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Just2ce will assess the current state of transition towards the circular economy in relevant economic sectors
and analyse possible transition scenarios, as well as their outcomes and impacts. It will identify the key
factors that can stimulate or hinder this transition. Natural resources are extracted and transformed into
products, which are eventually discarded. As many natural resources are finite, it is important to keep
materials in circulation for as long as possible. This makes the transition to circular economy more vital than
ever but is a responsible, inclusive, and socially just transition to a circular economy possible or even
desirable? What technical, political, and social factors can enable or hamper such transformation? The EU-
funded JUST2CE project will answer these questions. It will explore the economic, societal, gender and
policy implications of the circular economy paradigm. The project’s findings will shed light on how to ensure
democratic and participatory mechanisms when designing and managing such technology.
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In the face of the looming climate crisis, the Circular Economy (CE) paradigm has gained significant traction
among academic, policy-making, and industrial circles over the past decade. However, few studies address
the economic viability of a transition to a circular economy, let alone the fairness of its social outcomes in the
form of social and regional inequalities in terms of class, gender, and race. While there is an intuitive association
between transitioning to a CE and achieving a more sustainable society, there has been limited scrutiny
regarding the economic viability of this process. In order to address this, specific macroeconomic tools are
needed to assess the joint impacts of CE interventions on society, the economy, and the ecosystem. The broad
field of ecological macroeconomics can meet this need through various promising modelling approaches. This
deliverable has two main objectives. Firstly, it provides a brief overview of developments in macroeconomic
modelling addressing CE topics, with a focus on the most widely used approaches and tools. Secondly, the
deliverable argues that combining input-output (10) analysis with stock-flow consistent (SFC) modelling is one
of the most promising methods for simulating, assessing, and comparing CE strategies and their social
outcomes due to its formal treatment of system dynamics, institutional structure, and income distribution. To
support this argument, the main features of a simplified |0-SFC model for a competitive economy are presented
and discussed. In this model, money is endogenously created, production is demand-driven, and the macro-
economy is divided into industries that produce goods and services while generating waste and CO2 emissions
and depleting natural resources. Our preliminary experiments suggest that restructuring production and
consumption patterns to adopt CE-driven practices may be insufficient to ensure a socially just transition to a
more sustainable economy as long as production decisions remain driven by uncoordinated market forces.
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In the pressing context of the looming climate crisis, the concept of Circular Economy (CE) has gained
significant traction among academic, policy-making, and industrial circles over the past decade. However, few
studies address the economic viability of a transition to a circular economy, let alone the fairness of its social
outcomes in the form of social and regional inequalities in terms of class, gender, and race. While transitioning
towards a CE is intuitively associated with a more sustainable society, there has been limited examination of
the economic viability of this process. To address this gap, there is a need for macroeconomic tools that can
assess the joint impacts of CE policies on society, the economy, and the ecosystem. The field of ecological
macroeconomics can fulfil this requirement through various promising modelling approaches.

This deliverable aims to achieve two objectives. Firstly, it provides a brief overview of the literature on advances
in macroeconomic modelling in addressing CE issues, with a focus on the most widely used approaches and
tools, among which system dynamics, industrial ecology, environmentally-extended input-output modelling,
computational general equilibrium, material flow analysis, carbon footprint analysis, life cycle assessment,
stock-flow consistent models, global value chains... The core of the literature consists of environmentally-
extended input-output modelling, with multi-regional features that also may mix material and monetary analysis
and include the treatment of waste.

Secondly, the deliverable argues that combining input-output (10) analysis with stock-flow consistent (SFC)
modelling represents one of the most promising methods to simulate, evaluate, and compare CE strategies
and their social outcomes due to its formal treatment of system dynamics, institutional structure, and income
distribution. While environmentally-extended input-output modelling offers a comprehensive view of the
industrial and ecological interdependencies driving the structure of a competitive economy, the static nature
limits its scope in analysing the dynamic and complex transition to a circular economy. In this context,
macroeconomic models such as computational general equilibrium and stock-flow consistent analysis can
capture the economic dynamics of such a transition. However, it is only SFC models, an economic approach
to system dynamics, that can address the consistency of the economic system in terms of stocks and dynamics,
which are of utmost relevance in an ecological context. In order to support this argument, the main features of
a simplified ecological 2-area |O-SFC model for the world economy are presented and discussed. In this multi-
sector post-Keynesian model, money is endogenously created, production is driven by demand, and the macro-
economy is divided into industries that produce goods and services while generating waste and CO2 emissions
and depleting natural resources.

Our preliminary experiments seem to suggest that restructuring production and consumption patterns to adopt
CE-driven practices alone is insufficient to ensure the transition towards a more sustainable economy, as long
as production decisions remain driven solely by uncoordinated market forces.

The deliverable is structured as follows. Section 2 provides an overview of the research methodology and the
literature on the macroeconomic modelling of the transition to a circular economy. Section 3 contributes an in-
depth review of the most relevant models: type | static input-output models with exogenous demand in many
forms (environmentally-extended, waste, multi-regional, hybrid...), type Il macroeconometric input-output
models with endogenous demand, and type Il supply-driven CGE input-output models. Section 4 presents the
stock-flow consistent family of macroeconomic models and section 5 introduces a simplified SFC model that
characterizes the transition to a circular economy and its social outcomes. Section 6 concludes with some final
remarks.

While there is no single commonly accepted definition of the term “circular economy", different definitions share
the basic concept of decoupling between natural resource extraction and use from economic activity, with
increased resource efficiency and reduced resource demand as critical outcomes (Bocken et al., 2016;
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McCarthy, Dellink and Bibas, 2018). A fundamental view of the circular economy juxtaposes it in contrast to
the conventional linear economic system, that is, one that focuses on closing resource loops. A broader view
emphasizes the relevance of slower material flows, while the broadest conception involves a more efficient use
of natural resources, materials, and goods within an existing linear system. The transition to the circular
economy may be a significant driver of re-industrialisation, job creation, and economic growth: new economic
opportunities may arise in many industries that lessen the environmental impact of economic activity, such as
secondary material production, repair and remanufacturing, the service sector, and the sharing economy.

Although the CE has garnered significant attention in scientific literature, a comprehensive systematic review
of key contributions on CE practices and strategies, along with their macro-level or societal impact beyond
aggregate employment, has not yet been published (McCarthy, Dellink and Bibas 2018). Notably, Bimpizas-
Pinis et al. (2022) stands out as an important exception, as the authors conducted a systematic analysis
following the methodology displayed in figure 1 utilizing the SCOPUS database. 14 critical features of the
circular economy in combination with 8 relevant macroeconomic models produced the 192 keywords for the
search on SCOPUS (table 1), which identified nearly 50,000 unique articles. The large number of results was
narrowed down to 405 articles by specifically selecting the articles that explicitly featured either the concept or
the model as author keyword or in the abstract instead of the full text as a whole.

While CGE models focus on ‘resource efficiency’ the most, they least approach it from the perspective of the
CE concept (figure 2). Instead, it is input-output (I0) models that emphasize CE the most, followed by non-
CGE macroeconomic modelling and system dynamics. While ‘resource efficiency’ is not of central interest for
SFC modelers, emphasis on CE is twice as much as for CGE models and the largest for ‘ecological’ concepts.
Interestingly enough, the emphasis of system dynamics is roughly equally distributed among all concepts,
which highlights its modelling flexibility.

Further, the complex network of academic citations of these 405 articles was analysed in order to produce a
visual map of the literature on the macroeconomic modelling of the transition to the circular economy and its
nine largest components were identified (figure 3). The citation network of the literature features static 10
models of the CE for the empirical assessment and evaluation of circular-economy strategies at the core, while
the more dynamic macroeconomic modelling lies in more peripheral hubs disjointedly connected to the core:
the industrial symbiosis literature, with an emphasis on enterprise-level modelling, in the top right; post-
Keynesian SFC models in the top left; and mainstream economic models (such as CGEs) in the middle right.
Although SFC models are fundamentally dynamical systems, the two literatures do not engage with each other,
as economics only employs the former, while other disciplines as in business studies or systems engineering
use the latter. Hence, the researcher interested in the macroeconomic modelling of a dynamic transition to the
CE can choose between neoclassical economic models that emphasize resource efficiency, and heterodox
economic models that focus on the complex interplay between multi-sector growth and income distribution (i.e.
inequality).

The largest component of the network (in the top right) roughly corresponds to the extensive literature on
industrial symbiosis within the broader field of industrial ecology, at the intersection of engineering and
management with ecological input-output economics (Duchin & Hertwich, 2003). The concept of industrial
symbiosis, advanced by the seminal work of Marian Chertow (2000), focuses on the co- operative management
of resource flows in materials, energy, technology, but also, most importantly, waste management, through
agglomerating networks of businesses known as industrial ecosystems, or eco-industrial parks when interfirm
relationships are characterized by a symbiotic circular flow that generates no waste or extraction. Drawing on
biological, ecological, organizational, and systems theory, this literature heavily draws on the ecological
metaphor building on Ayres’ fundamental concept of ‘industrial metabolism’ (1989), applying it in the general
context of the literature on complex, adaptive, resilient, self-organizing systems (M. Chertow & Ehrenfeld,
2012). Hence, the use of system dynamics as a modelling tool in this cluster is pervasive. In terms of
microeconomic modelling, enterprise 10 analysis has recently been developed to provide a systematic
characterization of micro-level decision- making towards by-product synergies and closed-loop supply chains,
mostly using game theory and agent-based models (Fraccascia, 2019; Fraccascia et al., 2020; Yazan &
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Fraccascia, 2020). Life-cycle assessment and ecological network analysis (Fath et al., 2007) are also featured
prominently in this cluster.

The second largest component and the central core of the citation network mostly focuses on input-output
analyses that are environmentally-extended (Lenzen et al., 2013), hybrid (material and monetary), and multi-
regional (Miller & Blair, 2009). Many of them focus on waste and wastewater (Nakamura & Kondo, 2002; Towa
et al., 2020, 2021). This strand of the literature shows how 10 empirical analyses can be used to describe the
complex flows of money, materials, energy, and waste, which mark the interactions of the economy and the
environment. However, these models are mostly static in nature: while they may accurately describe the
complex, aggregate |10 interdependencies of micro-level shocks, no dynamical behavior is featured. A partial
exception is the use of CGE models to evaluate the economic and environmental effects of carbon tax policies
(although dynamics is only reproduced through comparative statics exercises by those models).

In the top left, two differentiated components address the ecological applications of the heterodox, mostly post-
Keynesian, literature of stock-flow consistent macroeconomics (Godley & Lavoie, 2006; Graziani, 2003; Zezza,
2016). The first one emphasizes post-growth themes and sector-level disaggregation in economic production,
focusing on the social inequalities potentially involved in the energy transition in the context of directed technical
change, paying great attention on economic policies to manage it while curbing carbon emissions. An important
advantage of stock-flow consistent models is their integration of the financial and real sides of the economy,
which is the focus of the other component evaluating the climate-related risks of the financial system.

