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Chapter 1

Introduction

1.1 The Material Dimension of Climate Transitions

Achieving climate targets through low-carbon technologies has signi cant and of-
ten underappreciated implications for material demand and production systems.
While climate policy and research have prioritized energy system transformations
and emissions pathways to net-zero [1, 2], the material requirements embedded in
these transformations and critically, how circular economy strategies can reshape
these requirements remain insu ciently integrated into energy-climate modeling
and policy analysis [3]. As a result, a key dimension of decarbonization is only
partially captured, despite the central role of material production and use in con-
straining feasibility, emissions trajectories, and long-term environmental outcomes
[4].

Modern industrial economies are characterized by unprecedented material con-
sumption, re ecting a fundamental shift in humanity's relationship with the Earth's
resource base. Global material extraction has accelerated from approximately 7
billion tonnes in 1900 to over 100 billion tonnes annually [5, 6], enabling transfor-
mative improvements in human welfare urbanization, electri cation, healthcare,
and technological advancement but simultaneously creating vast material stocks
embedded in buildings, infrastructure, vehicles, and consumer goods [7]. The mate-
rial intensity of contemporary high-income economies is starkly illustrated by their
per-capita requirements: while prehistoric societies consumed roughly 6 tonnes per
capita annually (primarily food and biomass), a modern resident of a wealthy na-
tion requires approximately 86 tonnes per capita yearly to sustain housing, mobility,
and energy services [8, 9]. These accumulated stocks now require continuous mainte-
nance and replacement, creating path dependencies that lock societies into sustained
high-material-demand trajectories [10].

The clean energy transition will substantially intensify material demand across



critical minerals and bulk materials simultaneously [11]. According to the Interna-
tional Energy Agency, a net-zero emissions scenario by 2050 could require a sixfold
increase in mineral demand for clean energy technologies by 2040 compared to to-
day's levels [12]. The demand for lithium, primarily for batteries, could increase
more than 40 times by 2040, while cobalt and nickel consumption could rise 20 to
25 times. Simultaneously, bulk materials steel, aluminium, and cement form the
structural backbone of renewable energy infrastructure, electri ed transport sys-
tems, and grid modernization. An onshore wind turbine typically contains 140 tons
of steel, 3.9 tons of copper, and 2.5 tons of aluminium [13], while metals like cop-
per essential for electrical conductivity are expected to face signi cant supply
challenges, as renewable energy systems require four to six times more copper per
megawatt compared to fossil fuel-based power generation. Yet these materials re-
main among the most energy- and carbon-intensive to produce, with the steel and
aluminium sectors alone responsible for nearly 10% of global €@®missions [14].
This dual intensi cation of critical mineral and bulk material demand means that
without explicit attention to material supply chain decarbonization, the embodied
emissions of low-carbon technologies risk substantially o setting their operational
emissions reductions [15].

Material demand growth introduces interconnected environmental, geopolitical,
and economic vulnerabilities that cannot be resolved through energy decarbonization
alone [16]. Environmentally, expanded extraction intensi es ecosystem degradation,
water scarcity, and resource depletion [17, 18]. The extraction of critical miner-
als often leads to high energy consumption and carbon emissions in mining and
re ning operations, deforestation, water pollution, and biodiversity loss in resource-
rich regions, and social and economic disruptions including displacement of local
communities [19]. Geopolitically, critical supply chains are severely concentrated.
For instance, over 70% of cobalt originates from the Democratic Republic of the
Congo and more than 80% of rare earth processing occurs in China, creating acute
vulnerabilities to supply disruptions and price volatility that could jeopardize tech-
nology deployment and energy security [12, 20, 21]. The 2022 surge in nickel prices
triggered by geopolitical instability exempli es how disruptions in critical material
supply chains can have cascading e ects on clean energy technology costs [22, 23].
Economically, virgin material production is typically far more energy-intensive than
secondary production through recycling, creating a technological imperative: cir-
cular economy strategies that shift material supply from virgin extraction toward
reuse, remanufacturing, and advanced recycling could simultaneously reduce ex-
traction pressures, lower embodied emissions, and improve supply security. Yet
the potential of such strategies remains poorly quanti ed within the climate policy
frameworks that shape global mitigation pathways.



Bulk materials such as steel, aluminium, and cement, form the structural foun-
dation of the clean energy transition, yet their production remains among the most
carbon-intensive industrial processes globally [24]. An onshore wind turbine typi-
cally contains 140 tons of steel and 2.5 tons of aluminium [13, 25], while the shift
towards electric vehicles demands dramatically increased quantities of high-strength
steel and lightweight aluminium to compensate for the added weight of battery sys-
tems [26]. Similarly, cement is essential for building foundations supporting solar
and wind installations, while steel and aluminium are critical for transmission net-
works, transformers, and grid infrastructure. Traditional steelmaking depends on
coal-based blast furnaces, and aluminium smelting requires enormous amounts of
electricity often historically derived from fossil fuels making these sectors among
the most energy- and carbon-intensive globally. In 2021, the steel and aluminium
sectors alone were responsible for nearly 10% of global Cénissions [14], and ce-
ment production adds substantial process emissions beyond its energy footprint due
to calcination processes. This carbon intensity of bulk material production means
that the material requirements of renewable energy infrastructure cannot be decou-
pled from the energy transition itself. That is, without explicit decarbonization of
material supply chains, the embodied emissions of low-carbon technologies risk sub-
stantially o setting their operational emissions reductions, undermining the climate
mitigation bene ts of the transition.

1.2 Circular Economy as a Mitigation Strategy for
Material-Intensive Transitions

Circular economy strategies o er a critical pathway to simultaneously address both
material demand growth and climate mitigation in low-carbon transitions [27, 28].
Rather than relying exclusively on supply-side decarbonization of material produc-
tion, circular strategies reduce the volume of primary materials required through
product lifetime extension, material e ciency improvements, and advanced re-
cycling thereby lowering embodied emissions and alleviating resource extraction
pressures[29]. Current evidence reveals a fundamental imbalance: in 2020, 94.7 Gt of
primary materials were extracted globally, yet only 9% of total material inputs were
recirculated into the economy [29]. Material production now accounts for 23 35%
of global greenhouse gas emissions due to the energy- and carbon-intensive nature
of steelmaking, cement production, and petrochemical processes, making material
demand reduction essential for achieving climate targets[30, 31].

The potential climate bene ts of circular economy implementation are substan-
tial and increasingly quanti ed. Recent meta-analyses nd that material demand



narrowing, material turnover reduction, and material recycling alone generate an
average of 17% GHG reductions relative to baseline trends [29]. When circular
economy measures are combined with energy e ciency improvements and indus-
trial process decarbonization, the average mitigation potential reaches 50% across
studies, demonstrating that circularity is not a substitute for but rather a power-

ful complement to supply-side mitigation e orts. This complementarity is critical:
without explicit integration of circular strategies into decarbonization pathways,
material demand reductions remain forgone and embodied emissions of low-carbon
technologies risk substantially o setting their operational bene ts.

Circular strategies operate based on distinct mechanisms that address di erent
stages of material lifecycles and can be tailored to sector-speci ¢ conditions. Product
lifetime extension through repair, refurbishment, and remanufacturing reduces
material turnover by keeping products and components in use longer, directly low-
ering demand for virgin material extraction and the associated energy-intensive
production processes [32]. Material e ciency improvements and lightweighting re-
duce the quantity of material required to deliver the same service, with applications
across transport (lighter vehicles reduce battery requirements and energy consump-
tion), building (optimized structural designs), and infrastructure sectors [33, 34].
Advanced recycling and secondary material integration recover valuable materials
from end-of-life products such as lithium, cobalt, and nickel from spent batter-
ies reducing both extraction pressures and supply chain vulnerabilities while low-
ering embodied emissions compared to primary production. Material substitution
enables replacement of scarce, geopolitically concentrated, or high-impact materi-
als with more sustainable alternatives, improving supply resilience and reducing
extraction-related environmental damage [35, 36]. These strategies, whether imple-
mented individually or as integrated policy packages, can simultaneously contribute
to the feasibility of the energy transition by reducing material bottlenecks, lower sup-
ply chain risks with reduced dependence on concentrated critical material sources,
and decrease the environmental footprint of infrastructure deployment [17, 37].

Yet despite this documented potential, circular economy principles remain inad-
equately integrated into the primary tools guiding global climate policy. As detailed
in the following sections, Integrated Assessment Models struggle to represent cir-
cular strategies in a comprehensive, physically consistent manner. This modeling
gap means that current climate policy scenarios likely underestimate both the ma-
terial intensity of low-carbon transitions and the mitigation potential of circular
approaches.



1.3 Why Integrated Assessment Models Fall Short
on Materials and Circular Economy

Integrated Assessment Models are the dominant tools informing global climate pol-
icy, providing the quantitative foundation for IPCC assessments, national climate
targets, and long-term mitigation strategy design [2]. Their principal strength lies
in coherently integrating energy systems, economic dynamics, land use, and climate
processes within long-term scenarios, enabling analysis of tradeo s and co-bene ts
across multiple dimensions. However, this integrative power masks a fundamental
structural limitation: I1AMs were historically designed with primary focus on energy
and emissions pathways, not on material ows, product stocks, or industrial supply
chains. As a result, most IAMs treat industry as a single aggregated sector without
explicitly tracking material ows, product lifetimes, or secondary production loops,
making them unable to represent key circular economy mechanisms such as mate-
rial substitution, product lifetime extension, component reuse, or recycling system
dynamics [3, 38].

Industrial energy and process-related COemissions were responsible for approx-
imately 25% of global emissions in 2020, yet IAMs typically feature limited structural
detail on industrial processes and material supply chains [30]. This oversight creates
a major gap in policy and planning because many decarbonization scenarios under-
estimate the material intensity of clean energy infrastructure and therefore miss the
full potential of circular solutions. The structural constraint of aggregated industry
representation has multiple consequences for circular economy analysis. First, CE
strategies can rarely be modeled endogenously within IAM frameworks; instead, they
are typically imposed exogenously based on scenario narratives or simple e ciency
coe cients, precluding systematic evaluation of how policy design, sectoral charac-
teristics, or regional context shape CE e ectiveness. Second, the absence of explicit
material-level representation obscures the physical mechanisms in which CE oper-
ates such as quality degradation in recycling loops, geographic dispersion of waste
streams, or stock dynamics that govern secondary material availability meaning
that IAM scenarios often misrepresent both the potential and the constraints of cir-
cular strategies. Third, embodied emissions from material supply chains lie largely
outside the models' internal accounting structure, requiring separate post-hoc analy-
sis and preventing integrated assessment of how material and energy system changes
interact.

Recent modeling advances demonstrate that integrating CE strategies into IAMs
is technically feasible: IMAGE-Materials [39] , MESSAGEix-Materials [40] , and
soft-linkages between IAMs and material ow or life-cycle assessment models [41
43] illustrate multiple approaches. Yet these e orts remain fragmented and far
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from consolidated across mainstream IAM frameworks. Understanding the speci c
methodological and structural barriers preventing broader integration of CE strate-
gies is essential for advancing climate policy analysis, as is identifying which CE
mechanisms can feasibly be represented within IAM architectures and under what
analytical conditions.

