

Monasterolo, I. and M. Raberto. (2018). The EIRIN flow-of-funds behavioural model of green fiscal policies and green
sovereign bonds. Ecological Economics 144, 228-243.

Monasterolo, I. and M. Raberto. (2019). The impact of phasing out fossil fuel subsidies on the low-carbon transition. Energy
Policy 124, 355-370.

Nakamura, S. (2023). Environmentally extended input-output analysis (EEIO) and hybrid LCA. In A Practical Guide to
Industrial Ecology by Input-Output Analysis: Matrix-Based Calculus of Sustainability. Springer, pp. 145-232,

Nakamura, S. and Y. Kondo. (2002). Input—output analysis of waste management. Journal of Industrial Ecology 6(1), 39-63.

Nakamura, S., K. Nakajima, Y. Kondo and T. Nagasaka. (2007). The waste input-output approach to materials flow analysis.
Journal of Industrial Ecology 11(4), 50-63.

Nieto, J., P.E. Brockway, M. Sakai and J. Barrett. (2024). Assessing the energy and socio-macroeconomic impacts of the EV
transition: A UK case study 2020-2050. Applied Energy 370, 123367.

Nieto, J., O. Carpintero, L.F. Lobején and L.J. Miguel. (2020). An ecological macroeconomics model: The energy transition
in the EU. Energy Policy 145, 111726.

O’Neill, D.W., A.L. Fanning, W.F. Lamb and J.K. Steinberger. (2018). A good life for all within planetary boundaries. Nature
Sustainability 1(2), 88-95.

Piketty, T. (2014). Capital in the Twenty-first Century. Trans. Arthur Goldhammer. Belknap.

Piketty, T., E. Saez and G. Zucman. (2023). Rethinking capital and wealth taxation. Oxford Review of Economic Policy 39(3),
575-591.

Raworth, K. (2012). A Safe and Just Space for Humanity: Can We Live Within the Doughnut?. Oxfam.

Rizzati, M. and M. Landoni. (2024). A systematic review of agent-based modelling in the circular economy: Insights towards
a general model. Structural Change and Economic Dynamics 69, 657—-671.

Roberts, J.T. and B.C. Parks. (2009). Ecologically unequal exchange, ecological debt, and climate justice: The history and
implications of three related ideas for a new social movement. International Journal of Comparative Sociology 50(3-4),
385-409.

Ropke, I. (2016). Complementary system perspectives in ecological macroeconomics - The example of transition investments
during the crisis. Ecological Economics 121, 237-245.

Saltelli, A. and S. Funtowicz. (2014). When all models are wrong. Issues in Science and Technology 30(2), 79-85.

Sconfienza, U.M. (2019). The post-sustainability trilemma. Journal of Environmental Policy ¢ Planning 21(6), 769-784.

Setterfield, M. and J.D. Avritzer. (2020). Hysteresis in the normal rate of capacity utilization: A behavioral explanation.
Metroeconomica 71(4), 898-919.

Sterman, J.D. (2002). All models are wrong: Reflections on becoming a systems scientist. Systern Dynamics Review: The Journal
of the System Dynamics Society 18(4), 501-531.

Stiglitz, J.E. (2018). Where modern macroeconomics went wrong. Oxford Review of Economic Policy 34(1-2), 70-106.

https://doi.org/10.1017/5S1365100526100972 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100526100972

Macroeconomic Dynamics 21

Talens Peird, L., N. Martin, G. Villalba Méndez and C. Madrid-Lépez. (2022). Integration of raw materials indicators of energy
technologies into energy system models. Applied Energy 307, 118150.

Towa, E., V. Zeller and W.M. Achten. (2020). Input-output models and waste management analysis: A critical review. Journal
of Cleaner Production 249, 119359.

Victor, P.A. and T. Jackson. (2015). Toward an ecological macroeconomics. In Ecological Economics for the Anthropocene: An
Emerging Paradigm. Columbia University Press, pp. 233-259.