Among the smaller components of the citation network, the largest one mostly employs material flow analysis
(MFA), a central method in industrial ecology that quantifies the ways in which the materials that enable modern
society are used, reused, and lost. MFA usually uses Sankey diagram visualizations (Graedel, 2019) and
provides case studies on critical metals, minerals, polymers, and fibers for the CE transition (Hsu et al., 2021,
van Ewijk et al., 2018). Some of them make a case for including material stocks in the analysis (Cheng et al.,
2019). Another component mostly analyzes the complex structure of global value chains within international
trade of the flows of embodied materials and carbon emissions involved in it (Kan et al., 2019; Liu et al., 2022),
in the tradition of ecologically unequal exchange theory (Dorninger et al., 2021), with an emphasis on aspects
of household consumption and final demand rather than intermediate production (Girod et al., 2014). Another
component is especially concerned with carbon footprint analysis, particularly of cities (Hu et al., 2016;
Lombardi et al., 2017; Moran et al., 2018), paying attention to the critical ‘water-food-energy nexus’ for urban
sustainability (Chang et al., 2016; Meng et al., 2019; Zhang et al., 2019). Finally, another component focuses
on the use of Integrated Assessment Models (IAMs) in ecological modelling (Doukas et al., 2018; Gambhir et
al., 2019; Kermeli et al., 2022; Pauliuk et al., 2017; Zhang et al., 2019), as well as the critical assessment of
environmental policies and their socio-economic impact (Hossain & Ng, 2018).

Articles that explicitly addressed macroeconomic modelling or provided an ex-post evaluation or ex-ante
scenario analysis of CE interventions were selected, along with an assessment of the impact on socio-
economic variables such as GDP, employment, prices, costs, profits, and wages. After this refinement process,
a final dataset of 55 relevant studies was compiled for an in-depth literature review. These studies can be
categorized into three main groups:

e |0 analysis with exogenous determination of final demand (38 studies);
e |0 models with econometric estimation of the evolution of final demand (4 studies);

e neoclassical models, including CGE models, dynamic stochastic general equilibrium (DSGE) models,
and some Integrated Assessment Models (IAMs) (13 studies) (Bimpizas-Pinis et al., 2022).

Overall, the review provides a comprehensive overview of the current literature on macroeconomic modelling
and its relationship to CE interventions and impacts, making it an important reference for further research in

10
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the field. In the following subsections, we will concentrate on the primary findings related to the two modelling
techniques that have been recognized as the most promising for analysing the effects of transitioning towards
a circular economy on the economy, society, and the ecosystem: input-output models (type I, with exogenous
demand, demand-driven type Il, and type Ill, supply-driven CGE models) and stock-flow consistent dynamic
models.

Interestingly, the majority of 10-based CE publications assume an exogenous determination of final demand,
which can be referred to as Type | input-output models. 10 analysis, pioneered by Leontief (1936, 1941) and
discussed by Miller and Blair (2009), is an analytical tool that represents interdependencies among industries
within a national or regional economy.! 10 tables are compiled by national statistical offices. They depict
transaction flows in an inter-industry table. An 10 table shows the destination of industry-related outputs, which
can serve as inputs for other industries in production or be purchased as final products or services by
households, firms, the government, or the foreign sector through consumption, investment, government
spending, and exports.

The benchmark Leontief I0 model determines the quantity of total output needed to meet each level of final
demand based on relative prices and available technology. It enables the calculation of the impacts of
fluctuations in final demand and technological changes on total output. When 1O tables are integrated with
environmental accounts, such as waste flows, emissions, or material use, environmentally-extended input
output (EEIO) models and waste input-output (WIO) tables can be derived. These models allow for the analysis
of the impacts of changes in technology and final demand on the broader ecosystem.

EEIO analysis combines conventional 10 tables (expressed in monetary units) with environmental variables
(emissions, waste, extraction, resource depletion) for each industry. These additional variables are typically
measured in physical units and included in satellite accounts. Some recent examples of research using EEIO
models to analyse the impacts of different CE policies include Wiebe et. al. (2019) who explicitly model three
specific categories of CE practices: resource efficiency, product life extension (design for longevity repair &
maintenance), and closing supply chain (reuse, remanufacturing, recycling), and Donati et. al. (2020), who
have focused on modelling impacts of resource efficiency and product life extension. In this line of research,
increases in resource efficiency are mainly modelled as a reduction in the technical coefficients (i.e., the amount
of inputs used of each commodity to produce one unit of output)?. Product life extension can be achieved
through different strategies. One involves using more durable components, which can lead researchers to
assume an increase in technical coefficient in some sectors. Another way is to assume product life extension
through repair of goods, which increase final and intermediate demand expenditure in repair & maintenance
services while reducing demand for manufactured goods. In its turn, CE practice associated with closing supply
chain (CSC) involve mainly substitution in the sourcing of inputs, with a reduction in the technical coefficients
of virgin raw material and inputs made based on them and with an increase in the technical coefficients coming
from sectors supplying secondary material and inputs (e.g. recycling and reprocessing sectors). WIO explicitly
introduces waste treatment industries (e.g., incineration, landfilling, recycling) into an Input-Output table.
Recognizing that any industrial process and final consumption generates some type of waste, waste treatment
industries are introduced in the columns of an 10 table demanding as inputs waste generated by productive
industries and final demand, as well as other inputs required for treatment. The IO table is, also, expanded in
the rows as these industries may produce inputs for other industries, such as energy (incineration) or recycled
materials. It is important to note that the total waste generation per industry is net of recycled waste. Increased
recycling reduces the waste generation coefficient in each industry. Recycled materials, demanded as inputs

! Throughout the remainder of this document, we will employ the term ‘industry’ to refer to distinct branches of production (such as
agriculture, manufacturing, services, etc.), in contrast to the term ‘sector’, which will be utilised to delineate divisions within the
economy/society (including households, firms, banks, government, etc.).

2 Although some specific measures could involve substitution of materials, which lead to a reduction of the technical coefficient in
one element and an increase in another.

11
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by productive industries, are represented by positive coefficients in the recycling industry. Although, WIO
methodology can be applied to various CE interventions, its application has been mainly used to analyse CE
practices associated with comparing residual waste management (RWM) scenarios, where environmental and
socio-economic impacts of different waste treatments are contrasted (e.g. Kondo and Nakamura 2004,
Nakamura and Kondo 2006), with recycling tending to have higher employment coefficient, while land-filling
has lower pollution coefficients.

Despite similarities in the modelling methodology and CE strategies simulated there is a variety of results
regarding the socio-economic impacts of the adoption of CE strategies. This can be traced to the great
variability in the assumptions regarding the changes in technical coefficients and in final demand. As an example,
is interesting to compare results obtained by Wiebe et. al. (2019) and Donati et. al. (2020) regarding the impacts
of greater resource efficiency. While Wiebe et. al. (2019) changes are introduced in a staggered way on a
yearly basis and compensated by increase in expenditure in R & D (keeping total demand constant), Donati et.
al. (2020) introduces changes in a one off applies one-off exogenous changes, with no compensating
expenditure in R&D. Not surprisingly the results obtained regarding socio-economic impacts are different with
Wiebe et. al (2019) finding a positive net impact on employment, while Donati et. al. (2020) finds a negative
impact on employment and on GDP.

Overall, 10 models are a very useful method to represent the adoption of a range of CE practices, As discussed
here. Nevertheless, the benchmark 10 model relies on several fundamental assumptions:

e Constant returns to scale, meaning technical coefficients do not depend on the scale of production;
e Fixed proportions of factors of production without substitution possibilities;

e Use of a single technology per sector and production of a single homogeneous product;

e No impact of price changes on final demand (zero price and cross-price-elasticity of demand);

e No impact of changes in employment, value added on final demand (no Keynesian multiplier effect);

e Absence of supply constraints on labour, capital, natural resources, and financial constraints.

Despite these limitations, it is possible to combine 10 analysis with other modelling frameworks that endogenize
final demand explicitly and deal with some of the aforementioned limitations, such as:

¢ |0 models with econometrically estimated evolution of final demand (Type Il 10 models);
e |10 models based on neoclassical principles like CGE models (Type Il IO Models).

In Type Il or macro-econometric input-output (MEIO) models, the level and composition of final demand
between industries final output are not exogenous but determined through econometric equations, with
coefficients estimated from observed data. Once the final demands are determined for each industry, total
outputs are defined using a standard Leontief 10 table, which operates on a quantity basis. MEIO models are
categorized as demand-driven models, in contrast to neoclassical CGE, DSGE, and standard IAM approaches,
which can be categorized as supply-side models. MEIO models can also econometrically determine labour
market variables such as hours worked, employment rate, participation rate, etc. These variables are defined
as functions of estimated real output, real wage costs, and other factors. Unlike most CGE models, MEIO
models do not assume neoclassical equilibrium conditions. For instance, prices are not assumed to always
adjust to market clearing levels, and, hence, the economy does not converge necessarily to a pre-defined
equilibrium level of output, let alone full employment. Perfect rationality and perfect competition are also
rejected. Economic agents in MEIO models are assumed to operate in imperfect markets under bounded
rationality conditions.

12
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As private final demand components, such as Consumption, Investment and trade flows, are estimated based
on macroeconomic variables such as real disposable income, relative prices, real interest rates, exchange
rates (for the trade flows), and in some cases demographic variables (for consumption), these models do
incorporate multiplier effects associated with changes in employment and income, as well impact of price
changes, which were some of the limitations of the Type | models discussed. Examples of MEIO models that
address environmental issues include E3ME (Cambridge Econometrics 2014, 2018), PANTA-RHEI (Meyer et
al., 2007, 2012), and GINFORS (Giljum et al. 2008, Distelkamp and Meyers 2019). Nevertheless, MEIO models
focus almost exclusively in modelling the real side of the economy, as such financial sector and its interaction
with the different institutional sectors of the economy (households, non-financial corporate sector and
government) is not explicitly modelled. As such, although models in this tradition can be categorized as
dynamic, they may lack stock-flow consistency, as there isn’'t a depiction of assets and liabilities accumulated
by the different institutional sectors.

Regarding the implementation of CE practices, the approach is akin to the one adopted by the Type I 10
models, described in the previous subsection, where changes in technical coefficient, composition of final
consumption and shocks to investment are introduced exogenously, based on the pre-defined scenarios
characteristics. Although, in the PANTA-RHEI and GINFORS these changes are partially endogenized by
incorporating time trends and price effects. Overall, MEIO models tend to be optimistic about the possibility of
achieving green economic growth, even when considering rebound effects®. It should be noted that the
demand-driven nature of these models implies that investment in new technologies associated with CE
practices will generally stimulate economic growth, at least during the transition phase. Furthermore, the
investigated CE practices in the reviewed papers typically involve high resource efficiency. On closer
examination, what is being modelled is an increase in productivity that, coupled with the assumption of fixed
mark-ups, influences prices. This, in turn, stimulates final demand both directly (through the price effect) and
indirectly (through the income effect). Similarly, increases in recycling are linked to higher expenditures and
employment requirements compared to other forms of resource waste management, resulting in higher income
and employment multipliers. However, other CE strategies, such as product life extension or functional
economy practices, are likely to be less effective in terms of output and employment generation.