Despite these structural constraints, advancing CE representation in IAMs does
not necessarily require fully disaggregated industrial modules or complete material
ow models embedded endogenously. An alternative pathway lies in developing
methodological architectures that integrate material accounting, stock ow logic,
and lifecycle emissions into existing 1AM structures in a physically consistent yet
computationally tractable manner. This approach allows circular economy strategies
to be assessed even within models that lack explicit industrial technology detail,
thereby expanding the analytical scope of mainstream IAM frameworks without
fundamentally redesigning them.

1.4 Specic Barriers to Integrating Circular Econ-
omy into IAMs

The integration of circular economy strategies into IAMs encounters several intercon-
nected barriers that stem directly from how these models were historically designed
and continue to be applied. Understanding these barriers is crucial because they
de ne both the space within which CE strategies can be meaningfully represented
and the strategic choices available for advancing integration.

The representation of materials ows and the structural aggregation of industrial
production constitutes a central obstacle to the endogenous representation of circular
economy strategies in integrated assessment models. Because CE interventions pri-
marily operate by altering material in ows and out ows, their e ects are di cult to
capture in models that represent industry in highly aggregated form. Measures such
as product lifetime extension, reuse and remanufacturing loops, recycled-content
requirements, or material substitution propagate via multiple sectors, a ecting pro-
duction structures, energy use, and emissions both directly and indirectly. As a
result, CE strategies are typically implemented exogenously based on scenario as-
sumptions rather than arising endogenously from the model's optimization frame-
work [44, 45].

Data fragmentation and incomplete global coverage presents a second barrier.
Robust representation of CE strategies requires detailed, regionally-consistent infor-
mation on primary and secondary material production, stock accumulation, prod-
uct lifetimes, and end-of-life pathways yet such data remain fragmented, inconsis-



tent, and often regionally incomplete [12, 18]. These gaps complicate calibration
of stock ow relationships and recycling loops, making it di cult to represent CE
measures in a physically consistent manner across regions and time horizons.

Conceptual simpli cation of circularity represents a third dimension of the chal-
lenge. The circular economy encompasses diverse strategies ranging from design-
level interventions and business model innovation to consumption pattern changes
and industrial symbiosis [46, 47]. However, IAMs require internally consistent,
guantitatively-de ned assumptions that often force substantial simpli cation: most
IAM applications reduce CE to one or two mechanisms typically marginal im-
provements in recycling rates or material intensity thereby failing to capture the
systemic, policy-driven character of circular strategies.

Thermodynamic and technological constraints on material recovery are inade-
quately represented in standard 1AM structures. Material recovery is fundamen-
tally limited by quality degradation, contamination, alloying complexity, collection
ine ciencies, and geographic waste stream dispersion, often implying substantial
energy requirements for reprocessing and sorting [30]. 1AMs, which typically rely on
substitution processes and constant elasticities, are structurally not well equipped
to represent these non-linear, quality-dependent dynamics. A meaningful represen-
tation of CE requires approximating these constraints by using hybrid models and
combinations of pre-processing, and post-processing methodologies (as for instance
via life-cycle assessment).

Fragmentation between energy, material, and emissions accounting creates a -
nal integration barrier. Hybrid approaches that link IAMs with LCA models, ma-
terial ow analysis, or dynamic stock ow models have shown that more detailed
material system dynamics can be incorporated into broader scenario frameworks
[42, 43, 48 50]. However, these linkages require substantial methodological coordi-
nation harmonizing system boundaries, aligning temporal and sectoral resolution,
and ensuring consistency between energy, material, and emissions accounting that
most mainstream |IAM applications have not yet undertaken.

1.5 Research Objectives and Thesis Structure

The overarching aim of this thesis is to advance the representation of circular econ-
omy strategies within integrated assessment models so that their contribution to
global mitigation can be explicitly quanti ed within long-term climate pathways.

By developing a comprehensive modeling framework that integrates energy, ma-
terial, and industrial emissions dynamics, assessing the role of circular economy
strategies in reducing material demand and mitigating supply chain risks, and pro-
viding policy recommendations for a resource-e cient and sustainable transition,



this research contributes to a more holistic understanding of the trade-o s and op-
portunities within the clean energy transition. This thesis does not attempt to
construct a fully material-explicit integrated assessment model with detailed indus-
trial process representation. Instead, it addresses a more pragmatic and policy-
relevant challenge: how can circular economy strategies and material ow dynam-
ics be meaningfully incorporated into an IAM that was not originally designed to
represent detailed industrial technologies or explicit material stocks? By working
within the structural constraints of the World Induced Technical Change Hybrid
(WITCH) integrated assessment model, this research develops and tests a replicable
methodological framework that links technology deployment to material demand, in-
tegrates dynamic stock ow logic, and enables lifecycle-based emissions accounting.
The contribution is therefore primarily methodological: it demonstrates how CE
assessment can be embedded into a mainstream IAM architecture while preserving
internal model consistency.

Building on the barriers identi ed above, this thesis translates these limitations
into a concrete research agenda structured around three interconnected questions:

1. What are the key conceptual and methodological barriers preventing
circular economy integration into IAMs, and what feasible modeling
pathways can address them?

This question is addressed based on a structured literature review and concep-
tual framework development (Chapter 2). The analysis identi es the specic
gaps in current IAM structures that limit CE representation including insuf-
cient material-level granularity, absence of explicit stock ow and lifecycle
emissions accounting, and narrow treatment of policy mechanisms and out-
lines feasible pathways for advancing CE integration. These pathways include
coupling IAMs with material ow and sectoral models, improving underly-
ing material data and assumptions, and developing more coherent scenario
narratives in which CE policies can be meaningfully re ected.

2. How can these conceptual and methodological insights be opera-
tionalized within an IAM framework to assess circular economy
strategies in key sectors, and what does implementation reveal about
feasibility constraints?

This question examines how selected modeling pathways can be translated into
practice within the WITCH integrated assessment model, chosen for its de-
tailed energy economy climate structure but structurally limited representa-
tion of industrial technologies, material ows, and secondary production loops.
This constraint provides a stringent test case: rather than relying on a model



already designed with material granularity, the thesis evaluates how far circu-
lar economy mechanisms can be integrated within a conventionally structured
IAM. (Chapter 3). The implementation strategy combines three approaches:
pre-processing to generate dynamic material intensities and stock ow param-
eters; in-model improvements introducing a dedicated materials module that
links technology deployment to material requirements and enables calculation
of material-driven emissions; and post-processing via life-cycle assessment to
capture embodied emissions and supply-chain impacts outside the model's
internal accounting. A case study of road transportation and electricity in-
frastructure sectors focusing on carbon-intensive bulk materials (aluminium,
cement, steel) and the critical material copper demonstrates what can be
feasibly integrated within existing 1AM architectures and what remains con-
strained by aggregation limitations.

. What is the quanti ed potential of circular economy strategies to
reduce material demand and lifecycle emissions in low-carbon tran-
sitions, and how does this potential vary across sectors, regions, and
policy stringency levels?

This question is addressed by applying the extended WITCH model to assess
how CE measures in uence both direct and lifecycle emissions across long-
term mitigation scenarios (Chapter 4). By linking technology deployment to
material use and estimating embodied emissions based on material-speci ¢
LCA-based emission factors, the analysis enables consistent comparison be-
tween baseline decarbonization pathways and scenarios incorporating selected
CE interventions. The results quantify how shifts in material demand driven

by lifetime extension, reuse, and increased secondary production a ect total
emissions in a low-carbon transition, while also identifying structural con-
straints (such as circularity gaps driven by stock dynamics) that limit CE

e ectiveness in speci ¢ contexts.

Ultimately, the contribution of this thesis lies not in proposing a fully material-

detailed 1AM, but in demonstrating a coherent methodological pathway for inte-
grating material demand, circular economy strategies, and lifecycle emissions as-

sessment into a mainstream climate model with structural aggregation constraints.
By showing what can and cannot be represented within such a framework, this
research clari es both the analytical potential and the structural limits of circu-

lar economy assessment in IAMs, thereby advancing the methodological frontier of
climate material systems modeling.

The thesis develops these questions following this structure: Chapter 2 presents

a structured literature review and conceptual framework identifying structural bar-

9



riers to CE integration in IAMs, outlining the narrowing slowing closing typology

as an analytical backbone for CE representation, and describing methodologically
feasible pathways forward. Chapter 3 describes methodological advancements in
the WITCH model and a case study operationalizing selected CE policies by using
pre-processing, in-model improvements, and LCA-based post-processing methods.
Chapter 4 reports quantitative results on material demand and lifecycle emissions
across scenarios, establishing the technological context shaped by climate and CE
policies, analyzing how CE policies reshape material demand and supply by distinct
channels, identifying and quantifying the emergence of circularity gaps, and link-
ing material- ow changes to emissions outcomes across sectors, regions, and time
horizons. Chapter 5 synthesizes ndings in the context of IAM research and CE
policy design, highlights limitations and avenues for improvement, and concludes
with principal contributions and directions for future research. And Chapter 6
provides concluding remarks.

10



Chapter 2

Unlocking Circular Economy Policies
In Integrated Assessment Models

Magalar, Leticia, Elena Verdolini, and Alexandre Szklo. "Unlocking circular econ-
omy policies in integrated assessment models." Resources, Conservation and Recy-
cling 225 (2026): 108614. DOI: https://doi.org/10.1016/j.resconrec.2025.108614

Abstract

The circular economy (CE) has emerged as a promising strategy to simulta-
neously address climate change and the over-exploitation of Earth's resources. Yet,
most Integrated Assessment Models (IAMs) lack the capacity to fully assess the
potential bene ts and drawbacks of CE policies in the context of climate change.
This paper provides a structured approach to improve the representation of CE in
IAMs and guides their application in climate policy assessments. To this end, we
rst propose a framework to organize the multiple layers and policy dimensions
involved in CE. We then review the current state of CE modeling in IAMs and
identify critical gaps, including limited attention to policy mechanisms, lack of
material-level granularity, and insu cient coverage of downstream and upstream
supply chain sectors. Lastly, we identify priority areas for improvement, such as
coupling IAMs with material ow and sectoral models, re ning data and structural
assumptions, and developing more coherent CE policy narratives. Together, these
steps establish pathways for the scientic community to better integrate CE
into IAMs and strengthen understanding of its role in global climate mitigation
strategies.
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2.1 Introduction

The circular economy (CE) has emerged as a promising strategy to jointly tackle
issues of climate change and the over-exploitation of Earth's resources[51], two in-
terconnected key challenges that our societies are faced with. Integrated into the
broader agenda of sustainable development, CE policies aim to reduce pollution and
resource overexploitation while increasing products' value within the economy [52].
By promoting a range of strategies such as reduce, reuse, recycle, and recover
CE impacts supply chains in a variety of ways and o ers substantial potential for
reducing GHG emissions [53]. However, it may also generate unintended e ects that
could undermine decarbonization e orts.