Warlenius, R., G. Pierce and V. Ramasar. (2015). Reversing the arrow of arrears: The concept of “ecological debt” and its
value for environmental justice. Global Environmental Change 30, 21-30.

Wiebe, K.S., M. Harsdorff, G. Montt, M. S. Simas and R. Wood. (2019). Global circular economy scenario in a multiregional
input-output framework. Environmental science ¢ technology 53(11), 6362-6373.

Wu, T, J.C. Rocha, K. Berry, T. Chaigneau, M. Hamann, E. Lindkvist, J. Qiu, C. Schill, A. Shepon, A.-S. Crépin and C.
Folke. (2024) Triple bottom line or trilemma? Global tradeoffs between prosperity, inequality, and the environment. World
Development 178, 106595.

Appendix A. Tables

Table Al. List of abbreviations

Acronym Definition

CE Circular Economy
EE0 vEnvrronmentally Extended Input Output .
1AM Integrated Assessment Model
EMM R bEcolog|cal Macroeconomic Model
I — vMatena[FlowAccountmg

ca2c Cradle to Cradle
s F[ow ccns|stency
s i My ackyard

CMU - Clrcular Materlal Use rate

Table A2. EUROGREEN model in a nutshell. List of all the modules together with a recap of the main assumptions and
feedback effects. The full documentation is available at doi.org/10.1038/s41893-020-0484-y

Module Main assumptions

Feedback

Demography

Prices

Four age cohorts and three skill groups by
education (low, middle and high). Demographic

exogenous trends prowded by ISTAT prOJectlons

It affects labour force participation
rate and educational skill

composition.

Prices depends on the markup and unit cost of Technological mnovatlons affect
production, which include unit labour cost, unit prices.
|ntermed|ate cost, un|t capltal depreuatlon cost.

Profits and VA Accountmg equat|ons follow SNA. It affects the maximum level of
private indebtedness and then the
level of future mvestments

Consumption Average propensity to consume extrapolated by Consumptlon depends on income

non-linear algorithm into household income
categories by income level, gender, skill,
employment status, pensioner and capitalist.
Consumption share between COICOP depends on
price elasticity and income elasticity.

and substitution effects between
goods. Final demand determines the
overall sectoral output through the
Leontief inverse.
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Table A2. (Continued.)

Module

Main assumptions

Feedback

Input—Output

Investments

International Trade

Finance

Labour

Energy

Carbon Emissions

TeChnOIOgy s

Government

The Input-Output module follows a demand-led
framework with no substitutability between inputs,
unlike neoclassical models based on optimisation
and flexible factor use. Technical coefficients define
inter-sectoral input requirements and evolve
endogenously over time, reflecting changes driven
by innovation. The model also allows for output to

be constrained by capacity utilisation.

Demand-led determination of investment based on

deviations from the capacity utilisation from the
desired rate (Post-Keynesian/Sraffian). Financial
constraint to investment based on the
Equity-to-Liabilities Ratio (ELR) is rooted in
Post-Keynesian/Kaleckian/Minskyan
macroeconomic theory of investment behaviour

and financial fragility.

Imports are computed using constant import share

coefficients derived from historical real data.
Exports are modelled based on a constant price
elasticity and an exogenous, industry-specific

growth rate.

The value of total national wealth is divided
depending on the skill level, used as a proxy of
propensity to make financial investments. Also,
capitalists are included. Low-skill individuals hold
only bank deposits, middle-skill individuals also
hold public bonds, while high-skill individuals and
Capitalists also make investments in Equities.
Allocation of assets according to a simplified
Tobin’s portfolio choice depending on the rate of

return.

Wage evolution depends on labour productivity

growth rate, employment levels, and inflation.
Since it depends on prices, it is affected by the
markup. Employment by industry is determined by
how much labour is required to produce the
planned output, and hence depends on labour

productivity, as well as hours worked.

Five main energy sources: solid, liquid, gas, nuclear

and renewable. Exogenous share composition
depending on scenarios.