Within the neoclassical economics tradition, the most used tools to analyse the impact of the introduction of
CE practices is computable general equilibrium (CGE) models. CGE models are medium- to large-scale
numerical models, which can include several economic and ecological variables. In contrast with MEIO models,
final demand, employment and other macroeconomic variables are not determined using a top-down approach
in which demand components are determined at the aggregate level through econometric equations. Rather,
CGE models are solved through a numerical simulation method, where models solve to achieve a unique,
stable and socially-optimal equilibrium in the medium to long run, defined by individual preferences and supply-
side variables — such as initial endowments of factors of production (labour force, capital and natural
resources), and technical change. As such, determination of macroeconomic variables (like total output, GDP,
final demand components, as well as demand and supply for labour) follow a bottom-up approach, which traces
back the behaviour of each macroeconomic variable to decisions of a representative agents (firms and
individuals) who maximises (or minimises) a target function (i.e. profits in the case of firms and consumption in
the case of households) subject to a (set) of constraints.

In contrast with the basic 10 model, in CGE allows for substitution between factors of production (labour and
capital, as well as between types of inputs in some in some cases) most CGE models. However, the degree of
substitutability among them, often referred as the elasticity of substitution, may vary between CGE models.
The assumptions regarding these are of the ultimate importance, because smooth factor substitution, coupled
with high sensitivity of final demands to changes in relative prices (and interest rates), ensure that output and

3 Rebound effects can be defined as when an initial increase in efficiency reduces demand which is (partially) offset in the longer
run, as reduction in costs and/or increases in real income increases demand.
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employment converge towards a unique, stable and optimal equilibrium the in the long run. Moreover, if there
are no distortions or imperfections, market forces eventually deliver full employment and full capacity utilization.

Frequently, CGE models are the socio-economic backbone of IAMs, where a CGE-based economic module is
coupled with additional modules related to climate change, energy consumption, waste treatment, and other
ecological variables, to analyse the interactions of the economy with the broader ecosystem. IAMs can be
characterized as a class of dynamic models that integrate economic and ecological analyses into a single
formal framework. They are explicitly designed to support policy-making decisions. Unsurprisingly, the field is
currently dominated by a small number of IAMs, each of which is maintained and developed by a large team.
Thus, only six IAMs are used to obtain the 5 “Shared Socioeconomic Pathways” (SSPs) scenarios considered
by the IPCC report (Riahi et al., 2017). Although, in principle, IAMs are open to alternative approaches in
economics, all the IAMs used to simulate the SSPs scenarios rely on neoclassical equilibrium presuppositions.
However, these models have been increasingly criticised in the last years, particularly because of their (alleged)
depoliticization and the lack of space for radically transformative scenarios (Beck & Oomen, 2021; Purvis,
2021; Vaidyanathan, 2021).

Some examples of recent CGE and IAM models which have been used to study impacts of adoption of CE
practices include Hatfield-Dodds et al. (2017), Winning et. al. (2017) and Nechifor et. al. (2020), Brussalers et.
al (2022) and Freire-Gonzalez (2022). Given the theoretical grounding of CGE models, it is not surprising that
several studies regarding CE practices have focused on the effects increase in resource efficiency and of the
implementation of taxes of landfilling, incineration and resources. In general, results of increases in resource
efficiency indicate to higher economic growth, coupled with lower material consumption. In its turn, the effect
of environmental taxes is mixed, being sensible to alternative assumptions regarding key parameters, such as
the elasticity of substitution between virgin raw materials and recycled materials, and price elasticity of demand,
i.e., how much demand for a good change as its prices changes. For instance, if price elasticity of demand is
low, the introduction of waste tax, as firms can easily pass to prices the costs of the tax without losing demand.
While if there is a low elasticity of substitution (indicating a low degree of substitution) between virgin raw
material and recycled material, taxes on incineration and landfilling will tend to have smaller effects on reducing
material consumption.

Although informed by different theoretical background and using different methods to solve the model, like
MEIO models, CGE models focus almost exclusively in modelling the real side of the economy. Consequently,
financial sector and its interaction with the different institutional sectors of the economy is not explicitly
modelled, this can be attributed to the underlying neoclassical theoretical framework, adopted in most CGE
models, which assumes that monetary variables (such as money, interest rates, and other financial variables)
have no long-run impact in the real economy variables (like GDP and employment).

SFC models can be considered a specific class of ‘system dynamics’ tools that rigorously characterize the time
evolution of the institutional structure of an economy, primarily developed by post-Keynesian macroeconomists
since the early 2000s (Godley and Lavoie 2006, Caverzasi and Godin 2015, Nikiforos and Zezza 2017). In the
last decade, SFC models have gained traction in ecological macroeconomics due to their ability to integrate
consistently and comprehensively the flows and stocks of the economy and the ecosystem (Dafermos 2017,
2018; Carnevali et al. 2019, 2020, 2023). This feature makes them highly flexible and versatile for simulating,
analysing, and comparing alternative environmental policy scenarios. However, one limitation is that SFC
models only consider aggregate output, neglecting the interdependencies between different industries in
production. Income distribution is a primary concern of such class of macroeconomic models, but their formal
treatment of the institutional structure of a competitive economy allows them much flexibility to also capture
social inequalities not only in terms of class, but also gender and race.

Formally, SFC models are dynamical systems of discrete-time difference equations (or occasionally
continuous-time differential equations), where accounting identities are coupled with equilibrium conditions and
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behavioural equations. These behavioural equations are typically based on post-Keynesian principles,
including, but not limited to, the following:

e economic agents do not pursue any constrained maximisation; instead, they aim to achieve specific
target stock-flow norms;

e money is endogenously created by the banking sector (and the state);

e in the goods market, aggregate supply tends to adjust to demand in in the long run, rather than the
other way around;

e domestic and cross-area portfolio investment decisions are based on Tobinesque principles following
wealth or adding-up constraints (Tobin 1969, Godley and Lavoie 2012; see appendix A.7).

In theory, SFC behavioural equations, like CGE models, can be based on any theoretical framework. Notably,
despite their focus on cost optimality, most CGE models are also flow consistent, although they lack the
dynamic aspect and stock consistency of SFC models. Additionally, unlike SFC models, CGE models usually
concentrate on the real economy and exclude the financial sector. While SFC models are often aggregative,
they can also be explicitly microfounded by deriving the emerging behaviour of aggregate variables from the
interaction of heterogeneous agents (AB-SFC) (Caiani et al. 2016) or disaggregated by explicitly considering
the 10 structure of the production sector (I0-SFC) (Berg et al. 2015).

SFC analysis is particularly well suited to capture the dynamic interactions between the economy and the
environment (Dafermos et al. 2017, 2018), as similar theoretical models are already widespread in the natural
sciences in the form of system dynamics models. SFC models offer a promising alternative to standard
neoclassical tools (such as CGE models) for analysing the institutional interaction between the economy and
the ecosystem. However, there have been few applications of such models to test and compare CE practices,
with the only exception being Veronese Passarella (2022). One reason for this is that standard SFC models
only consider aggregate output and overlook the vertical interdependencies between different industries.

Nevertheless, some hybrid IO-SFC models have been developed in recent years (Berg et al. 2015, Valdecantos
and Valentini 2017) that can be used to model the transition towards a CE system. The remainder of this
deliverable is based on a prototype 10-SFC model developed within the framework of this project (see
Veronese Passarella 2022), which is used to test a simple CE experiment in a single-area economy.

Although I0-SFC models are still uncommon in macroeconomics and ecological economics, progress has been
made in recent years. Veronese Passarella (2022) has transformed a standard aggregative SFC model (based
on Godley and Lavoie 2007) into a meso-founded model that incorporates the endogenous creation of both fiat
money and bank money. This model also features market prices adjusting to Sraffa-like reproduction prices
under the equilibrium assumption of uniform profitability, and they disaggregate the economy both vertically
(social sectors) and horizontally (production industries). Both models share the same theoretical assumptions
and analytical structure. The main feature of the model presented here is that it extends the analysis of the
impact of CE-oriented practices and policies to a two-area economy, explicitly considering the effects of
international trade and cross-border portfolio investments. In this section, we present the main features of the
model. The complete set of accounting identities, equilibrium conditions, and behavioural equations is provided
in the Appendix.
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Each area consists of five domestic macroeconomic sectors: a) households; b) private production firms; c) the
government sector; d) commercial banks; and e) the central bank. Each area shares the same pre-institutional
economic structure, and there are no barriers to trade or restrictions on capital flows in the baseline scenario.

Households (equations A.1 in the appendix, 1-5) receive both labour incomes (wages) and capital incomes
(distributed profits, capital gains, and interest payments). They purchase a variety of services and consumption
goods based on their disposable income and net wealth. In addition, they can acquire personal loans to fund
the purchase of durable goods or to cover consumption exceeding their current disposable income.
Households’ net savings consist of cash (currency), bank deposits, domestic government bills, foreign
government bills, domestic shares, and foreign shares. Their portfolio investment decisions are based on
Tobinesque principles, as they depend on the relative return rates of financial assets and liquidity preference.
Firms manufacture goods and services that are offered for sale in the market. As such, households’
consumption is dependent on their disposable income and net wealth. Households consume a fixed proportion
of their disposable income, and, as such, it is assumed to be independent of changes in the interest rate.
However, interest rate changes may affect consumption indirectly through its effects on net wealth.

To carry out their production, private firms (equations A.2 in the appendix, 6-14) require labour (currently
assumed to be homogenous by skill level), inputs (which will be consumed throughout the production process
in each year) and fixed capital goods (purchased as final demand investment). Following the input-output
structure, the model assumes the firms’ production function with constant returns to scale, without substitution
possibilities between factors of production (labour and fixed capital) and between inputs, in the baseline
scenario. Firms in each sector use a single technology to produce a homogenous product. Private firms use a
markup rule over costs to set prices. More precisely, they set industry-specific costing margins over their unit
costs of production, including fixed capital costs. However, actual market prices are allowed to fluctuate above
or below the prices of production if demand is higher than potential output.