Integrated Assessment Models (IAMs) - which inform and shape climate policy
[54] - are crucial tools to explore the intersection of CE and climate change. These
models present very heterogeneous frameworks, using diverse methodologies to ex-
plore low-carbon pathways compatible with climate targets, such as those outlined
in the Paris Agreement [5557]. Detailed process (DP) IAMs, which o er more
granular projections of climate mitigation strategies across di erent technologies,
regions, and sectors [56, 58], have only recently begun incorporating CE strategies
[49, 59]. Still, important challenges must be overcome to ensure e ective evaluation
of CE policies.

First, assessing the bene ts of CE within the climate context lies in the funda-
mental complexity and multidimensional nature of CE itself. The concept of circular
economy is notably complex, and not unique de nition is established in the litera-
ture [60, 61]. In this paper, circular economy refers to the implementation of a set
of practices that lowers the quantity of primary material resources necessary at any
point in time to achieve a certain level of services in the economy. These practices
are labelled circular economy strategies and are classi ed according to [62] us-
ing the 10R hierarchical framework as follows: Refuse (R0), Rethink (R1), Reduce
(R2), Reuse (R3), Repair (R4), Refurbish (R5), Remanufacture (R6), Repurpose
(R7), Recycle (R8), and Recover (R9). Importantly, the 10Rs can be grouped into
three main CE objectives each relating to loops the process of cycling materials
within the economy. These objectives are: (i) Reducing primary materials' demand
to narrow the loop; (ii) Increasing product use phase to slow the loop; and (iii)
reintroducing materials back to the economy to close the loop [63].

Second, unintended e ects such as those linked to negative spillovers, rebound
e ects, trade-o s and feedback loops - may arise from the implementation of CE
strategies, potentially hindering the joint achievement of mitigation and circularity
objectives [64 66]. Such consequences are governed by distinct mechanisms, many
of which remain insu ciently understood - making it hard for IAMs to capture all
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of them. For instance, recycling may inadvertently cause negative spillovers, such
as burden shifting, by relocating carbon emissions to other stages of the product
life cycle, potentially o setting the intended environmental bene ts. Also, possi-
ble rebound e ects are usually not accounted for as, for example, lower production
costs from recycled materials or material e ciency measures can stimulate higher
consumption of the same product (direct rebound) [67, 68]. In addition, increasing
recycling can also boost economic activity and lead to more energy consumption
and transportation, which can ultimately increase local C@emissions [69], as well
as, savings generated from circular practices (e.g., buying second-hand products)
may be redirected to other goods and services with high environmental impacts,
such as air travel (indirect rebound) [68]. Moreover, large-scale recycling policies
can reduce material costs across multiple industries, stimulating economic growth
and production in other sectors, which increases overall resource use and emissions
at the macroeconomic level (economy-wide rebound) [70]. Trade-o s may emerge
when circular strategies compete with climate mitigation goals. For instance, in
cases where recycling certain materials reduces their potential to store carbon dur-
ing their (longer) use phase, a strategy that could help avoid carbon emission over-
shooting [71]. Along similar lines, extending appliance lifetimes reduces material
demand, but keeping less e cient products in use may increase energy consumption
and emissions. Finally, feedback loops are crucial to understanding the dynamic be-
havior of CE strategies (i.e., circular cause-and-e ect relationships where changes in
one subsystem trigger cascading e ects in others, which can either amplify or coun-
teract the original CE strategy). For example, a balancing loop may happen when
increasing product reuse lowers demand for new products, reducing production and
resource extraction, which decreases environmental pressures and, over time, dimin-
ishes the urgency and opportunities for additional reuse, gradually stabilizing the
system [72].Therefore, e orts to promote the uptake of CE strategies by economic
agents require accompanying policies that address the negative consequences and
externalities associated with resource extraction, use and disposal.

Third, the representation of multiple policies is not straightforward [73], particu-
larly if applied at multiple scales along supply chains, while accounting for economic
and biophysical limits, and respecting thermodynamics law. These policies often
implemented as part of portfolios - provide economic and regulatory incentives to
narrow, slow and close the loop, and boost investment and innovation to overcome
technical, economic, institutional, and cultural challenges [74]. Yet, most IAMs rely
on a simpli ed policy representation: changing prices to represent taxes and sub-
sidies, or limiting model parameters [75]. Several key studies on material analysis
laid the groundwork for reviewing, understanding and improving models' represen-
tations of CE policies in IAMs' low carbon scenarios [3, 57, 64, 76, 77]. They suggest
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that IAMs alone are unable to fully capture the broad spectrum of CE policies and
their interactions [57]. Importantly, CE measures are intimately connected to the
use and management of materials; they thus require a full understanding of the
material-energy-climate nexus a capability often absent in IAMs [3]. Secondary
markets and the possibility of representing endogenously the e ects of material sub-
stitution at the regional level are also a fundamental feature which is currently
absent in macroeconometric and general equilibrium models (CGE) [76]. |IAMs
have also been subject to broader critiques, including the need for a shift beyond
technology-centric views to embrace demand-side measures and a diverse represen-
tation of mitigation actions across di erent scales [78, 79]. While research on CE
development in IAMs has expanded over the past years, a critical gap remains: the
inability to take a system-wide perspective and consider interlinkages between CE
strategies. This means embedding the complexity of circular economy strategies
across multiple interlinked stages of material extraction, production, use and end-
of-life while also accounting for unintended e ects across environmental, economic,
and social subsystems. Yet, such system-wide perspective is instrumental to assess
the interdependencies between di erent CE policies, targets and constraints across
the supply chain [80, 81]. Consider, for instance, (i) incentives to the recycling sec-
tor, (ii) a percentage requirement of recycled plastic in packaged goods in industry,
and (iii) a policy that educates consumers to reduce plastics consumption. Policies
targeting recycling and production phases might contribute to one another: as the
rst increases the demand for recycled plastics and the second creates a market for
recycled material in industry. However, in the opposite direction the policy applied

to the consumers can reduce the quantity of plastics available for recycling and,
consequently, for further use in industry. Alternatively, in absence of educational
policies, recycling and production incentives result in higher plastics consumption.
This paper addresses this gap by developing a structured framework which details
the key dimensions of the assessment of CE strategies. Such framework is then used
to investigate the state of the art of CE representation in IAMs and to identify the
key developments necessary to improve CE policies evaluation in IAMs. To achieve
this, we rst develop a conceptual framework grounded in key de nitions and clas-

si cations of CE policies, and which incorporates the principle of life cycle thinking.
This perspective which is widely adopted in CE policymaking, e.g., the EU Circular
Economy Action Plan [82] - accounts for environmental and resource impacts across
all stages of materials or products' lifecycle - from raw material extraction through
production, use and end-of-life managing and reprocessing. Second, based on this
framework we present an in-depth review of how CE strategies have been evaluated
in IAMs. Lastly, we comprehensively discuss the current challenges and potential
improvements needed in IAMs, focusing on di erent approaches, novel model ca-
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pabilities and couplings. The rest of the paper is organized as follows. Section 2
details the conceptual framework and outlines the methodological approach used
to conduct the review. In section 3 the results are presented, detailing the current
state of IAMs in incorporating CE policies. Section 4 discusses potential options
for improving CE policies in models and provides insights into future research and
modelling improvements. Section 5 concludes.

2.2 Methods

The methodology of this paper is based on two consecutive steps. First, a conceptual
framework was developed to organize the key dimensions of the CE and serve as
the basis for understanding the state-of-the-art of IAMs modelling of CE and to
identify key avenues for future research (Figure 2.1). Second, a literature review was
conducted to examine how CE policies have been represented in IAMs. Based on
this review, and using the framework as an analytical lens, key gaps and limitations
in current modeling practices were identi ed. The subsections below describe each
step in further detail.

2.2.1 Organizing the problem: A CE framework for modelers

The conceptual framework developed in this study draws from established concepts
in industrial ecology and climate and energy policy analysis. It details the key ele-
ments and layers to provide a comprehensive assessment of the mitigation potential
of CE policies. It also highlights how the di erent elements/layers interact with
each other in the context of promoting circularity. Modelers should then be aware
of, and account for, these interactions. The framework distinguishes four key layers.
First, in the terminology of [63], CE policies di er in terms of strategies: they
can promote narrowing, slowing or closing strategies. Narrowing policies focus on
strategies to reduce material use, incentivizing companies to adopt servitization or
sharing economy principles. This includes designing products that minimize ma-
terial and energy use, such as lightweight and multi-functional items, encouraging
consumers to choose versatile over specialized products. These policies should also
drive consumer behavior towards reduced consumption and preference for sustain-
able options. Slowing policies are primarily centered on adding value to products to
extend their economic lifespan. This strategy is mainly achieved by improving prod-
uct durability and repairability during the production phase. It is essential to push
the development of new services and markets and encourage consumers to utilize
these services. Closing policies promote the reintegration of materials into the econ-
omy following their post-consumer phase. In the production phase, product design
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policies can enhance the e ectiveness of these policies by prioritizing recyclable ma-
terials and easy disassembly. Additionally, policies that curtail land ll-bound waste
and promote the creation of new markets for post-consumer products contribute to
the success of these e orts. Eco-parks and the promotion of industrial symbiosis
further serve as signi cant incentives for closing policies.

Second, independently of whether they target the narrowing, the slowing or
the closing of material loops, policies di er by nature. Following the classi cation
framework from [83], as applied in climate and energy policy studies [84], we organize
CE policies in three main categories. Regulatory policy instruments, encompassing
codes, standards, and quotas, establish mandatory environmental benchmarks and
practices - as is the case for the EU Single-use Plastic Directive (European Commis-
sion 2019) [85]. Economic and Financial instruments, including taxes, user charges,
subsidies, and tax reductions such as Sweden's Reduced VAT on Repairs (European
Commission 2021)[86], aim to internalize environmental externally by altering the
costs associated with material use, nudging the market towards resource e ciency
and sustainable innovation. Lastly, Voluntary or Soft policies aim at in uenc-
ing the behavior of economic agents through information provision, education and
awareness and behavioral change, as in the case of the EU Ecolabel certifying goods
and services with a reduced environmental impact (European Commission 2024)
[87].

Third, all policy instruments can be applied at di erent and multiple scales. We
draw on terminologies used in industrial ecology and CE policy eld [82, 88, 88, 89]
to classify these scales as: Material-level initiatives promote the reuse or recycling
of speci c components, like electronic parts or packaging, aiming to increase recy-
cled content in products like plastic bags. Product-level policies focus on the entire
lifecycle of products, implementing eco-design principles to improve durability, recy-
clability, and reparability, exempli ed by the France Reparability Index (European
Environmental Agency 2024) Sectoral-level policies apply to entire industries, ad-
vocating for sustainable practices, resource e ciency, and circular business models
within sectors such as manufacturing and energy, as seen in the U.S. Solid Waste In-
frastructure for Recycling Grant Program (US EPA 2022) [90]. System-level policies
adopt a holistic approach, encouraging closed-loop systems and Extended Producer
Responsibility (EPR) schemes (OECD 2024) [91].