Coefficient of CO2 emissions are calculated for each

fossil source and GHG is derived in proportion to
CO2 levels.

The dynamics of innovation contain a stochastic

element influencing the accessibility and efficiency
advancements of novel technologies. Each industry
will adopt the most cost-effective technology,
resulting in savings in labour and/or intermediate
resources.

Itincludes all the sources of revenue (income tax,
corporate income and financial tax, VAT, labour and
carbon tax) and expenditures (subsidies, wages,
investments, and consumption) to determine the
public deficit and debt, also considering the interest
rate on bonds.

It affects labour demand and
employment, VA, emissions, GDP
growth and public revenues (via
taxation).

It affects final demand, capital stock
accumulation, and financial
indebtedness.

Gross domestic product and trade

balance.

It affects income distribution,

inequality and wealth taxation.

It has an impact on income

distribution, working hours,
(un)employment, consumption and
inequality.

Energy demand depends on total
output and technological
innovations (which affects energy
efficiency). It determines the level of

GHG emissions.

It does not have feedbackinthe
economy but is influenced by
innovations and energy efficiency

changes.

It determines the dynamics of the
Leontief technical coefficients,
labour productivity, and energy
efficiency gains.

It affects production and
consumption through taxes and
subsidies and via direct policy
intervention under given scenarios.
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Table A3. Main methodological novelties. List of the new modules and dimensions added to the seminal EUROGREEN
module, including the rationale and the specific contribution. Mathematical details are provided in the following
subsections

Novelty Rationale Methodology
Introduction of the effects of the Stick to empirical data. Exogenous ratios applied ex post to
pandemic shock. macroeconomic variables to
reflectthe effects of CovID-19.
Introduction of the raw materials Necessary to model Calculatlon of materlal footprlnt (|n
footprint of economicactivities endogenously France’s tons of RME) per sector, andcreation
contribution toresource of a new row in the EEIO matrix
extraction
Introduction of the waste footprint Necessary to model Calculation of material footprint (in
of economic activities endogenously the evolution of tons) per sector of the
wastegeneration Frencheconomy, and creation of a
new row |n the EEIO matrix
Decomposition of waste and raw Necessary to project the Use of ratlos to decompose
material uses in 4material types importation needs of the aggregated waste generation, raw
Frencheconomy for certain materialimports and exports; of
materials ratios per sector for domestic raw
material uses
Modellmg of Residual Waste Modelling of recycling and inputs Use of Material Flows Analysis (MFA).
Management and substitution Recycling rate of generatedwaste.
ClosingSupply-Chains Substitution of inputs by recycled

materials, and modelling ofimpacts
onA matnx coefflaents

Modelling of Eco-Design, Waste, Modelling of some of the main CE Feedback loops on A matrlx

and Material Efficiency mechanisms coefficients

Table A4. NACE (Rev.2) classification in the EUROGREEN model

Num. Name NACE Rev. 2 code NACE Rev. 2 description
1 Agriculture A Agriculture, forestry and fishing
2 Mlnlng B Mining and quarrymg
. Foss“ Fuels S ofcoke anid“féfmed petmleum pmducts
. . Manufacturmg e C(exc[C19) S vManufacturmg
5 Electricity and Gas (ELG) D Electricity, gas, steam and air conditioning supply
[
e S i
G Wholesale and retailtrade
o >Transportat|on o storage N
” / o ' vAccommodat|on and food service act|V|t|es .
7 Services J Information and commumcatlon
I iprofessmna[ sc|ent|f|c and techn|ealact|v|t|es B
h N ” ” vAdmlnlstratlve and support service act|V|t|es .
R Arts, entertainment and recreation
S e acttes S
[ o
E Water supply, sewerage, and waste management
o i
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Table A4. (Continued.)