Private firms demand for fixed capital determines real gross investment (equations A.3 in the appendix, 15-
24). It is assumed that each industry has its own capital requirements and, as such, set a target stock of fixed
capital which is dependent on the level of total output (i.e., firms target to keep a constant capital-output ratio).
Moreover, fixed capital goods are assumed to depreciate at a constant rate. Therefore, in each period,
industries must undertake a positive real gross investment to keep the capital stock level adjusted to the target,
even when total output remains constant. When total output increases, industries increase their real gross
investment expenditure in order to gradually adjust their stock of capital goods to the target level. In order to
fund its investment plans, private firms rely on amortization funds (retained profits), loans (obtained from
domestic banks) and issuance of shares (which can be bought by domestic and foreign households).
Unretained profits is distributed as dividends to households.

Real government spending (equations A.5 in the appendix, 30-44) grows according to an exogenous rate*,
reflecting the pollical nature of the variable, while it funds its expenditure based on revenue obtained from
income taxes paid by households on their labour and non-labour income, VAT, import tariffs and any profits
obtained by the central bank. The government issues government bills whenever it runs a budget deficit -
meaning its spending is higher than its revenues. The interest rate on government bills is determined based on
a mark-up over the policy rate set by the central bank, based on its monetary policy objective. Central banks
are responsible for issuing the currency of each area and supply cash on demand, implying that it buys any
government bills that the private sector doesn’t wish to hold. In addition to domestic government bills, central
bank of zone 2 would also hold foreign bonds in its balance sheet®.

Commercial banks (equations A.4 in the appendix, 25-29) supply loans on demand, meaning that commercial
banks are always ready to finance firms’ production plans and to fund private investment and consumption

4 Even though in the baseline scenario it is set to zero.
5 In line with what most central banks (aside from the FED in the US).
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expenditures, implying that there is no credit rationing. They pay an interest rate on deposits held by
households. The interest rate on loans and deposits is also determined based on a mark-up® over the policy
rate set by the central bank, with interest rates charged on loans being set higher than those paid for deposits.
When deposits collected by the banks may exceed those created by granting loans to the firms, commercial
banks hold government bills as the asset counterpart of extra-deposits. Conversely, if loans exceed deposits,
banks request (and obtain) advances from the central bank.

The baseline scenario involves four traditional industries (manufacturing, agriculture, services, and waste
management), where three outputs (and waste) are produced using the same products as inputs, while in the
Circular Economy scenario, part of the waste is diverted to the recycling industry and is re-processed into
inputs which substitute inputs originally obtained from traditional industries.

While households are treated as an aggregated sector, the model enables the tracking of income and wealth
distribution dynamics, both pre- and post-tax. This distinction allows for the differentiation of policies and shock
effects on income flows for wage-earners and rentiers (equations A.6 in the appendix, 45-52).

In this preliminary version of the model, the unemployment rate is a linear function of labour demand by
production firms in each industry and area. The population, and consequently the available labour force in each
area, is determined by an autonomous growth rate and net immigration inflow. Cross-area immigration, in turn,
is influenced by three factors:

e the population size of the other area (larger population leading to a higher outflow of workers);

e the unemployment rate in the other area (higher unemployment motivating workers to leave their own
area);

e the wage difference between the two areas (higher wages attracting workers from the other area).

Additionally, high-salary industries are assumed to be male-dominated (Blau and Kahn, 2017). This results in
a tendency for female workers to be concentrated in lower-salary industries, even when other factors are equal.
This threefold division of the labour force, albeit simplified, facilitates an intersectional analysis of social
discrimination in relation to various shocks and policies.

The model includes a set of ecological equations that resemble those utilised in recent literature on ecological
Stock-Flow-Consistent (SFC) models (see Dafermos et al., 2017, 2018; equations A.11 and A.12 in the
appendix, 82-104). Firstly, waste is generated in each industry during the production process. In the baseline
scenario, traditional waste management is among the industries considered. However, when circular economy
policies are implemented (as detailed in section 6), a recycling-reuse-repair industry is introduced as a one-off
process innovation by changing the input-output coefficients accordingly (see appendix A.13).

Secondly, another undesirable output of production is industrial CO2 emissions. These emissions are
contingent upon the quantity of non-renewable energy utilised. In turn, this non-renewable energy use is a
direct linear function of the industry-specific energy-intensity coefficient, the industry’s specific percentage of
non-renewable energy, and a uniform CO: intensity coefficient of non-renewable energy.

8 Assumed to be higher than the mark-up of government bills in the simulations.
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Thirdly, the model gauges the impact of anthropogenic production on atmospheric temperature. This impact is
determined by global CO2 concentration in the atmosphere, the non-CO: fraction of total anthropogenic forcing,
and the transient climate response to cumulative carbon emissions.

Fourthly, both matter and energy resources are depleted with the production of new goods (and services). The
amount of matter extracted depends on both the produced output in each industry and the quantity of
socioeconomic stock that is recycled in each period.” Likewise, energy from renewable sources can be
regenerated periodically, whereas non-renewable energy becomes dissipated. Lastly, matter and energy
reserves expand as new resources are converted into reserves and contract as natural reserves are employed
for production purposes.

The model is coded and simulated in an R environment. Model parameters and exogenous variables have
been selected to obtain a realistic scenario (see also Valles Codina and Fevereiro 2022). Initial values for
endogenous variables are set to zero, and simultaneous solutions for endogenous variables have been
obtained through 100 iterations per period.

Table 2 illustrates the balance-sheet matrix (BSM) of the examined two-area economy after twenty periods.
This table displays tangible stocks (fixed capital), financial assets, and financial liabilities of each macro-sector.
In Table 3, the corresponding transactions-flow matrix (TFM) is presented. The TFM reveals financial flows
linked to stocks and sectoral budget constraints. It combines the national income equations (identities) with
sectoral flow-of-funds accounting®. Table 4 displays the input-output matrix (IOM), which allows highlighting
cross-industry interdependencies. Table 5 shows the physical flow matrix (PFM) of the economy, that is, its
material and energy balances. Finally, Table 6 displays the physical stock-flow matrix (PSM). It allows
highlighting the dynamic changes in the most important physical stocks for human activities (Dafermos et al.
2016). These tables have been used to derive and verify the accounting structure of the model — specifically to
define the identity equations.

Note that, in this prototype version of the model, simulations are purely numerical. As a result, the related
findings are qualitative in nature rather than quantitative. The reason for running the model with numerical
values (rather than real data) is to ensure the model’s consistency, irrespective of the particular identification
chosen. Additionally, this enables preliminary testing of model dynamics across a range of scenarios.

Figure 5 and Figure 6 display Sankey diagrams illustrating money transactions and credit/debit relationships
across various macro-sectors of the economy after 10 periods.® The first diagram visually complements the
TFM. All variables, including those associated with the second area (referred to as 'A2' in the diagram), are
denominated in the currency of the first area ('Al"). While the level of aggregation is higher compared to that
of the TFM, Figure 5 provides a snapshot of the monetary flows that interconnect each sector, both domestically
and across national borders. It shows that every payment originates from somewhere and goes to somewhere,
and any changes in financial assets/liabilities of one sector are matched by opposite changes in financial
assetsl/liabilities of other sectors. Variables in Figure 6 are also expressed in monetary terms. However, what
is depicted are input-output relationships spanning different industries. This reveals the process by which a
vector of demand for final goods and services faced by each industry turns into the production of industry-
specific gross outputs (‘'out' in the diagram). Part of these outputs are utilized as inputs ('in) by other industries.

Turning to the dynamics of the model, the economy is set in motion by an initial expenditure from the
government sector. Private firms produce goods and services based on demand, leading to an increase in

" The socio-economic stock of each economy is here defined as the quantity of durable goods that are available for the society.
8See Godley and Lavoie (2012) for a description of balance-sheet and transactions-flow matrices in stock-flow consistent models.
® The reason we consider 10 periods (rather than 20) is that this choice allows us to highlight the changes in stocks occurring while
the economy is transitioning and adjusting to the new equilibrium position after the initial shock (the so-called ‘traverse’). We will
discuss this further in the upcoming paragraphs.
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output, disposable income, consumption, investment, and international trade. The two economies experience
growth following the initial shock and eventually stabilizes at their new steady states, where private
consumption equals disposable income and the stock of net wealth remains unchanged in each area. This
ensures that households achieve their target wealth-to-income ratios (see Figure 7). As mentioned, economic
activity results not only in the production of final goods and services but also in the production of intermediate
goods, waste, and CO- emissions (see Figure 8).1°

The term ‘circular economy' (CE) refers to a set of policies and practices aimed at reusing, repairing, sharing,
and recycling products and resources to establish a closed-loop system, thereby minimizing waste, pollution,
and CO2 emissions (Bimpizas-Pinis et al., 2021). One way to introduce a CE innovation in the aforementioned
model is to consider a domestic economy with five industries. The first four industries produce goods and
provide services (e.g., manufacturing goods, agricultural goods, administrative services, and standard wage
management), while the fifth industry is a brand-new activity that focuses on waste recycling. Specifically, a
CE innovation involves changes in the matrix of technical coefficients, resulting in the following:

e Reduction in the quantities of manufacturing and agricultural products and services used as inputs
within the same industries.

e Incorporation of recycled waste into the production processes of manufacturing and agricultural goods
and the provision of services.

e Utilization of manufacturing and agricultural products and services as inputs in the waste recycling
industry.

Regarding the source of the shock, the model assumes that technical change (i.e., the new or target
coefficients) is influenced by policy-makers. More precisely, the average speed at which technical coefficients
converge to their target values is defined as a linear, positive function of government expenditures across
different industries (as discussed in Veronese Passarella, 2022; for a more detailed presentation, we refer to
subsection A.13, in the Appendix).

In the following subsections, we will explore the implications of CE-oriented government spending, considering
two different types of economies (open and closed to international trade) and two distinct exchange rate
regimes.

Before we present the preliminary findings associated with a 2-area model, we take a step back and briefly
discuss the key findings for a single-area economy (see Veronese Passarella 2022, for a prototype model).
This is tantamount to running a symmetric shock in the two areas and focusing on the global dynamics.

Figure 9 illustrates the impact of a CE innovation, triggered by increased government spending, on selected
economic variables. Unsurprisingly, the adoption of a more parsimonious production technique creates a fresh
market for ‘recycled waste’, leading to a gradual increase in its unit price over time. In contrast, market prices
of other products and services decline due to lower production costs. The synergy of increased government
spending and decreased consumer goods prices leads to a rise in real disposable income and consumption,

10 The model also enables the tracking of functional distribution of income, immigration, gender segregation in the labour market,
and other socially relevant variables. However, we assume that both the female labour force and immigrants are uniformly
distributed across industries in the baseline scenario.
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with the latter surpassing the former. Consequently, accumulated wealth diminishes (as saving becomes
negative), contributing to the stabilization of the economy at a new steady state in the medium term.