Fourth, given the breadth of CE strategies, to successfully achieve macro-level
material demand reduction policies in support of CE should consider the entire
product life cycle. For instance, a policy might target either consumers (demand-
side policy) or manufacturers and end-of-life management sectors (supply-side pol-
icy). This di erentiation leads to very di erent impacts on material demand, ows,
stocks, and potential rebound e ects. For this reason, it is important to understand
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in which stage of the supply chain a given policy instrument is applied - namely
extraction, production, consumption, and end-of-life management. Extraction in-
volves the initial procurement of resources, production covers the transformation of
primary resources into nal products or services, consumption pertains to the end-
use of these products and services, and end-of-life management encompasses the
post-consumption processes related to post-consumption transformation. This four-
phase classi cation summarizes the main stages typically used in cradle-to-grave and
cradle-to-cradle life cycle thinking and material ow analysis [92].It is important to
distinguish between life cycle thinking, which is a conceptual approach for assessing
environmental impacts across all stages of a product's life, and supply chain man-
agement, which focuses on the coordination and operational capacity across these
stages. In the modeling context, both are complementary: life cycle thinking en-
sures consistency in environmental accounting and helps prevent burden shifting,
while supply chain management highlights the need for technical and economical
coherence between stages. For example, end-of-life processing systems considered
in models might not be realistically feasible in some regions (e.g. post-consumption
ows are not managed properly to sort and recycling facilities). Both perspectives
require that all stages of the supply chain be coherently represented and intercon-
nected within the models. Importantly, CE policy instruments, when applied at

di erent levels, can be integrated into a policy portfolio with a speci c objective,
such as the reduction of primary critical metal extraction. As shown in Figure 2.1B,
this policy portfolio can be implemented in a vertical approach, whereby distinct in-
struments are employed to achieve one or more CE strategies within a single stage of
the supply chain. In contrast, a horizontal policy portfolio entails the implementa-
tion of instruments and, subsequently, CE strategies across the various stages of the
supply chain. In both cases, instruments can target di erent scales, from material-
level measures to broader product- or system-level interventions by using di erent
R strategies. For the sake of visual clarity, Figure 2.1B focuses on the structural
logic of policy layering and interaction across the supply chain, while strategy types
and scales are detailed in Figure 2.1A.
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Figure 2.1. Conceptual framework for CE policy evaluation in IAMs

2.2.2 Literature Review

Using the theoretical framework from the previous subsection, we carry out a sys-
tematic literature review to identify approaches used to model the intersection of
climate mitigation and CE in IAMs, as well as gaps that remain to be addressed.
To this end, we select a sample of publication as detailed below, classify each publi-
cation depending on the objectives of CE policies, the policy mechanisms employed,
the CE strategies utilized, the scales of application, the stages of the supply chain
addressed, and the interdependence and cross-sectorial analysis of CE strategies.
Our nal sample includes 31 articles that evaluated the impact of CE strategies on
climate mitigation within IAMs (Figure 2.2), encompassing 15 distinct models of
varying complexity.

The sample selection for our review follows the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) methodology [93]. First, we
searched the Scopus and Web of Science database using keywords related to circu-
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lar economy, energy-climate models, integrated assessment model*, macroeco-
nomic models as well as the 10R framework. We focused on peer-reviewed papers
published between 2014 and 2024, as this period marks a shift in IAM research
following the Paris Agreement, with increasing emphasis on demand-side mitiga-
tion strategies and the integration of circular economy considerations as in [51, 94].
Additionally, we applied the forward snowballing technique to ensure that relevant
articles were included [95]. Details are provided in Annex A.

Papers were eligible for inclusion in the review if they (i) were original research
articles (excluding meta-analyses and review articles) and peer-reviewed, (ii) con-
sidered CE strategies focused on material and non-energy use feedstocks and (iii)
examined their impacts on at least energy use and greenhouse gas emissions in
energy-climate low carbon scenarios. The second selection criteria implies that we
excluded articles focusing solely on the switch of energy generation technology from
fossil to renewable energy or biomass on supply-side energy e ciency mitigation
options, which are common mitigation strategies. Additionally, we did not consider
papers in which the scenarios resulting from the IAMs were used as inputs for other
models to carry out their analyses (as is the case for [89, 96]).

Given the heterogeneity of IAMs, we classify papers based on the grouping pro-
posed in Wiedenhofer et al.(2024) [97]: Computable General Equilibrium (CGE)
models, Partial Equilibrium models (PE), and Macroeconometric models and Sys-
tem Dynamics (SD) models. CGE models o er a detailed economic representation,
examining policy impacts aiming for optimal economic closure. PE models focus on
the interaction between environmental impacts and speci ¢ economic sectors, often
integrated with CGE models for comprehensive analysis. Macroeconometric mod-
els, distinct from CGE models, base their simulations on historical data to capture
dynamic, nonequilibrium economic behaviors, suitable for evaluating diverse climate
policies. SD models are usually based on simulation of non-linear dynamics between
actors in a speci ¢ system and they are rooted in causal feedback structures.
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Figure 2.2: Reviewing process conducted in this paper

The framework presented in subsection 2.1 was used as the basis for a structured
analysis of the selected papers, with the aim of identifying gaps and thus shap-
ing future research priorities. This process involved examining which dimensions of
circular economy are underrepresented or inconsistently addressed in existing mod-
eling approaches. From this, a set of research directions was formulated by assessing
where improvements are both most needed and most feasible. The suggestions were
not derived arbitrarily but emerged through a systematic evaluation of existing gaps
and a targeted search for literature, including from adjacent elds, that proposed
methodological pathways or policy strategies to address them. The methodological
approach described so far is certainly subject to some limitations. Firstly, the pa-
pers selected for review were based on a set of keywords that are typically used in
the eld of circular economy research, as cited in references such as [60, 98](2023).
However, it should be acknowledged that some models may represent the circular
economy using di erent names or classi cations that were not captured by the re-
search query. The application of the snowballing method was speci cally intended
to mitigate this potential limitation, thereby reinforcing the robustness of the results
in relation to the research objectives. Moreover, the lack of transparency regard-
ing the speci cs of how particular variables and assumptions are incorporated into
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models partially prevents us from discussing certain facets of CE representation and
modeling assumptions. This is a well-documented issue in the literature [79, 99].

2.3 Representation of Circular Economy in IAMs

Four main insights emerge from our analysis. First, modelling e orts focus on nar-
rowing and closing strategies, but largely overlook policies aimed at slowing. Second,
with respect to scales, it is evident that IAMs lack the granularity necessary to model
detailed CE options. Third, with respect to stages, IAMs are currently limited in
their ability to account for the full supply chain e ects and cross-linkages of CE
strategies. Fourth, IAMs lack the ability to model speci ¢ policy instruments and
face challenges in evaluating policy portfolios. We discuss each of these results in
detail below. Figure 2.3 illustrates the characteristics of our sample. Figure 3A
demonstrates that the prevalence of CE measures in decarbonization scenarios has
been increasing over time. Furthermore, Figure 2.3B depicts that PE models repre-
sent the largest category of investigated models, followed by CGEs, System Dynam-
ics models and Macroeconometric models. Annex B contains a detailed discussion
of these papers in our sample.

Figure 2.3: Number of publications review by publication year (A) and by Models

(B)

2.3.1 Strategies: narrow and close, but not slow enough

Most articles in our review focus on modelling how ‘Narrow' and 'Close’ CE policies
a ect GHG emissions (Figure 2.4). CE strategies aimed at narrowing the loop are
the focus of most of the contributions, representing half of all strategies mapped in
this review, and focus on Reducing primary material feedstock for industries and
material services demand for end-use sectors. The second most modelled strategy
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Is Recycling (28%), that is predominantly considered in industry scenarios as an
increase in the utilization of recycled feedstock during production (Figure 2.4). All
other strategies are addressed only in a handful of contributions. Some CE strategies
such as Refuse and Rethink sum together roughly 7% of the strategies examined in
our sample. They are predominantly applied in the transport and building sectors,
meaning that (i) narrow strategies, which present less economy-wide and rebound
e ects, are underexplored, (ii) the scarcity of these options poses a signi cant knowl-
edge gap regarding understanding and evaluating the impacts of new business models
in industry. In some cases, the interest in CE is also motivated by the hope of re-
ducing the dependency on imported critical materials, which is crucially important
debate related to the energy transition [50, 100 102] 'Slow' policies are largely under
researched. This is partly because they rely on end-user behaviors, which are highly
heterogeneous and involve complex dynamics between prices and income that are
di cult to capture in IAMs. In the few cases in which they are considered, they are
only included as a component in the mix of CE policies options described in what-if
scenarios' narratives [50, 102, 103] or implicitly considered through the use of sen-
sitivity analysis to estimate the potential e ects of increasing the lifespan of energy
generation technologies [102]. Reuse options represent around 6% of all strategies
only and considered as part on narratives that together with other strategies set a
reduction in primary feedstocks in industry [69, 71, 103]. Repurpose represented
only 2.5% of the CE options essentially comprising cascading batteries [50] and in-
dustrial symbiosis [45] or repurposing oil re ning infrastructure to process biomass
[104]. Neither Refurbish nor Remanufacture were considered in any of the articles
investigated.

Figure 2.4: CE strategies mapped in this review by model type

22



2.3.2 Scales: Lack of granularity in CE modelling options

With respect to the scale dimension, policies promoting CE often target materials,
components, and products (e.g. the new EU batteries regulation [105](European
Union 2023)), but models typically represent CE strategies at the sector level. IAMs,
in their original framework, lack the necessary granularity to capture these policies
e ectively due to insu cient detail on economic sectors and physical and economic
ows between them. As shown in Figure 2.5, around 6% and 29% of reviewed
papers focus on the product and material levels, respectively, while all others focus
on the sectoral level. This limitation hinders the accurate assessment of factors such
as waste availability, regional recycling capacities, and investment costs, making it
di cult to develop material-balanced, low-carbon scenarios.

The ability to focus on product and material level is much higher when IAMs
are coupled with other models. Among the analyses based on single models, prod-
uct and material-levels account for just 7.4% and 3.7%, respectively; these numbers
raise to 42% for material-level and reduce to 5.8% to product-level percent when
in the same of analyses in which IAMS are linked with bottom-up models. Sim-
ilarly, while production remains the most analyzed sector, model linkages signi -
cantly increased the representation of the consumption stage. Without linkages, CE
strategies were predominantly applied to the production sector (63%) and consump-
tion (37%). However, with model linkages, the focus shifted: production accounted
for 40%, consumption 31%, EoL 25%, and extraction 4%. Notably, evaluating CE
strategies at the material level during the consumption phase was only possible
through coupled models.
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Figure 2.5: Flow of CE strategies mapped in the reviewed literature, organized by
model type, policy instrument representation, model coupling, scale, supply chain
stage, and CE strategy. The Sankey diagram visualizes how circular economy strate-
gies are represented across IAMs. The width of each ow corresponds to the number
of CE strategy representations that move from one node to the next indicating, for
example, how many strategies are modeled endogenously, applied at a given scale,
or linked to speci ¢ supply chain stages.