Num. Name NACE Rev. 2 code NACE Rev. 2 description
9 Public P Education
Q Human health and soaal work actlvmes
10 Other T Actlvmes of households as employers
- Not |ncluded u Act|V|t|es of extratemtorlal organisations and bod|es

Definition and aggregation criteria of the ten productive sectors in EUROGREEN model, in accordance with the NACE classification. Column one
shows the name of the macro-sectors used in the EUROGREEN model.

Table A5. Sectoral distribution of raw material extraction (domestic use) by category (in Mega-tonnes), including the
monetary output (in Trillion of euros), in France (2014). Source: EUROSTAT - Material flow accounts

Sectoral shares Biomass Fossils Metal Ores Non metal Output
Agriculture 97 58% 0 00% 0 00% O 00% 86.57
>M|n|ng e 100 oo%m B 100 00%,.. R 97 41%.. e sa ]
vFoss|lEn”ergy P
Manufacturmg 0.96% 0.00% 0.00% 2 59% 695.23
”Electr|c|ty e 000% e 10743 ]
O
Services 0.00% 0.00% 0.00% O 00% 1,571.53
”F|nanc|alsector e 000% e s |
e
Other 0.00% 0.00% 0.00% 0.00% 3.477
bTotal(Mt) e .3844 -

Itisimportant to note that the shares are obtained from the GLORIA database - Release 057, while the intensity coefficients are estimated
by the Authors to prevent data inconsistencies with Eurostat, considering the total monetary output for the year 2014.

Table A6. Average intensity coefficients (tonnes per euro) regarding national output (y), exports (y€), and imports
(y™), along with relative standard deviations (std), were calculated from actual data over the period 2014-2021 for
each raw material category at the national level

Biomass <y> std Fossils <y > std
domestic 0.000685413 5.295E—05 domestic 2‘134E—06 1 329E 07
exports e : 149E % B exports e 1835E e
”|mports e 0.000111531,. B 2 35351E 06 R mports R ,O 000307751. e 3889E 06.. |
iMetalorés B e R std o HNonmetalsH e . S std B
G 4258E 07 R 1 146E 07 e 0000942884. B 4641E v
exports S 584E 05 —— 6537E 06 s exports B 4 146E 05 T 1167E 06.. |
bimp‘ortbs - 0 000110565 ‘ 3 27059E 06 “ i‘rnbor‘tsu o 8. 16571E 05 o “ 2.743E-06

Authors’ elabouration from EUROSTAT Material flow accounts.
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Table A7. Waste generation across sectors and households in France. Intensity
coefficient (in tonnes per euro) relative to total sectoral output and final

demand, in 2014

Waste generation Mtonnes

(0)

Agriculture 1.27

Mining 2.35

Fossil Energy 1.43

Manufécturivn‘g ‘ '2'0'3'6' - -

Electricity 1.59

14.9

Construction 227.61

Financial sector .

Public sector
Other

Househo[ds e S —

Tot Waste

Waste Treatment (ky,) o

Recoveryx (p)

 (92.36%)
(57.8%)

Authors’ elabouration from the EUROSTAT’s Waste management databases. *Recovery:
energy, recycling without backfilling (R1-R12), note that p is set at its historical maximum

(62%) from 2024 onwards.

Table A8. Exogenous shocks from the Covid-19 pandemic from 2019 to 2020

Covid shocks A%

investments —4.60

consumption —5.74

export —17.24

import —13.94
governmentx +61.1B€in 2020 + 12.2B€ in 2021

Authors’ own elabouration. Data are provided by the EUROSTAT GDP and main components
while the changes in the governmentx expenditures included the main “aid and umbrella”

schemes approved by the EU Commission for France in 2020 and 2021.

Table A9. Main parameters for calibration and sensitivity analysis

25

Variab.  Value Equation Definition

pgz 0.5,[0.4,0.6] Probability of emergence of a labour ~ The innovation process is modelled in four steps.

productivity (A) gainsinnovation (see First, new technologies arediscovered. Second, the

Eq. 46) magnitude of A and Aa;; coefficients (i.e. the
extent of theinnovations) is determined. Third, a

choice is made on whether to adopt one of thenew
technologies or not, based on a minimum cost rule.