Figure 10 shows that the improved production efficiency achieved using recycled waste as an intermediate
good reduces the demand for traditional inputs such as manufacturing and agricultural products, as well as
services. However, CO2 emissions rebound after a few periods due to the overall increase in output, which now
includes recycled waste. Nevertheless, the use of more efficient techniques and the lower energy intensity
assumed in waste recycling eventually leads to a reduction in emissions compared to the baseline scenario,
particularly in the long run when the net product stabilises and total output even declines. It should be noted
that the temporary nature of the rebound effect in our numerical experiment is specific to the chosen parameter
values. Additional experiments demonstrate that the increase in CO2 emissions can be long-lasting (for a
comprehensive discussion on rebound effects, refer to Zink and Geyer, 2017, and Bimpizas-Pinis et al., 2021).

Shifting focus to social variables, Figure 10 reveals that, all else being equal, the functional income distribution
becomes less favourable to labour in the medium run. Two opposing effects come into play. On one hand, the
higher stock of government debt leads to increased interest payments to rentiers, which increases the share
of capital incomes of total income. On the other hand, the recycling industry is assumed more labour-intensive
than traditional industries. While the second effect prevails in the short run, the first effect prevails in the medium
to long run (but this result is dependent on the specific parameter values chosen). Gender equality remains
unchanged, although female employment increases. Once again, this outcome is driven by the higher labour
intensity of the new recycling industry.

Figure 11 illustrates the impact of a CE innovation triggered by increased government spending on selected
variables in a 2-area economy model. The innovation takes place solely in Area 1, with a fixed currency
exchange rate between the two areas. Despite the rise in government spending and consequently, the national
income of Area 1, the real export of Area 2 to Area 1 witnesses a sharp decline. This decline can be attributed
to the reduced demand for (foreign) inputs by firms in Area 1. Conversely, the reduction in Area 1’s real exports
is less significant, contributing to an improvement in its trade balance.

The economy of Area 1 experiences growth, accompanied by increased employment, including female
employment. Furthermore, the accumulation of waste decreases due to recycling initiatives and enhanced
efficiency in domestic production processes. Despite achieving higher ecological efficiency, industrial CO2
emissions show a temporary increase after a few periods. While these emissions fall below the initial levels in
the medium run, they follow the pattern of non-renewable energy utilization dynamics. A similar trend is
observed in the atmospheric CO2 concentration.

Figure 13 illustrates the impact of a CE innovation in Area 1 when the currency exchange rate between the two
areas is free to adjust based on cross-country trade and capital flows (semi-floating exchange rate regime).
The main difference compared to the previous case is that, this time, the sharp fall in imports of Area 1 leads
to an appreciation of its currency. This, in turn, affects Area 1’s export and partially counterbalances the
reduction in the demand for inputs from Area 2.

While the qualitative behaviour of the model remains unchanged, there are some minor effects on both
ecological and social variables: employment, waste, and emissions, all grow (slightly) less than they would
have under a fixed exchange rate regime, due to the negative impact of currency appreciation on the trade
balance and, consequently, the output of Area 1.
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It should be noted that this also implies a larger share of world production taking place in Area 2, the area that
has not introduced any CE innovation. While this paradoxical effect is negligible in this simple example, it could
have significant implications if the foreign input-substitution effect of the CE policy takes time to manifest or if
the inflow of foreign capitals strongly appreciates the domestic currency (see Carnevali et al., 2020).

The CE paradigm has gained momentum in both academic and industrial circles in the last decade. Despite
the intuitive association of a transition towards a CE with a more sustainable society, there has been limited
scrutiny about the economic viability of this process. To address this, there is a need for macroeconomic tools
to assess the impacts of CE policies on society, the economy, and the ecosystem. The field of ecological
macroeconomics can fulfil this need through various promising modelling approaches. The aim of this
preliminary analysis was twofold. Firstly, it provided a short overview of macroeconomic modelling
developments addressing CE issues, focusing on the most widely used approaches and tools. Secondly, we
argued that the combination of IOMs with SFCMs is one of the most promising methods to simulate, assess,
and compare CE strategies. In order to support this, the main features of a prototype ecological 2-area 10-SFC
model for the world economy were presented and discussed. Unlike standard SFC models, the proposed model
allows dealing with cross-industry interdependencies. Unlike traditional 10 models, it allows endogenising
technical innovations, by linking the changes in technical coefficients with other variables — such as policy
decisions, the evolution of demand conditions, portfolio decisions, and the change in the ecosystem. As a
result, a variety of feedback effects can be explicitly modelled. The simple exercises proposed here seems to
suggest that the transition towards a CE system could not rely on higher production efficiency only, due to
rebound effects. Besides, its impact on social variables is also ambiguous, as it depends on several factors
(such as foreign trade and financial flows), some of which are not under the direct control of the policy makers
in a market economy. Finally, note that the theoretical model developed in this deliverable will serve as the
foundation for the work related to deliverable 5.2. More precisely, we will develop an advanced and empirically-
calibrated version of the model. This version will be used to conduct a scenario analysis in which various
strategies and policies to facilitate the transition towards a CE will be simulated and compared.
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If we use the superscript z to define each area and f to define the other area (that is, the foreign sector),
households’ domestic consumption in real terms is:

YD YDZ VZ
c? = q? w z 4 a§ . 1 (1)

YE@d) T E(R) P41

where pZ is a consumer price index, while a?, a5 and a% are the propensities to consume out of disposable
labour income (YDZ), disposable capital income (YDZ) and net wealth (V?), respectively.!

Disposable income is net domestic incomes from firms and banks plus received interests on bank deposits and
government debt plus capital gains on holdings of foreign bills and shares minus taxes and interest payments
on personal loans:

YD? = WB?*+ DIV?+ FB* +
trp o Mi_ +1ri B, ,+ xr_f1 ~rb’f_1 . Bsf'z'_1
+AxrS - (B;z,—1 + Esf_z__l) +

zZ zZ z
Ty Li-1 =T

+
)

where W BZ is the wage bill, DIV Z is distributed profits of firms, FZ is bank profits (which are assumed to be fully
distributed), n7 is the interest rate paid on bank deposits (M), r{7 is the interest rate on domestic government

bills held by domestic households (BZ,), xr/ is the nominal exchange rate,*? rbf is the interest rate on foreign
government bills held by domestic households (B;z)- E£Z is domestic holdings of foreign shares, ¥ is the
interest rate on personal loans granted to domestic households (L%), and T# is income tax payments.

More precisely, disposable labour income in each area is:

YDZ = WB? - (1 — 6%) 3)
where 67 is the average tax rate on income.

YDZ = YD? — YDE (4)
Total disposable capital income is:

Net private wealth accumulated in each area is:

VZ =V* 4+YD?—c*-pj 5)

The stock of wealth increases as households save. Portfolio decisions (that is, the way in which net wealth is
held) are discussed in the subsection A.7. Consumption composition is discussed in the subsection A.2.

1 Purely adaptive price expectations are assumed in the baseline scenario, so that: E(p%) = pj_,. Besides, the impact of the so-
called ‘inflation tax’ on real disposable income is ignored.

12 Exchange rates are quoted indirectly. As a result, xr? is the price of one unit of domestic currency expressed in foreign currency,
whereas, for the ‘home’ area, xr/ is the price of one unit of foreign currency expressed in domestic currency.
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The final demand faced by production firms is made up of household consumption, corporate investment in
fixed capital, government spending, and net export. Considering 10 industries and products at the global level,
the demand for final goods and services in each area is:

d? =pZ-c?+ 2 i+ g% gov? +1l - exp? +n? - imp?

dz Bz 2 o7 / nf,z\l
= d§ = ‘822 cc? 4+ L? Ci5+ G:ZZ - gov® + HZCZ -exp” +
1o Bio o 010 knfo,z (6)
n
n:§ . imp?
UE)

where i is real corporate demand for investment, gov” is real government consumption, exp” is real gross
export, imp? is real gross import, 57 is the vector of household consumption shares (with: 312, pZ = 1), % is
the vector of investment shares (with: Y12, 2 = 1), ¢% is the vector of government spending shares (with:
Y062 =1), nz is the vector of export shares (with: }1° 177” = 1),"® and n? is the vector of import shares (with:

Zs 1mi =1).

Note that it is assumed that there is only a direct demand for manufacturing goods, agricultural goods and
services. As a result, considering 5 domestic industries per area implies that the demand vectors of the two
areas will look like:

/df>0 / 0 \

d§>0\ 0
Z |d§0>0| Idf>0|
=0 Idf>0|
0 df >0

(’) 0

0

Unlike other spending shares, the composition of household consumption is endogenous. More precisely, the
share of services to total consumption is assumed to increase as disposable income (expressed in real terms,
using the price of services) increases, whereas the share of manufacturing goods remains constant. Using
subscript 1 for domestic manufacturing, 2 for domestic agriculture, and 3 for domestic services, real domestic
consumption shares are:

Bi = B7 (1)
Bi=1-p7 —p3 (8)
B3 =51+ b5 YD§W *+ B5 - Yp[;'__ll )

where B%; and p%, are positive coefficients, and so must be g7, g7 and 5.

Once final demands are known, the gross output vector can be defined as:

13 For each area, the vector of export shares mirror the vector of import shares of the other area.
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x{
V4
XZ = x:z =A-x*+d”
x1o
from which:
xZ=(-A)"1-d* (10)

where | is the identity matrix and A is the global matrix of technical coefficients, defined as:

ai; Qi 0 Qggo
Az Gz - Ay
A=]| a3z az; -+ dzgo
Q101 Q102 " Qio010

As usual, a;; (with i,j =1,2,...,10) is the quantity of product i necessary to produce one unit of product j.
Therefore, each column j of A is associated with an industry, a the technique of production, and a product.*
More precisely, columns 1 to 5 are associated with industries of the first area, whereas columns 6 to 10 are
associated with industries of the second area. Similarly, rows 1 to 5 shows outputs produced by industries of
the first area used as inputs by other industries, whereas rows 6 to 10 shows outputs produced by industries
of the second area used as inputs by other industries. We refer to Table 3 for an example.

The monetary value of gross domestic output is the product of the unit price vector and the output vector:
YZ =p?T . x2 (11)

where p? is the price vector and the subscript ‘T’ stands for the transpose of the matrix (hence p?’ is a row
vector).

The net income or value added for each domestic economy matches aggregate nominal demand for final
products and services, net of VAT and tariffs:

YN? =c? - pj + i -pf + gov? -pé + EXP? — IMP? —VAT? — TAR* (12)

where p? is an investment price index, pZ is a government spending price index,’®> EXPZ? is nominal export,
IMPZ is nominal import, VAT is VAT revenues, and TAR” is tariff revenues.

Total corporate profit in each area is:

FF? =YN? - WB? —rf_, - L% _, — AF* (13)
where r” is the interest rate on loans obtained by production firms (L%), and AF? are amortization funds.
Productions firms can retain a supplementary share of profits, in addition to using funds for amortization:
FF? = w” - FF*? (14)

where w? is the percentage of (additional) undistributed profits of firms.