The Sankey diagram presented in Figure 2.5 reveals several important insights.
First, CGE models are more likely to endogenously assess di erent types of policy
instruments, while PE and SD models tend to neglect this aspect. Second, Figure
2.5 highlights the limited representation of the extraction and EoL stages, under-
scoring the current di culty IAMs face in fully applying life cycle thinking. The
predominance of measures focused on the production stage further illustrates that
CE modeling, like traditional mitigation modeling, often centers on supply-side in-
terventions. Third, the underrepresentation of CE strategies that act outside the
production stage suggests that improving the modeling of these strategies depends
on developing the representation of other supply chain stages. This, in turn, is more
e ectively achieved through model linkages with tools that o er greater sectoral and
material detail.
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2.3.3 Stages: Limited ability to account for the full supply
chain

The e ective implementation of CE depends on the participation of a diverse range
of stakeholders within the supply chain [106](Elia et al., 2020). Yet, most available
analysis lacks the granularity and heterogeneity needed to accurately represent com-
plex supply chains and the CE policy mix applied to them. With respect to stages,
Figure 2.5 also highlights a disproportionate focus on CE strategies in the consump-
tion and production stages, with less attention to end-of-life and extraction sectors.
PE models and SD frameworks face challenges in capturing the full supply chain,
particularly when not linked with other models. Even when model linkages are ap-
plied, they fall short in adequately representing extraction sectors, often accounting
only for available reserves of speci c resources, such as rare earth minerals. CGE and
macroeconometric models are particularly well-suited to representing entire supply
chains due to their structural characteristics; however, as noted, they largely lack
material-level granularity. From our review, no IAM has successfully detailed both
extraction and End-of-Life sectors comprehensively. Speci cally, current IAMs lack
an integrated approach to account for resource availability, ore decaying and the
energy expenditures associated with processing and re ning resources in extraction
sectors. Similarly, most models provide either limited or sector-speci ¢ material
and energy-balanced representations of EoL sectors, often omitting the energy costs
related to the trade and transport of materials and products post-consumption.

2.3.4 Instruments: Limited modelling of specic policy in-
struments and challenges in evaluating policy portfolios

Most studies (70%) relied on stylized CE narratives with limited or highly aggregated
CE strategies, thus failing to incorporate policy mechanisms in a detailed manner
(Figure2.5 and Figure 2.6). Rather, exogenous adjustments are made to re ect
directly the policies' outcomes, a common practice in PE models [43, 45, 49, 59,
71, 102, 107 111]. Only 30% of the studies apply endogenous CE strategies; most
of them use CGE and Macroeconometric models (2.6). Of these, 43% investigate
economic policy instruments, 38% focus on regulations, 14% on R&D investments
and only 5% on soft mechanisms. This suggests that linking detailed-process and
economic models can be a valuable strategy to improve CE analysis, particularly
for evaluating the e ectiveness of di erent policy instruments. Papers focusing on
economic instruments usually refer to (i) taxes on waste or carbon-intensive primary
feedstocks [41, 112], (ii) subsidies to increase recycling [113], and (iii) economic
incentives to consumers to encourage the replacement of batteries instead of the
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acquisition of new cars [50]. The regulatory mechanisms most studied are bans
and targets towards the consumption of bio-based feedstock, reduction of primary
materials use and waste prevention [41, 69]. Modelling e orts focusing on R&D
considered nancial incentives to increase recycling and material e ciency rates
[114]. Soft mechanisms are considered in narratives to promote behavioral shifts
regarding waste sorting [69].

Figure 2.6: Type of policy mechanisms were considered by model type or whether
there is no speci ¢ policy mechanism were directly modelled (Indirect)

Models represent CE policies in three ways: altering monetary values [69], ad-
justing elasticities of substitution to reshape input relationships [112], or imposing
constraints on material or technological availability and consumption [49]. However,
IAMs do not incorporate the monetary costs of policy implementation into their
pricing frameworks, and there are limited studies on the e ectiveness of alternative
policy mechanisms, whether applied individually or in combination [41]. Another
noteworthy insight is that existing models are de cient in adequately representing
the interactions between CE strategies when implemented concurrently. This is true
both in the case of policy portfolios implemented within a given scale and stage, or
across di erent scales and stages. The only exception is [69], which was the sole
study to investigate together the impact of enhanced waste collection systems by
integrating waste sorting with recycling rates to project the use of recycled mate-
rial in production processes [69]. However, no analysis was conducted to evaluate
the performance of individual CE strategies in comparison with the policy mix. A
comparable gap is evident with respect to the vertical policy portfolio, wherein a
combination of CE strategies is implemented at the same stage of the supply chain.
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2.3.5 Understanding Models' Speci cities and Research Fo-
cus

We nd that the IAMs identi ed in this review di er signi cantly in their capacity to
represent the multiple dimensions required for robust CE policy assessment, as out-
lined in the conceptual framework. PE models, particularly detailed process models
linked with sectoral bottom-up tools, o er a more granular representation of tech-
nologies and, in some cases, materials, making them suitable for simulating narrow,
demand-side CE strategies such as product reduction or substitution. However, they
lack detailed representations of heterogeneous behaviors, economic feedbacks, and
diverse policy instruments, often relying on exogenous assumptions implemented
through what-if scenarios. Their sectoral scope is also limited to production and
consumption stages, constraining system-wide analysis and integration of life cy-
cle thinking. Macroeconomic IAMs, including CGE and macroeconometric models,
are more e ective in capturing price-based policy instruments and economy-wide
feedbacks. Their system-level structure enables the assessment of cross-sectoral in-
teractions and distributional impacts. Nevertheless, they usually rely on aggregated
representations of materials and technologies, limiting their ability to assess product-
or material-speci ¢ CE strategies. Although these models can evaluate certain social
impacts of CE strategies, such as e ects on income and employment, they struggle
to incorporate non-price behavioral instruments and detailed agent heterogeneity.
System Dynamics models are well-suited for simulating complex CE strategies as
they can capture nonlinear feedback between subsystems and dynamically represent
biophysical and socioeconomic constraints [107]. However, their high spatial and
temporal aggregation and reliance on sensitive causal assumptions make empirical
validation challenging. In addition, the absence of explicit market mechanisms limits
their capacity to assess broader economic trade-o s. A more detailed analysis of how
di erent IAMs implement CE, including speci ¢ instruments, strategies, and model-
ing approaches, is provided in Annex B, which includes a sector-by-sector breakdown
of CE implementation based on the reviewed literature. Across the reviewed liter-
ature, all IAMs focused on evaluating the benets of CE strategies primarily in
terms of reductions in CQ emissions and energy use. CGE and macroeconometric
models extended this evaluation to include economic indicators, most notably GDP
impacts. When it comes to material demand reduction, such bene ts were typically
captured by SD and PE models or, in a more aggregated way, by CGE models.
However, this was the case in less than half of the models analyzed. Importantly,
social outcomes remain largely absent from current CE-integrated modeling e orts.
Among the studies reviewed, only one SD model considered changes in employment
because of the implementation of CE approaches [42], as well as the benets to
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Sustainable Development Goals (SDGs). This lack of attention to social dimen-
sions reveals a critical gap in current CE modeling. Although CE strategies have
the potential to in uence job creation, equity, and well-being [115], these impacts
are rarely addressed. Incorporating such dimensions is essential to provide a more
holistic assessment of CE policies and to align modeling e orts with the broader
objectives of the SDGs. While no single model type can fully capture all dimensions
of CE policy analysis, each has strengths within speci c layers of the framework.
This highlights the need for further research on model integration and hybridization.

2.4 Advancing CE Policy Modeling in IAMs: Key
Challenges and Future Prospects

IAMs hold great potential as suitable tools for the evaluation of CE policies and
their impact on climate mitigation. Yet, critical gaps described in Section 2.3 need
to be addressed. Key opportunities for enhancing IAMs include model development
and coupling, better integration of high-quality data and empirical insights, and
development of new scenarios. Table 1 summarizes these opportunities, identifying
speci ¢ gaps and highlighting areas where an integrated approach could be partic-
ularly bene cial. It also illustrates how addressing the identi ed gaps through the
suggested research pathways can contribute to improving IAMs. The classi cation
presented in the Figure 2.7 is based on three main criteria: (i) consistency, which
refers to whether the model maintains a material-balanced framework, meaning that
all material ows (including extraction, production, use, recycling, and disposal) are
coherently tracked and aligned with the principle of mass conservation, ensuring that
stocks and availability for reprocessing match in ows and out ows; (ii) accuracy, de-
ned as the extent to which the implementation of CE policies in the model re ects
empirical and system-level conditions, particularly whether assumptions (e.g., on
recycling rates, behavioral change, or technological feasibility) are grounded in ob-
served data or supported by industrial ecology literature and applied case studies,
thereby reducing the gap between modeled outcomes and policy outcomes; and (iii)
comprehensiveness, referring to the model's capacity to evaluate a wide range of
CE policies strategies, whether across multiple life-cycle stages (e.g., design, con-
sumption, end-of-life), through di erent types of policy instruments (e.g., regulatory,
economic, behavioral), applied vertically and horizontally. Notably, some identi ed
gaps overlap with proposed solutions, indicating that certain challenges require an
integrated approach. In the remainder of this section, we discuss in detail key ap-
proaches which can be implemented to shift the focus of the IAMs community from
the modelling of CE as a collection of marginal changes to its representation as a
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structural change implying new business models, dematerialization and servitization.
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Figure 2.7: Main gaps and future research pathways. Accuracy in blue, Comprehensiveness in orange, Consistency in green