Fourth, the chosen technologyis implemented.
Calibration based on EU KLEMS and WIOD Rev. 1,

1995-2009 datafor France.

pg3 0.5,[0.4,0.6] Probability of emergence of a
material efficiency gaininnovation,
which affects technical coefficients
(aij) (see Eq. 46)
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Table A9. (Continued.)

Variab. Value Equation Definition

pg“ 0.25,[0.16,0.36] Probability of emergence of a
win—win innovation, whichimproves
labour productivity and material
efficiency (see Eq. 46)

) 0.3,[0.2,0.4] Eq. 67: Div; =6 - (I1; — Inv;) Total dividends are a residual of profits net of new
investments.! Investment (/nv) is derivedfrom
OECD. Stat, Table 8A: capital formation by activity.?
[} 1.15,(1,2] Eq. 43: EONIA; = ¢ is the Central Bank sensitivity to deviations from
EONIA:—1 + ¢(Alnfli_; — target) the target. The interest rate paid onprivate debt by
industries is then set to move together with the
basic rate.
uch 0.8,[0.7,0.9] Eq. 68: uc; = }% The capacity Normal utilisation (uc") capacity values are
utilisation rate (uc;) is the approximated following Setterfield and Avritzer
ratiobetween an industry’s output (2020).

(v7) and its full capacityoutput (y*)
(Lavoie, 2014).

Note: Calibration refers to the value associated with each parameter, while in brackets is the range of variation applied for the sensitiv-
ity analysis. The variables and the equations make reference to the Supplementary Information of the seminal EUROGREEN paper, which
can be consulted here: https://people.unipi.it/simone_dalessandro/wp-content/uploads/sites/78/2020/02/SI_Feasible_Alternatives.pdf. ! Data
is available https://pages.stern.nyu.edu/~damodar/pc/datasets/divfundEurope.xls (05/01/2021 update). 2Available at: https://stats.oecd.org/
Index.aspx?DataSetCode=SNA_TABLESA.

Appendix B. Other results
B.1. Robustness check under the BAU

The empirical calibration of parameters and initial values for the French economy is based
on official data. To estimate the unknown parameters, we used official data from 2014 to
2020 (if available) and applied the optimisation function provided by Vensim SDD. We
employed the multi-objective parameter optimisation mode available in Vensim SDD, which
automates the calibration process through repeated simulations. Technical details are available
at: https://vensim.com/optimization/#model-calibration. The calibration process aimed to align
the model outputs with observed data for key variables, as described in Table A9.
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Figure B1. CMU by material category. Comparison of real data (violet) with the numerical outcomes — from 2014 to 2050 —
under the baseline (black) and the other scenarios: TOC (green), C2C (purple), SEC (blue), and SCD (red). The vertical dotted
line indicates the year 2024 when the policies are introduced. The solid lines and shaded areas around them indicate the
medians and 95% confidence intervals, respectively, out of 500 independent simulations.
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Figure B2. Real output of key sectors. Output in real values (trillion of euros) — from 2014 to 2050 — under the baseline
(black) and the other scenarios: TOC (green), C2C (purple), SEC (blue), and SCD (red). The vertical dotted line indicates the
year 2024 when the policies are introduced. The solid lines and shaded areas around them indicate the medians and 95%
confidence intervals, respectively, out of 500 independent simulations.
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Figure B3. Additional indicators. Comparison of real data (violet) with the numerical outcomes — from 2014 to 2050 —
under the baseline (black) and the other scenarios: TOC (green), C2C (purple), SEC (blue), and SCD (red). The vertical dotted
line indicates the year 2024 when the policies are introduced. The solid lines and shaded areas around them indicate the
medians and 95% confidence intervals, respectively, out of 500 independent simulations.
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Figure B4. Sensitivity analysis. Main macroeconomic indicators under alternative parameter configurations (see Table A9)
in the baseline scenario, based on 1,000 simulations to assess model backbone robustness.
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