14 Notice that the term (I — A)~! is a matrix too. It is named the Leontief inverse and shows the multipliers, that is, the successive
changes in production processes triggered by an initial change in final demands. As is well known, the Leontief inverse matrix can
be expressed as a sum of power series (Waugh 1950[@fvw:1950]), thatis: (I —A) 1 = |+ A+ A2 + A+ ... +A'+ ... =32 AL

15 As we are explaining in subsection A.8, p? is the average price of investment goods and pZ is the average price of goods
purchased by the government sector.
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Firms need fixed capital (in addition to labour and circulating capital inputs) to produce. It is assumed that each
industry has its own capital requirement. The target stock of fixed capital, expressed in real terms, is therefore:

1

Zz
Pr-1

k* = p7 - (" O X)) (15)

where h? = {h?} is the column vector of industry-specific target capital to output ratios.*

The real gross investment adjusts in such a way to bridge the gap between the actual capital stock (at the
beginning of the period) and its target level:

iz =y7- (k* —kZ,) + da* (16)
where yZ defines the speed of adjustment, and da? is real capital depreciation.
The current capital stock depreciates according to a constant ratio, §%, so that:
da* = §% - k%, a7
It follows that the real stock of current fixed capital in each area is:
k? = k?, +i5 — da? (18)
Amortization funds are used to fund the replacement of depleted capital:
AF? = da? - p? — k* - Ap? (19)
The stock of bank loans obtained by production firms is defined as a residual variable:

F=1L%_,+if-pf —AF* — FE} — AE} (20)
where EZ is the nominal value of the stock of shares issued by production firms.
For the sake of simplicity, we assume that share issues are completely demand driven:
EZ = Ef, +xry - Ef; (21)

where Ej; , is nominal stock of domestic shares held by domestic investors and Ej ; is the portion held by foreign
investors.

The supply of domestic shares to foreign investors, expressed in domestic currency, is therefore:
Esy = x1y - Eny (22)
The return rate (in addition to percentage capital gains) on shares issued by production firms of each area is:

(1-w?)-FF*
rez = z
Es

(23)

Finally, total dividends (from non-financial firms) received by investors in each area are:

16 Notice that k* cannot be expressed in physical units. It is calculated by dividing the nominal stock of capital by the average price
of investment goods. See subsection 2.8.
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E

DIVZ=(1—wz)'FFZ'%+(1—wf)'FFf' (24)

f
Eng
gl

For the sake of simplicity, it is assumed that commercial banks are always ready to finance firms’ production
plans and to fund private investment and consumption expenditures. Supplied loans are, therefore, demand
driven:

LZ=L%+ L7 (25)
Banks provide deposits on demand:
Mg = My (26)

Because of cash (or state money), deposits collected by the banks may exceed those created by granting
loans to the firms. If this happens, banks hold government bills as the asset counterpart of extra-deposits.
Conversely, if loans exceed deposits, banks request (and obtain) advances from the central bank:

if MZ > L% then BZ = MZ — L% and A% = 0 (27)
if MZ < L% then Bf = 0 and A% = L% — M? (28)
where A% are advances obtained by commercial banks from the central bank.

It is assumed that the interest rate on advances is nil, banks have no costs of production, and there are no
compulsory reserves. As a result, bank profits equal the difference between perceived interests on loans and
bills and interest payments on deposits:

zZ z z z z z z z z
Ef=rl  Lp a+1i 1 L +1y By =Ty - MJ 4 (29)

Unlike corporate profits, bank profits are entirely distributed to the households.

Real government spending grows according to an exogenous rate:*’
gov® = gov?, - (1 + gf,) + gov§ (30)
where g7 is the growth rate of government spending and gov§ is a shock component.

Income taxes collected by the government can be calculated using the average tax rates on households’ labour
and non-labour incomes. The corresponding revenue is therefore:

T? = 0% -WB* + 07 - (DIVZ + 175 _y - Mi_, +1¢_y - BZ, s +xrl v/ Bl ) (31)
where 67 is the average tax rate on capital incomes in each area.

Government revenues from VAT and tariffs are, respectively:

7 However, it is assumed that gs = 0 in the baseline scenario.
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VAT? = [p* O 154 @ L+ t50)]" - (B7 - ¢7) (32)
TAR? = [xr/ - p/ O tfer @ U+ 18" - (7 - imp?) (33)
where tZ,, and tZ,, are the vectors defining product-specific VAT rates and percentage tariffs, respectively.!®
The government budget deficit in each area is:
DEF} = gov? -p¢ +1j_, - Bi_ 1 —F4 —T? —VAT? — TAR? (34)

where F,, is the profit made by the central bank (seigniorage income) on its holdings of (both domestic and
foreign) government securities, which is subsequently returned to the government sector.

The government sector issues bills as it runs into deficits:

BZ = BZ_, + DEF/ (3%)
Advances to commercial banks are provided on demand:

Az = A2 (36)
Similarly, the supply of cash adjusts to the demand for cash:

HZ = H} (37)
This is the overall amount of state money that remains in circulation at the end of each period.

The stock of bills supplied to domestic investors is:

BZ, = Bf, (38)
whereas the stock of bills supplied to foreign investors is:

BZ; =xrl - Bf; (39)
The profit made by the central bank is:

Z _ ,.Z . Rz f...f . pf
Fep =7p-1Bepz-a txr7 -1y "By, 4

(40)

where B/

cb,s,z
currency.

is the amount of foreign government bills held by the domestic central bank, expressed in foreign

Finally, interest rates on bank deposits, government bills, loans to firms, and personal loans, are simply defined
using different mark-ups (1Z) over the policy rate (r*?) set by the central bank, that is:

—— (41)
e =1r"% 4 uf (42)
= 4 (43)
W =r"4+uf (44)

We assume that, in each area, r, =, = r, = 13, in the baseline scenario.

18 Note that ©® and @ are the Hadamard multiplication and division, respectively, also called element-wise multiplication and division
of matrices.
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The employment level is determined by firms’ demand for labour in each production process. More precisely,
the number of workers hired in each industry is:

X

—.N

Nf = o (45)
vj=12,...,5, where pr; is the product per worker in the j-th industry.
Total employment in each area is:
1
Ne=xT- || L @prr| = %17 = g7 (46)
1

where pr? is the vector of industry-specific labour productivities and therefore 1 is the column vector of labour
coefficients.

The wage bill paid in each industry is:

WBZ = n? - w? 47

The total wage bill is:
WB? =N*" - w? = Y WBF (48)

where N” and w? are the vectors of industry-specific employees and wage rates, respectively. The equation
above defines the overall cost of labour faced by private firms in each area.

The available labour force in each area’s industries depends on an exogenous growth rate and the net inflow
of immigrants from the other area:

POP? = POP%, © (1 + g;w) + IMM? — IMM” (49)

where IMM” and IMM’ are the vectors defining inflows and outflows of labour-force in each area’s industries.

Industry-specific unemployment rates in each area are:

_ Nj-1
unf =1- SorF (50)

J=1

We assume that immigration inflows depend on three factors: a) the size of the population of the other area; b)
the unemployment rate of the other area; c) the wage differential between the two areas. In formal terms, we
obtain:

IMM” = Ym0 © POPZy + 1 © UL + Yz © (W2, — W) (51)
where yZ,0 Yimma and yin, , are positive coefficients.
Finally, gender segregation is assumed to be dependent on the wage level. Since men tend to occupy high-

salary jobs, the percentage of female employees (p?) in each industry reduces as the wage rate increases:
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zZ __ Z Z V4 z
pf = ps; = pij - (Wi —wis)

where pg; and p7; are positive coefficients.

(52)

Domestic household holdings of domestic government bills are defined by a Tobinesque portfolio equation:

vz vz

(422

In plain words, the share of domestic government bills to net wealth in domestic households’ portfolio increases
as the interest rate on domestic government bills increases (this effect is captured by coefficient 4,,), and
reduces as interest and return rates (including percentage capital gains) on other financial assets increase
(coefficients A,,, 413, 415, @and A,¢). Besides, it reduces as the liquidity preference of domestic investors

increases (coefficient 1,,).

Similarly, domestic household holdings of foreign government bills, domestic shares, and foreign shares, are,

respectively:
f
By, Axrf YD?
V;Z =Apo— Ao 1ot A (Tb 1+ ) /123'7”7?1,—1_124'W_
axrf
a5 ([ +577)
Ef, sxrf YD?
V_zz =30 =31 TH-1 — A3z (Tb 1T ) 133'7%21,—1_134'?
AxrS
_/136 ( + xr )
f
Ep, f axrS YD?
V_ZZ =A4O_A41'rbz,—1_l42'(rb,_1+ oy ) Mgz ' T, 1_/144'F_

where As are all positive coefficients.®

In each area, households’ demand for cash is proportional to their expected consumption expenditures (proxied

by past consumption):

Z zZ z z
Hy = A% ¢Z1-ph—

Households’ demand for personal loans is driven by their purchases of durable goods and their consumption

in excess of disposable income:

= L5 (L=9D) + max(c” - pf — YD*, 95 - A(p™ - dc))

where 7 is the share of loans repaid in each period, 3 is the share of consumption funded by bank loans,

Bf, f axrf YD?
— =/110+/111'7'bz 1_112'(7},,_1"'” ) Mz Tmo1— Ao ——

z
Ais " Toq +

zZ
T+

zZ
Te_1 Tt

z
Te-1t

(53)

(54)

(55)

(56)

(57)

(58)

and dc” is the vector defining the real stocks of durable goods (we refer to subsection 2.12, equation 92).

19 Note that As are defined in such a way that: a) horizontal constraints on coefficients of rates of interest/return for each financial
asset are met; b) vertical constraints for cross-asset coefficients of rates of interest/return are met; and c¢) the sum of autonomous
shares of assets to total wealth (additional vertical constraints) is lower than unity, because households can hold cash and bank
deposits in addition to government bills and corporate equity (see Godley and Lavoie 2007, sections 5.6.2 and 5.6.3). These

constraints must be verified at the global level.
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In each area, bank deposits are the buffer stock of domestic investors:

M;=V?+Lj—Hf —Bi,—Bl,—E.,—El, (59)

Private firms use a markup rule. More precisely, they set industry-specific costing margins over their unit costs
of production, including fixed capital costs. The vector of unit prices of reproduction is:

P =w? QI +p*-AQ m? ©hy (60)

where m?* = {1 + u#"} is the vector of normal mark-ups and hg = {1 + h? - 67} is the vector of the portions of
fixed capital that are being amortized in each period,?° from which one obtains:

(o)
Py

/;V—rllz+(pf*-all+pzz*-a21+---+p§*-a51)~(1+uf*)~(1+hf'62)

:_:zz+ 7" a1y + 93" A + o+ pE - asy) - (L +ud") - (1 +h3-67)

KW_+ O i el 0 Q)00 |

While this resembles Sraffa (1960), both wage rates and normal mark-ups are allowed to differ across
industries here. In other words, we assume no tendency for industry-specific wage and profit rates to level out.