2.4.1 Model Improvements

Model improvements should focus on enhancing the ability to consider comprehen-
sively and consistently the impact of CE policies. This can be achieved by improving
granularity (e.g., from material-level scale to the aggregate macro-scale) and better
capturing trade-o s, burden shifts, and rebound e ects. Improvements should also
0 er opportunities to overcome the dominant approach of evaluating CE policies
and strategies in isolation. We mapped six main challenges that need to be tack-
led. First, models need to be improved to include material ows between upstream
sectors (manufacturing and extraction) and downstream sectors (end-of-life manage-
ment) at material level, e ectively establishing connections between material ows in

a way that extends beyond the conventional boundaries of consumption and produc-
tion. The potential of this solution is shown, for instance, by the recently developed
MESSAGEix-Materials model [40], which enhanced the industrial representation of
the MESSAGE model by adding an accounting for stocks and ows of steel, ce-
ment, and aluminum. Additionally, IAMs should develop innovative methods to
obtain estimates of future material consumption that transcend the traditional ap-
proach based on econometric regression models as the latter may otherwise lock
model exercises to portray a trajectory of resources consumerism tied to economic
growth rather than one more in line with the implications brought about by circu-

lar practices. Second, the range of Rs strategies portrayed in models needs to be
expanded. Although narrow and slow strategies related to behavioral choices are
typically the most e ective in terms of mitigation potential [116], this review shows
that most CE strategies focus on Recycling and Reduce, which demonstrates an
underexplored space in IAMs. Some recent contributions provide guidance on incor-
porating CE strategies into IAMs. For instance, the International Resource Panel
(IRP) report on the RECC model [117] outlines methods to quantify the e ects of
resource e ciency strategies, such as remanufacturing and repurpose, on greenhouse
gas reduction. Third, parameters representing CE policy instruments and strate-
gies in models require re nement to better re ect regional socio-technical, economic,
sectoral and cultural factors. Instead of using generic, xed values (e.g., a uniform
recycling rate in all model regions), models should incorporate region-speci c pa-
rameters that capture local drivers and barriers to CE adoption. As pointed out by
Bassi et al. (2021), CE levers and barriers are strongly related to local speci cities
[72]. These local specics can include logistics, material and energy penalty costs,
technical availability of transformation processes (e.g. recycling, refurbishing), mar-
ket acceptance considering lifestyles and cultural values. For example, Lessard et al.
(2021) has demonstrated that the availability and cost of by-products vary across
regions, which can impede the implementation of CE strategies at the local level
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[118] . Furthermore, it is important to recognize that the same policy mechanism
can have di erent impacts across sectors. For instance, Meglin et al. (2022) show
that levies are less e ective than bans in the land Il sector, while the opposite is
true in the cement sector, highlighting the need to account for such sector-specic
di erences [119] . Fourth, it is imperative that models better capture the behavioral
dimensions of CE and their e ects on emissions reduction. Models must improve in
representing the diversity of consumers' lifestyles and rm behaviors. Accounting for
these di erences enables more realistic model outcomes, as access to resources, pref-
erences, and willingness to adopt sustainable practices are in uenced by cultural
and economic contexts [120, 121]. While progress has been made in integrating
lifestyle factors into IAMs [122], current models still rely heavily on stylized, ex-
ogenous narratives and lack frameworks to endogenize emerging trends, such as the
sharing economy and shifts toward sustainable consumption. New frameworks to
understand the impacts of lifestyle on mitigation (e.g. as in Pettifor et al., (2023)
[123]) could provide guidance for further developments of CE in IAMs. Fifth, IAMs
should be developed to evaluate direct and indirect impacts of CE policies on cli-
mate mitigation. From our review, many gaps persist, especially regarding indirect

e ects across economic sectors. For example, the substitution between cement and
wood in the construction sector can impact the forestry sector and, consequently,
land availability for other uses such as food cultivation or energy crops. Other neg-
ative impacts such as burden shifts and rebound e ects can further complicate the
evaluation of the secondary impacts of CE strategies in IAMs. Improvement can
come from the coupling of models, particularly if e orts are focused on endogenizing
to the extent possible the responses of heterogeneous actors to these policies. Sixth,
model improvements should also focus on better capturing the compound e ects of
coordinated interventions across supply chains, as highlighted by [81]. This shift
helps move beyond evaluating CE strategies in isolation, which often results in a
fragmented view of CE's decarbonization bene ts. For instance, economic mecha-
nisms, such as incentives for recycling market development, EPR schemes, education
policies, and waste import bans, can in uence the recycling rates assumed in models
but are often overlooked. Therefore, it is essential to gain a deeper understanding
of the operational mechanisms through which diverse policies operate across dif-
ferent sectors and regions. This could be achieved by examining the ndings of
existing studies that have explored the potential outcomes of di erent CE policies,
as illustrated by [124 126]. Few studies have examined the e ectiveness of pol-
icy portfolios, whether individually or in combination (e.g., Hat eld-Dodds et al.,
2017). This gap highlights the need for further exploration of the di erent horizon-

tal and vertical policy implementations that might impact CE outcomes. Although
several model improvements have been discussed in this subsection, some can be
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considered particularly foundational. The rst step is to disaggregate the industrial
sector into relevant sub-industries, followed by its representation as an intermediate
sector whose output is endogenously determined by demand from end-use sectors.
This structural change enables a more consistent analysis of how CE measures im-
plemented in end use sectors a ect material production, energy requirements, and
industrial emissions. Moreover, it facilitates the explicit representation of material
ows. Incorporating a full, multi-layered depiction of CE strategies into IAMs might
require substantial structural modi cations that may not align with their original
purpose. Considering these constraints, adopting a modular modeling approach, in
which IAMs interface with external tools such as dynamic MFA models, can o er a
exible and technically feasible pathway. These strategies are further elaborated in
the following subsection on model coupling.

2.4.2 Models coupling

Many IAMs are based on static optimization or simulation approaches originally de-
signed to model energy ows and emissions. Over time, these models have evolved
to include land-use and water systems, but their architecture often remains con-
strained when it comes to incorporating material ows with su cient granularity.
Incorporating detailed material ows within these models frequently requires sub-
stantial modi cations that may not align with the model's initial design or technical
feasibility. As such, model coupling emerges as a solution, allowing IAMs to be
complemented by external models without necessarily compromising internal con-
sistency. Coupling enables the integration of CE-relevant insights while maintaining
the strengths of both modeling approaches. A range of external models can be
linked to IAMs to support di erent layers of CE analysis. For instance, model
linkages have been recently considered in reviewed papers through integrating in
IAMs of industrial ecology frameworks such as Material Flow Analysis (MFA), Life
Cycle Assessment (LCA) and Environmental Extended Multi-Region Input-Output
tables (EE-MRIO), Agent-Based Models (ABM) or by liking sector-speci ¢ bottom-

up models into their main structure. MFA frameworks track material ows and
stocks across sectors, ensuring consistent consideration in terms of material avail-
ability. LCA helps (i) the calculation of material demand for low-carbon technolo-
gies due to material intensities coe cients available in life cycle inventories [107]
and (ii) the choice for less carbon-intensive feedstock and processes in industries (as
in [48]). EE-MRIO frameworks expand sectoral representation in macroeconomic
models, facilitating the analysis of environmental impacts from consumption (e.g.
Freire-Gonzalez et al. 2022). ABMs simulate heterogeneous agents and their inter-
actions, showing how individual behaviors shape system outcomes. Linking them

33



with IAMs introduces behavioral diversity, social in uence, and innovation di usion
[127]. Frameworks such as Giarola et al.(2022) provide a foundation for developing
ABMs that simulate consumer and producer decisions on CE adoption, improving
the representation of micro-level dynamics in long-term CE policy analysis [128].
Bottom-up models provide precise calculations of material and energy demand in
housing, mobility and industry sectors assessing the impact of consumption patterns
on materials and energy use. When combined with MFA, these models evaluate CE
strategies like waste reduction and material reuse with a mass-balanced perspective,
signi cantly reducing emissions [43, 49]. Further integration between di erent IAMs

is essential to better analyze CE strategies. While CGE and macroeconomic models
capture economy-wide e ects, they struggle with long-term technological changes.
PE models, with detailed technological analysis, are ideal for studying material ows
and can better be integrated with macroeconomic models for a more comprehensive
approach. Fruitful avenues of future research on CE evaluation are the creation of
iterative processes not only between IAMs and industrial ecology models but also
between macroeconomic and PE models to re ne evaluation of CE e ect across
supply chains. This includes linking models to better represent price uctuations
of resources and their availability. These linkages would enable researchers to ad-
vance their understanding of how CE policies might reshape global trade and might
reduce the risk of supply disruptions for critical materials considering economical
and geopolitical barriers. Several approaches can be used to operationalize model
coupling, depending on the level of integration and the direction of information
ow. These include: (i) Hard-linking, where two models are fully integrated into

a single framework and solved simultaneously. This approach allows for dynamic
feedback between systems but is technically complex and requires deep compatibility
between model structures [103] ; (ii) Soft-linking, in which models operate indepen-
dently but exchanging data between them. This exchange can occur in one direction
or iteratively until convergence or a maximum number of iterations is reached (e.g.
as in IMAGE-Materials [129], which is a dynamic MFA model that receives service
demands from IMAGE model and provides back material demand data) (iii) Harmo-
nization, in which parameters or assumptions from one model are used to calibrate
another. For example, sectoral service demands, material e ciencies, or recycling
potentials from bottom-up or MFA models can be used to inform IAM scenarios; (iv)
Pre-processing, where circular economy assumptions are incorporated into the input
data or scenario de nitions before model execution. For instance, material intensity
trajectories from di erent product designs can be imposed in IAMs as exogenous
assumptions; (v) Post-processing, in which outputs from IAMs are used as inputs
for other models such as dynamic LCA tools, enabling the evaluation of environmen-
tal impacts across broader system boundaries (e.g., see Sacchi et al. (2022) for an
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example of integrating IAM outputs into prospective LCA). Among these options,
coupling IAMs with MFA tools is particularly foundational, as it enables consis-
tent and dynamic evaluation of secondary material availability over time, sectors,
and regions, replacing arbitrary assumptions about recycling rates with physically
consistent estimates. Despite their advantages, coupling strategies face practical
challenges. A key diculty lies in harmonizing spatial and temporal resolutions,
which are often complicated by di erences in scales, sectoral disaggregation, and
data structures across models. For IAM ABM integrations, it is often di cult to
empirically validate results, as behavioral data are scarce at large scales and aggre-
gation makes di cult to account for local variations. These e orts demand not only
time and coordination but also clarity and transparency in how assumptions, such
as material lifetimes, technological uptake, or policy implementation timelines, are
aligned, transferred, or adjusted across models.

2.4.3 Improving Data Availability to Better inform Modeling
e orts through Empirical Insights

Several challenges in modeling CE policies arise from data limitations. The lack
of high-quality data hinders models from accurately re ecting CE strategies, limit-
ing their granularity and preventing them from accounting for regional speci cities.
Without detailed data, models struggle to capture the unique capacities, prices,
behaviors, and transformation processes of each region accurately. Furthermore,
the lack of reliable estimates of the demand price elasticities, because of limited
data availability, constrains accurate model calibration. Consequently, the ability
to model how changes in demand for materials or services, like repair, a ect overall
demand is limited, hindering realistic assumptions about CE adoption and poten-
tial unintended e ects. Material intensities and e ciency potentials often rely on
assumptions due to limited empirical research [130]. CGE models, for instance,
rely heavily on price and demand elasticity assumptions, which should be grounded
in robust empirical studies to improve accuracy [131]. More empirical research is
also needed to better capture dynamics like household decisions between buying new
products or repairing existing ones. Similarly, IAMs require real-world data to re ne
assumptions. For instance, empirical evaluations of recycling e orts such as those
driven by labeling initiatives or extended producer responsibility programs can
provide crucial inputs for modeling CE strategies more e ectively. Another critical
challenge in assessing the bene ts of reducing primary resource consumption lies
in the limited availability of extraction-sector data, particularly for rare earth met-

als (REEs). REE data is often considered market-sensitive due to geopolitical and
economic factors [132], leading to a lack of proper representation of the extraction

35



sector in IAMs and the e ects of CE strategies in this sector. The use of high-
quality data allows models to more accurately re ect CE strategies by enhancing
their granularity and accounting for regional speci cities. It enables models to bet-
ter capture the capacities, prices, behaviors, and transformation processes unique
to each region. Technological progress plays pivotal roles in shaping the success
of CE policies. However, their representation in IAMs often faces challenges as-
sociated with the unpredictability of technological advancement and the complex
interactions between technology adoption and lifestyle or cultural di erences. Tra-
ditionally, technological progress and innovation in IAMs have been based on limited
stylized narratives [44, 103] that drive assumption of consumption reduction. These
narratives lack a better understanding of the public acceptance of technological in-
novation, structural changes driven by new business models, that may di er consid-
erably between regions and the possibility of increasing consumption of products due
to technological change [133]. Better data and empirical evidence are also needed to
improve the way in which IAMs capture the interplay between consumer choices and
technological developments, which is crucial for e ective policy analysis. Changes
in consumption patterns drive innovation, while technological advancements in u-
ence consumer preferences. This bidirectional relationship requires careful modeling.
Also, scenarios and models must consider possible CE innovation spillover e ect that
could change the rate of adoption of a certain CE strategy.

2.4.4 Reimagining Decarbonization Narratives: From Cli-
mate Mitigation E orts to Comprehensive Sustainabil-
ity and Structural Shifts

Current CE narratives often rely on the Shared Socioeconomic Pathways 2 (SSP2
- Middle of the Road), SSP1 (Sustainability) scenarios and Low Energy Demand
(LED) scenarios. However, they lack depictions of policies current in place that
might set back CE objectives. Additionally, CE scenarios usually do not fully con-
sider the potential of slow policies and structural changes, that are typically neces-
sary to support comprehensive CE implementation. For instance, the U.S. In ation
Reduction Act promotes [134] domestic industry, signaling a shift towards protec-
tionist policies that align more with an SSP3 (Regional Rivalry) scenario. This
highlights the need for modelling new scenarios in which international cooperation
is not or only partially achieved. Since the CE success also relies on global ow of
materials, protectionist measures can disrupt these ows, impacting end-of-life recy-
cling and reuse processes [135]. Accounting for these in the narratives would enable
better exploration of potential rebound e ects, price shocks, and disruptions in sup-
ply chains may undermine CE. Another important point is that CE fundamentally
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involves structural changes, although IAMs have focused mainly on representing
marginal changes. Structural changes broad about by circularly include the rise of
new business models promoting dematerialization and servitization - along with
digitalization's e ects on consumption. Such aspects prove challenging to model
because they necessitate shifts in sector outputs, industry composition, cultural and
value systems and trade ows. To address this issue, narratives must re ect changes
on both the demand and supply sides, manifesting as novel consumption behav-
iors and new product and service combinations. Similarly, "Slow' policies that are
designed to extend product lifecycles, such as repair policies, which could have a
signi cant impact on sustainability e orts, are not yet fully explored. This gap is
especially evident when shifting from meso-level ( rm-level) analyses to assessments
of macroeconomic impact. Incorporating the potential outcomes of slow policies
into CE scenarios is essential for understanding how such measures could transform
consumption and production systems.

2.5 Conclusion

This study reviews the state-of-the-art modeling of CE policies and strategies in
Integrated Assessment Models with the aim of highlighting fruitful directions for
improvements. Our analysis shows that IAMs have so far focused on modelling CE
actions in isolation, largely overlooking the interconnectedness of material ows and
the broader economic, environmental and social impacts of CE policies. Current
IAMs lack the capability to evaluate comprehensive CE policy portfolios, both hor-
izontally (across sectors) and vertically (through the supply chain), and to account
for regional barriers to the adoption of these policies. The ndings of this study
point to several key areas for improvement in IAMs. First, models must represent
the entire material lifecycle, from extraction and production to consumption and
end-of-life management. Second, they need to account for the interdependencies
of CE strategies across supply chains, and also consider potential spillover e ects
(cross-sectoral or cross-regional impacts that can be positive or negative), feedback
loops (self-reinforcing cycles that amplify or reduce the outcomes of a CE strategy),
rebound e ects (when CE strategies intended to reduce consumption or primary pro-
duction unintentionally lead to their increase) and possible trade-o s. Third, models
should explore more CE strategies other than Reduce and Recycling and better as-
sess the wider economic, environmental, and social impacts of CE strategies for a
more holistic perspective. The main contribution of this paper is threefold. First,
this paper contributes to the circular economy and climate policy modeling literature
by o ering a structured way to organize the complex and multi-layered challenges
of assessing CE strategies within IAMs. Drawing on concepts from industrial ecol-

37



ogy, life cycle thinking, and policy analysis, the framework synthesizes four key
analytical layers (policy instruments, CE strategies, supply chain stages, and scale
levels) into a structured, policy-relevant approach. This conceptual structure allows
researchers to better understand how CE can be modeled, identify inconsistencies,
and ensure alignment with principles such as system-wide and life cycle thinking.
Second, the paper makes an empirical contribution by applying this framework to a
systematic review of recent literature, revealing how di erent types of IAMs, such
as partial equilibrium, macroeconomic, and system dynamics models, vary in their
ability to represent the multiple dimensions of CE. Third, building on this evidence,
the paper proposes clear research avenues for enhancing the investigation of CE
policies within IAMs. This includes recommendations for improving data collection,
integrating diverse modeling frameworks, and addressing sectoral interconnections
with regional and cultural speci city. Additionally, the paper proposes "what-if"
narratives to explore CE spillover and rebound e ects, feedback loops, trade-o s
and geopolitical implications, especially in reducing dependence on critical materi-
als for energy security. While this paper takes an important step in the analysis
of CE representation in IAMs, some areas for future improvement remain. These
include an in-depth review of the integration of industrial ecology models with IAMs
and future perspectives to strengthen the linkages between the two. An additional
area for potential enhancement is the establishment of a comprehensive CE policy
database. This could be organized according to the conceptual framework outlined
in this paper and would support more realistic CE scenarios in IAMs. In addition, it
would o er insights across related disciplines. Finally, CE must also be evaluated in
relation to other SDGs, as its principles align with broader SDG objectives beyond
the typical focus on energy and emissions in IAMs. While IAMs are primarily used
for energy and climate policy research, there is an increasing need to incorporate
SDG considerations, since these goals are interconnected and can involve trade-o s,
particularly between climate action and other objectives. CE strategies could help
mitigate some of these trade-o s, such as reducing biodiversity loss while pursu-
ing zero hunger, but they might also introduce new con icts, especially between
economic growth and sustainable consumption versus climate goals.
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Chapter 3
Methodology

The methodology of this thesis addresses three critical gaps discussed in Chapter
2. The rst gap concerns explicit material ow representation: most integrated
assessment models lack a transparent accounting of material use along supply chains,
which prevents them from capturing how material demand responds to technological
choices and policy interventions. The second gap concerns the limited scope of CE
strategies: integrated assessment models typically represent only a narrow set of
circular economy measures, primarily recycling and material e ciency, while largely
neglecting lifetime extension and other "slowing" strategies that reduce material
demand by extending product lifetimes. The third gap concerns the link between
material demand and industrial emissions: integrated assessment models cannot
evaluate how changes in material demand translate into upstream industrial activity
and emissions, because material-producing industries and the linkages between end-
use sectors and industrial production are not explicitly represented.

To address these selected gaps, this chapter demonstrates the feasibility, and
highlights the key challenges, of improving material- ow representation within the
World Induced Technical Change Hybrid (WITCH) integrated assessment model
by introducing a dedicated material module, referred to as WITCH Material. The
methodological approach consists of three main improvements: (i) explicit represen-
tation of material stocks and ows linked to electricity infrastructure and transport
technologies, (ii) implementation of a broader set of circular economy strategies be-
yond reduce/recycling, and (iii) a systematic translation of material demand changes
into upstream industrial emissions through life cycle assessment. Importantly, these
extensions build on WITCH's existing structure rather than replacing it, thereby
advancing the model set of IAMs with explicit material- ow representations while
preserving WITCH's distinctive feature of endogenous technical change and its suit-
ability for long-term climate and energy policy analysis .

At its core, the WITCH model [136] is a global IAM designed to analyze long-
term climate mitigation and adaptation pathways by linking economic growth, en-
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ergy systems, technological change, and climate dynamics. It combines an intertem-
poral optimal growth framework with a detailed representation of the energy system,
allowing regions to allocate investments across technologies and economic activities
SO as to maximise intertemporal social welfare under constraints such as resource
availability, technological learning, climate damages, and climate policy instruments.
This structure makes WITCH particularly well suited for analysing long-term low-
carbon transitions. However, the same structural features that make WITCH pow-
erful for energy-system analysis also limit its ability to represent non-energy dimen-
sions of the transition. Material use is not explicitly modelled, and the industrial
sector is highly aggregated, with no bottom-up representation of material-producing
industries such as steel, aluminium and cement. As a consequence, WITCH can-
not track how material demand emerges from end-use technologies, how materials
accumulate in long-lived stocks, or how changes in material demand translate into
upstream industrial activity and emissions.

These limitations motivate the methodological extensions introduced in this
study. As illustrated in Figure 3.1, the approach combines an external pre-processing
stage, an internal material stock ow module embedded within WITCH (WITCH
Material), and a post-processing stage based on prospective life-cycle emission fac-
tors. Together, these components establish a transparent link between technology
deployment, material use, and material-related emissions, while remaining consistent
with WITCH's aggregated industrial structure.

The empirical application focuses on two end-use sectors that are both highly
material-intensive and explicitly represented in WITCH: electricity generation (in-
cluding transmission and distribution infrastructure) and passenger road transport.
These sectors were selected for methodological and substantive reasons. From a
modeling perspective, their relatively detailed technological representation allows
material ows to be integrated without major structural changes to the core model.
From a policy perspective, both sectors play a central role in deep decarboniza-
tion pathways and are key targets of circular economy interventions across multiple
supply-chain stages. The analysis therefore concentrates on four materials that are
critical to these sectors: steel, aluminium, cement, and copper. Additionally, in
this case study, the analysis relies on the 20 region WITCH version, which includes:
Brazil, Canada, Central Asia, China, Europe (EU27), India, Indonesia, Japan, Ko-
rea, Latin America, Middle East and North Africa, Mexico, Oceania, Other Europe,
South Asia, South East Asia, South Africa, Sub-Saharan Africa, Non-EU Eastern
Europe and Transition countries, and the United States.