In each industry, potential output is simply defined as a direct, linear, function of the available labour force:
x#* = pr* © POP? (61)

Actual market prices grow above (or fall below) reproduction prices if actual outputs exceed (or are lower than)
potential outputs.?! Besides, they include VAT rates and tariffs on imports:

P =[p" + 7 O (% =21 O | | | | + e + 2Ly (62)

where 7 is a vector of positive coefficients defining the sensitivity of market prices to output gaps.

The average price level faced by domestic households depends on the basket of goods they consume in each
period:

pi=p"p* (63)
Similarly, the average price paid by production firms to buy investment goods is:
pi =p"" -1 (64)

The average price paid by the government is:

20 We refer again to subsection 2.2.
21 It follows that actual marks-ups fall below normal mark-ups as long as pj <pj’, and they exceed them as long as p; > p;*, Vj =
1,2,...,5.
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pé =p* -0 (65)
Finally, the average price of import is:

piy =xr/-pT g (66)

Notice that these average prices are used to express each component of aggregate demand in real terms, thus
avoiding using disaggregated functions for consumption, investment, government spending and foreign trade.

In each area, real import is defined by a logarithm function of both the international price gap and the real
domestic disposable income:

log(imp?) = m —m? - [log(pfy-,) — log(pZ _;)] + m3 - log (p .

o) (67)
2 -

where m§ < 0, m¥ > 0, and m3 > 0.

Nominal import is:

IMP? = pZ - imp® (68)
The volume of export to the other area is:

exp? = imp” (69)
Nominal export is:

EXPZ = xrf - IMPf (70)
The trade balance of each area is:

TB? = EXP? — [MP* (71)

The current account balance is:

CAB* =TB*+ rb’f_l . Bs‘f'z,_1 -xr_f1 —Ti_q 'Bsz,f,—1 + rb’f_l . Bc};,s,z,—l -xr_f1 +

+xrf-(1—cuf)-FFf-%—(1—(;)Z)-FFZ-E;Z'Z#:1 (72)
s—-1 S

The financial account balance, net of official transactions, is:

KABP? = ABZ; — xr/ - AB!, + AEZ; — xr - AE], (73)
Finally, the net accumulation of financial assets in each area is:

NAFA? = DEF} + CAB? (74)
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As mentioned, exchange rates are quoted indirectly, that is, the exchange rate is the price of one unit of

domestic currency expressed in foreign currency. Obviously, the exchange rate of the foreign area is the

reciprocal of the exchange rate of the domestic area:

xrf == (75)
xZ

Following Godley and Lavoie (2007, section 12.4), central bank’s holdings of government bills are modelled

asymmetrically. The amount of domestic government bills held by the domestic central bank is obtained as an

accounting identity from column 7 of the transactions-flow matrix (Table 2, changes in stocks):

ABZ,, = AHZ — AAZ — xr/ - AB/,

cb,s,z

(76)

Conversely, column 12 of the balance sheet matrix (Table 1) provides the following identity (vertical constraint)
for the other area’s central bank:
B,y = Hl - 4] (77)

The balance sheet of the central bank in the first area comprises domestic government bills, foreign government
bills, and advances to commercial banks as its assets. On the liability side, cash is the primary component.??
The balance sheet of the central bank in the second area is similar, but it is assumed that it does not hold
government bills issued in the first area.

We consider two different exchange rate regimes: a fixed exchange rate, and a (quasi) floating exchange rate.

Under the fixed exchange rate regime, the supply of foreign government bills to domestic households is defined
as:

AB!, = xr*-B], (78)
The supply of government bills of the second area to the central bank of the first area is:

B

ch,s,z

=B{—B§Z—B§f—35,_f—31{ (79)

Therefore, the hidden or redundant equation is the one that matches the amount of domestic government bills
held by the domestic central bank with the horizontal constraint (in terms of cross-sector holdings of bills)
defined by the balance sheet matrix:

czb,z = BI — BSZ,z - sZ,f - Bg (80)

The accounting structure of the model is now complete. However, a few additional model features have been
included to allow for a broader range of experiments, which are discussed below.

In the alternative regime, the exchange rate is allowed to adjust gradually to reflect the relative demand for
national currencies:

22 For the sake of simplicity, we assume away bank reserves.
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CABZ,

Axr? = X Wfl (81)

where y is a positive parameter defining the speed of adjustment of the exchange rate to the current account
balance to total value added ratio. As a result, the domestic currency keeps appreciating (depreciating) as long
as the area runs into current account surpluses (deficits).

Note that while the mechanism above increases (reduces) the value of the amount of foreign government bills
supplied to domestic households (via equation 78), the domestic central bank is still buying foreign government
bills (via 79), albeit in a lower (higher) amount compared with that purchased under a fixed exchange rate
regime.2®

In each area, waste accumulates as goods and services are produced. The waste associated with each
domestic industry is calculated using the related waste to output ratio, {7, that is:

wal =wa/_; +x7 - {7 —x7 - as; (82)

vj =12,...,5, where the last component (x/ - as ;) shows that, in principle, waste can be reduced by recycling
it and using is as an input for the other industries.

Total domestic waste (net of recycling) is therefore:
wa’ =Yi  wal (83)

If one assumes away land emissions, annual emissions of C0O, can be calculated for each industry by
multiplying their respective output by the industry-specific energy intensity coefficient (¢ = Ej7/x/), the
industry-specific share of non-renewable energy (1 —r7g,;), and a uniform CO, intensity coefficient (87 =
Gt/Ej). Emissions linked with each domestic industry are:

emisf = xf - (1 - njn_j) gl - BE (84)
Therefore, total domestic emissions per year are:

1 z
emis? = x*T . 1 — 0 |© " - B = X5, emisf (85)

1
where nZ%, is the vector of industry-specific renewable energy percentages.
In each area, cumulative co, emissions are:
co; = coj_i + emis? (86)

Atmospheric temperature is simply calculated as a function of C0, concentration at the global level:

1
1-fnc

temp = - tecre - (cozz + cog) (87)

2 In this scenario, the domestic central bank should be purchasing all the unsubscribed foreign bills to maintain exchange rate
stability.
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where fnc is the non-C0, fraction of total anthropocentric forcing, and tcre is the transient climate response to
cumulative carbon emissions.

In each area, the material contents of outputs can be defined using the corresponding vector of industry-specific
matter-intensity coefficients, ¢?Z, that is:

Xiar = @71 - X7 (88)
The quantity of matter actually extracted in each period also depends on recycling:

mat? = x}, —rec? (89)
Both the socioeconomic stock and industrial waste can be (partially) recycled:

rec” = pZ; - dis” + q - x& (90)

where dis? is the discarded socioeconomic stock, pj; is the associated rate of recycling, and gZ - xZ is the
matter content of the recycling industry’s output.

The discarded socioeconomic stocks is:

dis® = ¢*" - (4.1 © deZy) (91)
where (. is vector of the percentages of durable consumption goods discarded every year by product/industry.
New durable goods equal all produced goods minus discarded goods:

Adc” = p% - c? — %, _, O dc?, (92)

Finally, the socioeconomic stock accumulates as new material goods are produced and reduces as a share of
those goods is discarded every year:

AkZ = xZ,, — dis? (93)

Like material contents, the energy contents of outputs can be defined using the corresponding vector of
industry-specific intensity coefficients, ¢, that is:

en? = g?T . x? (94)
Renewable energy is just a share of total energy used in each industry:

eng = x* - (e O né,) (95)
Non-renewable energy is therefore:

eny = en” —enj (96)

We can now calculate the global stocks of matter and energy. The annual change in the stock of material
reserves is:

Akpgr = CONVyppg, — mat? — mat” (97)

Material resources converted into reserves are:
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CONVmat = Omat " T€Smat (98)

where a,,,; is the speed of conversion and res,,,; is the quantity of resources, which reduce as more resources
are converted into reserves:

TeSmat = r€Smat—1 — CONVpay (99)

Similarly, the equations defining energy depletion are:

Ak,, = conv,, —enf — en{, (100)
CONVpy, = Opp * T€Sen (201)
T€Sen = T€Sen _1 — CONVpy (202)

where g, is the speed of conversion of energy resources into reserves.

Finally, we can calculate the carbon mass of non-renewable energy and the mass of oxygen used for
production purposes for each area as follow:

cen? = 2 (203)

car
02% = emis? — cen” (104)

where car is the coefficient converting Gt of carbon into Gt of CO.., while equation (104) can be easily derived
from equation (93) and the second column of Table 3.

The label ‘circular economy’ (CE) denotes a set of policies and practices that aim at reusing, repairing, sharing,
and recycling products and resources to create a closed-loop system, thus minimizing waste, pollution and
CO, emissions.?* A simple way to introduce a CE innovation in the model above is to consider a 5-industry
economy, in which the first four industries produce standard goods and services and waste management,
whereas the fifth industry deals with waste recycling.

As long as waste is not recycled, the matrix of technical coefficients is:

O OO OO O OO O
(=N elNeNeNeNeNoNeNo Nl

All industries generate waste, but no waste is used as input in the domestic economy (as; = as, = as3 = Agy =
0) or in the foreign economy (a9 = G197 = Q105 = Q199 = 0). Additionally, no inputs are used in the waste

24 For a thorough discussion on the definition of CE, see Bimpizas-Pinis et al. (2021).
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recycling industry of the domestic economy (a,s = a,s = ass = a,s = 0) or of the foreign economy (a¢;0 =

710 = Qg1o = dg19 = 0).

The introduction of a simple CE innovation in the domestic economy implies a change in technical coefficients
such that the new matrix is:

! ! ! ! ! !
a11Sa A125a; @353 Ap<ayy a15>0 ae a7 4y 4 0
! ! ! ! ! !
Wp1 Sy WSy W3S lyz A S A5>0 Ay Ay Ayg Gy O
a'3y<az a'3;<az; a'33<a3 a'33<a3 a'3s3>0 azx az; azg azg 0
! ! ! ! ! !
W1 Sy Ay S Ay Ay3 S Qg3 Qg SAgy A5 >0 Ay Ay Aug Aue 0
as; >0 as, >0 as; >0 as, >0 0 Asg Qsy; QAsg Qsg O
— ! ! ! ! ! !
A=la 61S0e1 A SUep A3 <oz Qe SAgs s >0 dgg Ag7 Agg Ao O
! ! ! ! ! !
W71 S0y A=Ay, Ay3S0y3 A7 SA7 A75>0 az az; Az a9 0
! r ! ! ! I
Qg SAg Agy S Agy Qg3 <Qgz Aga SAg, Ags>0 age ag; agg age 0
r ! ! ! ! !
Qg1 S Aoy Aoy S Aoy Qg3 S Aoz Aogs SAogs Aogs >0 Ao A9y Aog Agg 0
0 0 0 0 0 0 0 0 0 0

In short, the CE innovation entails a reduction in the quantities of products and services used as inputs in the
same industries. This is possible because recycled waste now enters their production processes.?® Besides,
outputs from other industries are used as inputs in the waste recycling industry.

The unit price of recycled waste now enters equation (60) in subsection 2.8. It is defined in the same way as
the other prices. The mark-up applied by the recycling industry is set using the average mark-up of the
economy:

4 z
_ Zjma
4

pE = pi_y +vyi - (7% —pi_y), with: g (105)

where y;7 is the speed of convergence of the initial mark-up value (0 in the baseline scenario) to the average
one.

This model assumes that technical change (that is, the value of a’;;) is set by the policy makers, while the
average speed of convergence of technical coefficients to their target values is defined as a linear, positive
function of government expenditures.

Focusing on the domestic economy (that is, on the first five columns of matrix A"), each coefficient is defined
as:

aij = iy Vi (@ — i) (106)

vi=12,...,10andj =1,2,...,5 where y/ is the average speed of transition towards a (partial) CE production
system, which is defined as:

Yi = Vi + LT - 07 - govZ, (107)

where v}, is a positive scalar, whereas I/ = {y4;} is the vector that defines the industry-specific sensitivities
(of the speeds of adjustment) to government final demands.?®

% As CE innovation seems to imply some degree of input substitutability, one might notice that smooth substitutability, within the
same production function, is one of the key assumptions of neoclassical general equilibrium models. However, input substitution is
only possible here because of a change in the techniques of production.

of of - gov*
. o5 oy - gov”

% Notice that: 0% - gov? =| "2 |- govZ=| "2 1
og oZ - gov*
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Tables and Figures

Table 1. Search Keywords

Concepts

circular economy closing supply chains eco-industrial park

ecological product lifetime extension cradle-to-cradle design

environmental resource efficiency closed loop supply chain

post-growth industrial symbiosis biomimicry

residual waste management industrial ecology

Models

macroeconomics system dynamics
macroeconomic model ANDNOT CGE  computational general equilibrium

macroeconomics ANDNOT CGE CGE

Source: Authors’ own elaboration

input-output
stock-flow consistent

macroeconomic model

Table 2. Balance-sheet matrix in period 20 (current prices, Area 1 currency)

Area 1 Area 2
H F G B CB Xr H G B CB Tot
Money 74.31 74311 7431 -74.31 0.00
Advances 0.00 0.00 1 0.00 0.00 0.00
Deposits 444.09 -444.09 1 44409 -444.09 0.00
Loans -1466  -95.86 110.53 1 1466  -95.86 110.53 0.00
Area 1 bills 27.86 44966 33356 7431 1 13.93 0.00
Area 2 bills 13.93 0.00 1 27.86 44966 333.56 7431 0.00
Area 1 shares 1114 1170 1 0.56 0.00
Area 2 shares 0.56 1 11.14 -11.70 0.00
Capital stock 107.56 1 107.56 215.13
Net financial wealth ~ -557.22 449.66 1 -557.22 449.66 -215.13
Total 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Table 3. Transactions-flow matrix in period 20 (current prices, Area 1 currency)
Area 1 Area 2
H Fy) F (k) G B CB  xr H Fy) F (k) G B CB  Tot
Consumption -745.07 745.07 1 -745.07 745.07 0.00
Investment 8.04 -8.04 1 8.04 -8.04 0.00
Government spending 183.87 -183.87 1 183.87 -183.87 0.00
Export of Area 1 28.78 1 -28.78 0.00
Import of Area 1 -28.78 1 28.78 0.00
[Value added] [922.09] 1 [922.09] 0.00
Wage bill 432.49 -432.49 1 432.49 -432.49 0.00
Corporate profit 480.64 -480.64 0.00 1 480.64 -480.64 0.00 0.00
Amortization -5.24 5.24 1 -5.24 5.24 0.00
Bank profit 8.83 -8.83 1 8.83 -8.83 0.00
CB profit 2.96 296 1 2.96 -296  0.00
Income tax revenue -184.73 184.73 1 -184.73 184.73 0.00
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Area 1 Area 2
VAT revenue -14.61 14.61 1 -14.61 14.61 0.00
Tariffs revenue -0.28 0.28 1 -0.28 0.28 0.00
Interests on deposits 8.83 -8.83 1 8.83 -8.83 0.00
Interests on loans -0.55 -3.72 4.27 1 -0.55 -3.72 4.27 0.00
Interests on Area 1 bills 1.1 -18.01 1339 2.96 1 0.56 0.00
Interests on Area 2 bills 0.56 000 1 1.1 -18.01 1339 29  0.00
Change in money stock -0.29 0.29 1 -0.29 029  0.00
Change in advances 0.00 000 1 0.00 0.00  0.00
Change in deposits -2.52 2.52 1 -2.52 2.52 0.00
Change in loans 0.90 2.76 -3.66 1 2.76 -3.66 0.00
Change in Area 1 bills 0.1 -0.70 114 029 1 -0.05 0.00
Change in Area 2 bills -0.05 000 1 -0.11 -0.70 114 -029 0.00
Change in Area 1 shares -0.04 0.04 1 0.00
Change in Area 2 shares 1 -0.04 0.04 0.00
Revaluation effects 0.00 0.00 0.00 0.00 0.00 000 1 0.00 0.00 0.00 0.00 0.00 000 0.0
Total 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00

Table 4. Multi-area input-output matrix in period 20 (current prices, Area 1 currency)

Area 1 demand for inputs Area 2 demand for inputs

M A S w R M A S W R Final dem.  Output
Area 1 production
Manufacturing 67.01 66.89 67.13 26.13  0.00 5.58 5.57 5.59 2.18 0.00 312.33 558.43
Agriculture 67.01 66.89 67.13 26.13  0.00 5.58 5.57 5.59 2.18 0.00 311.35 557.45
Services 67.01 66.89 67.13 26.13  0.00 5.58 5.57 5.59 2.18 0.00 313.31 559.41
Waste manag. 67.00 66.89 67.12 0.00 0.00 5.58 5.57 5.59 0.00 0.00 0.00 217.76
Recycling 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Area 2 production
Manufacturing 5.58 5.57 5.59 218 0.00 67.01 66.89 67.13 2613  0.00 312.33 558.43
Agriculture 5.58 5.57 5.59 218 0.00 67.01 66.89 67.13 26.13  0.00 311.35 557.45
Services 5.58 5.57 5.59 218 0.00 67.01 66.89 67.13 2613  0.00 313.31 559.41
Waste manag. 5.58 5.57 5.59 0.00 0.00 67.00 66.89 67.12 0.00 0.00 0.00 217.76
Recycling 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Value added
~ Compensation of employees 128.65 12841 12889 4655  0.00 12865 12841 12889 4655  0.00
~G.0. surplus and mixed incomes ~ 139.41  139.18  139.64  86.27  0.00 13941 13918 13964  86.27  0.00
Taxes on production 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Output 558.43 55745 55941  217.76  0.00 55843 55745 55941  217.76  0.00

Table 5. Area-specific physical flow matrix in period 20 (matter = Gt, energy = EJ)

Matter Energy

Area 1 Area 2 Global Area 1 Area 2 Global
INPUTS
Extracted matter 1449.58 1449.58 2899.15
Recycled socio-economic stock 2261 2261 4523
Renewable energy 1505.18 1505.18 3010.35
Non-renewable energy 19.86 19.86 39.73 9246.08 9246.08 18492.15
Oxygen 53.04 53.04 106.07
OuTPUTS
Industrial CO2 emissions -72.90 -72.90 -145.80
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Discarded socio-economic stock -113.07 -113.07 -226.15

Dissipated energy -10751.25 -10751.25 -21502.5
A IN SOCIO-ECONOMIC STOCK 1359.12 1359.12 2718.23

DIFFERENCE 0 0 0 0 0 0

Table 6. Global physical stock-flow matrix in period 20 (matter = Gt, energy = EJ)

Material reserves Energy reserves CO2 concentration Socio-economic stock
INITIAL STOCK 9451272.53 -201005.29 2100.77 40826.5
Resources converted into reserves 193156.73 1536.04
CO2 emissions 145.80
Production of material goods 2944.38
Extraction/us of matter/energy -2899.15 -18492.15
Destruction of socio-economic stock -226.15
FINAL STOCK 9641530.11 -217961.4 2246.57 4354473
DIFFERENCE 0 0 0 0

Figure 1. Flow Chart Methodology
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Figure 2. CE Concepts as a Share of Number of Articles by Model
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Figure 3. Citation Network Visualization
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Figure 4. Time Evolution of Number of Articles by Model and Concept, 1972-2022
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Figure 5. Sankey diagram of cross-sector transactions and changes in stocks in t = 10
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Figure 6. Sankey diagram of cross-industry interdependencies in t = 10
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Figure 7. Adjustment of selected economic variables to their steady-state values under the

baseline scenario
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Figure 8. Adjustment of selected economic and ecological variables to their steady-state
values under the baseline scenario
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Figure 9. Dynamics of selected economic variables following a CE innovation in a closed

economy
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Figure 10. Dynamics of selected economic and ecological variables following a CE innovation

in a closed economy
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Figure 11. Dynamics of selected economic variables following a CE innovation in Area 1 under

a fixed exchange rate regime

Index
750

Index
16 18 20 22 24

Index

850

650

09 1.1

0.7

0.5

a) Real disposable income
after CE in Area 1 with fixed exchange rate

—— Gilobal (right)
— Area 1
Area 2

5 10 15 20 25

c) International trade (real gross export)
after CE in Area 1 with fixed exchange rate

—— Area 1to Area
Area 2 to Area 1

T T T T T

5 10 15 20 25

e) Selected market prices
after CE in Area 1 with fixed exchange rate

— Manuf: in Area 1

- — Waste disposal in Are
Recycled waste in Area 1
Average price level in Area 2

T T T T T

5 10 15 20 25

53

1500 1600

1400

Index

% of GDP

Index

10 20 30

-10 0

0.00 0.04

-0.04

60 100 140

20

b) Change in wealth (saving)
after CE in Area 1 with fixed exchange rate

—— Global

— Area 1

Area 2
T T T T T
5 10 15 20 25

d) Government budget deficit ratios
after CE in Area 1 with fixed exchange rate

A

— e

— Area 1
Area 2

5 10 15 20 25

f) New loans in each area
after CE in Area 1 with fixed exchange rate

—_————

— To Area 1 firms
= To Area 1 households
To Area 2 firms
To Area 2 households

5 10 15 20 25




JUST2CE

A Just Transition to Circular Economy

Figure 12. Dynamics of selected economic and ecological variables following a CE innovation

in Area 1 under a fixed exchange rate regime
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Figure 13. Dynamics of selected economic variables following a CE innovation in Area 1 under
a semi-floating exchange rate regime
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Figure 1. Dynamics of selected economic and ecological variables following a CE innovation

in Area 1 under a semi-floating exchange rate regime
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