Figure 3.2 summarizes the integrated framework developed in this chapter. The
framework consists of four interconnected components: (i) pre-processing of ma-
terial intensities and technology characteristics, (ii) endogenous calculation of ma-
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Figure 3.1: Material Module in WITCH

terial stocks and ows within WITCH Material, (iii) post-processing of material
ows using prospective life-cycle assessment to estimate industrial emissions, and
(iv) implementation of circular economy strategies. Together, these components op-
erationalize the three methodological gaps identi ed above: explicit material ow
representation (steps i ii), expanded coverage of CE strategies (step iv), and transla-
tion of material demand changes into emissions despite industrial aggregation (step

ii).
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Figure 3.2: Conceptual framework for CE policy evaluation in IAMs

Step 1 and 2: Pre-processing and WITCH (WITCH Material)

The rst two components describe how the dynamic material ow calcula-
tions (shown in the top section of Figure 3.2) are constructed inside WITCH.
Pre-processing (step 1) prepares all external inputs necessary for material ow
modeling, such as grid length, baseline material coe cients from LCA inventories,
technological market shares, improvements in e ciency and size, and light-duty
vehicle segment distributions. These inputs serve as the foundation for the
WITCH Material module (step 2), and further computation of stocks, in ows, and
out ows of materials for technologies in electricity generation, transmission and
distribution infrastructure, and passenger road transport within the model. These
calculations cover both bulk materials (steel, aluminum, cement) and critical raw
materials (copper, manganese, lithium, nickel, cobalt, and rare earth elements).
Dynamic material intensity coe cients are derived by combining baseline intensities
with evolving parameters (technological market shares, energy-e ciency improve-
ments, and behavioral assumptions) and are then applied to WITCH's technology
pathways to generate material demand trajectories across regions and over time.

Step 3: Post-processing (LCA-based emissions assessment)
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The third component corresponds to the post-processing phase shown at the bottom
of Figure 3.2. Here, outputs from WITCH scenarios are soft-linked to the prospec-
tive LCA database Premise [96], which provides region- and time-speci ¢ emission
coe cients for material production. Because Premise re ects the decarbonization
of energy systems and evolving supply chains, this coupling allows material-related
emissions to adjust dynamically to technological and policy developments. By
comparing scenarios with di erent material demand outcomes, the framework
quanti es the emissions reductions attributable to shifts in material use.

Step 4: Circular Economy Policies
Finally, step 4 brings together the CE policies represented by the blue circles in
Figure 3.2. These interventions modify di erent parts of the modeling framework
depending on their nature and point of application some adjusting input param-
eters in pre-processing, others in uencing endogenous dynamics within WITCH,
and others acting in the post-processing phase. Their combined e ect is to alter
material intensities, technology stocks, service demand, or recycling performance,
resulting in di erent material ow and emissions pathways.

The following sections describe each of these four components in detail and follow
the same structure presented in Figure 3.2.

3.1 WITCH-Material Module

3.1.1 Pre-processing of material intensities

Material composition is introduced in WITCH Material through material inten-
sity coe cients, de ned as the mass of each material required per unit of deployed
technology (e.g., kg per vehicle, kg per KW of installed capacity, or kg per km of
transmission line). Pre-processing constructs a harmonized and time-varying set
of coe cients that are consistent with (i) technological heterogeneity, (ii) regional
deployment patterns, and (iii) the circular economy levers implemented later in the
scenario design.

Data sources and harmonization

Material intensity data were compiled from peer-reviewed studies [25, 30, 137 156])
and the Ecoinvent v3.10.1 life-cycle inventory database[157]. Material intensity co-
e cients gathered are shown in Annex C. Because reported values vary substantially
across sources for the same material technology pair, a harmonization procedure was
applied to ensure internal consistency. For each technology variant v and material
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m, outliers were removed using a parametric Iter: observations outside 1:645
(approximately the 5th 95th percentile interval under normality) were excluded,
provided that at least three data points were available. The baseline coe cient
MIy.m was then de ned as the median of the cleaned sample, which reduces sensi-
tivity to skewness and extreme values while preserving cross-source comparability.

Technology disaggregation prior to aggregation in WITCH

Because WITCH represents several technologies in aggregated form, a more detailed
technological breakdown was introduced prior to aggregation to preserve heterogene-
ity in material requirements and enable technology-speci c CE measures, follow-
ing approaches commonly adopted in material- ow explicit energy-system analyses
[30, 140, 143].

For solar PV, four module technologies are distinguished: crystalline silicon (c-Si)
and the thin- Im variants cadmium telluride (CdTe), copper indium gallium selenide
(CIGS), and amorphous silicon (a-Si), consistent with technology-speci ¢ material
assessments [25, 146, 156]. For wind power, both onshore and o shore turbines are
di erentiated by drivetrain con guration (gearbox versus direct-drive) and generator
technology: permanent magnet synchronous generators (PMSG), electrically excited
synchronous generators (EESG), and doubly fed induction generators (DFIG) [25,
145]. For electricity transmission, line types are distinguished by voltage class (HV
and MV), following [140] methodology. For light-duty vehicles (LDVs), heterogeneity
Is represented across powertrain type (ICE, BEV, PHEV, FCV), size segment (small,
medium, large, SUV), and (for electric powertrains) battery chemistry [143, 153].

Region- and time-dependent market shares

To re ect regional di erences in technology deployment, time- and region-dependent
market shares M §(n;t) were constructed for each technology group. Market share
trajectories are exogenously speci ed and vary over time until 2050, re ecting ob-
served trends and published outlooks [156]. Beyond 2050, shares are held constant at
2050 levels in all regions. These trajectories are not endogenously determined within
WITCH and therefore do not respond to relative price changes, material scarcity,
or policy-induced innovation dynamics. This assumption isolates the material im-
plications of structural deployment pathways while abstracting from endogenous
technological substitution across technologies represented in WITCH.

By xing intra-technology design shares beyond 2050, the modeling framework
constrains long-term material demand trajectories to be driven by endogenous
system-level transformations (such as energy system electri cation, technology de-
ployment scale, and circular economy policies) rather than by additional exogenous
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shifts in internal technology composition. In practice, this means that post-2050
changes in material use arise from variations in activity levels and technology pen-
etration rates within WITCH, not from further substitution across design variants
(e.g., generator con gurations or battery chemistries). Given the deep uncertainty
surrounding late-century innovation dynamics and global value-chain restructuring,
this assumption avoids introducing speculative structural change in design portfo-
lios and allows clearer attribution of material demand outcomes to macro-structural
drivers represented within the 1AM.

For solar PV, the analysis distinguishes PV versus CSP, and within PV di erenti-
ates c-Si from three thin- Im variants (CdTe, CIGS, a-Si). A speci c di erentiation
Is introduced for the United States, which historically exhibits a higher penetration
of thin- Im PV especially CdTe than the global average [146]. While thin Ims
have represented only a small share of global PV installations (around a few per-
cent in recent years), they have accounted for substantially larger shares in the U.S.
market. This di erentiated pattern is assumed to persist through mid-century, re-
ecting ongoing manufacturing expansion and stable market niches for CdTe. In all
other regions, crystalline silicon remains the dominant PV technology throughout
the horizon. Shares are extended to 2100 by holding 2050 values constant.

For wind power, material intensity coe cients were compiled by turbine con g-
uration (drivetrain and generator type). Global market share trajectories for these
con gurations from 2005 to 2050 were adopted [25] and extended to 2100 by hold-
ing 2050 shares constant. These trajectories are applied uniformly across regions,
re ecting the internationally integrated structure of wind technology supply chains
and the di usion of similar design families across markets [25, 145].

Aggregation of PV and wind material intensities

Material intensity coe cients for solar PV and wind power are aggregated as
market-share-weighted averages of technology-speci ¢ variants, re ecting the fact
that WITCH represents these technologies in an aggregated form while material
use di ers substantially across designs. This aggregation ensures that technological
heterogeneity is preserved in the pre-processing stage and consistently propagated
into the WITCH Material material ow module.

For solar photovoltaics, let v 2 \b, denote the set of PV module technolo-
gies considered, namely crystalline silicon (c-Si), cadmium telluride (CdTe), copper
indium gallium selenide (CIGS), and amorphous silicon (a-Si). The region- and
time-speci ¢ material intensity for material m used in PV deployment is computed
as: X

Ml pym (M 1) = MS,(n; ) M1 ym; (3.1)

v2V PV
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where Ml,., is the harmonised baseline material intensity for technology v and
material m, and MS,(n; 1) is the corresponding market share in region n and year
t, with ~ ,MS,(n;t) = 1.

An analogous approach is adopted for wind power, where material requirements
vary systematically across turbine con gurations. Let v 2 V¢ denote the set of
wind turbine variants distinguished by drivetrain (direct-drive or geared) and gen-
erator technology (PMSG, EESG, DFIG). Separate aggregations are performed for
onshore and o shore wind to re ect their distinct technology mixes. The aggregated
material intensity for wind technology type w 2 fonshore; o shoreg is given by:

X
MI wind;w;m (n;t) = MSv(n;t)Ml vm s (32)

V2V wind:w

where Ml,.,, denotes the baseline material intensity of turbine con guration v for
material m, and MS,(n;t) is its market share in region n and year t, satisfying
v MS,(n;t) =1 within each wind category.

The resulting aggregated coe cients Mlpy.y, (n;t) and MI yingwm (N;t) are
passed to the WITCH Material module and multiplied by the endogenous deploy-
ment of PV and wind capacity in WITCH to compute material in ows, stocks,
and out ows over time. This formulation allows changes in technology composi-
tion such as the di usion of thin- Im PV or the increasing adoption of direct-drive
wind turbines to a ect material demand endogenously, without requiring explicit
disaggregation of technologies within the IAM core.

Power Grids

Electricity transmission and distribution infrastructure requires a di erent treatment
because grid length is not an endogenous decision variable in the core WITCH model.
Instead, the size and evolution of the grid are modeled following the methodology
proposed by [140], adapted to WITCH's regional aggregation and updated using
2024 geospatial data from the OpeninfraMap platform [158]. High-voltage (HV)
line length in each region n and year t is obtained by scaling a base-year estimate
HV Grid .o with the indexed growth of total installed generation capacity:

GenCap,

HV Grid 4+ = HV Grid . _—
Mln fd no GenCapo

; (3.3)
where HV Grid,; is the length of the HV grid in kilometers and GenCap; is the
total installed electricity generation capacity in megawatts in region n and year t.
Medium-voltage (MV) and low-voltage (LV) line lengths are then derived using xed
ratios relative to HV length, yv and Ly, which capture typical network structures
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observed in empirical data.

Material requirements for the grid are computed by combining line lengths with
voltage- and component-speci ¢ material intensity factors. Let Lengtl,; denote
the length of lines of type v (HV, MV, LV; overhead or underground) in region
n and year t, and MI, the corresponding material intensity per kilometre. The
stock of auxiliary components u (transformers and substations) is expressed in units
by multiplying grid length by a xed density of units per kilometre derived from
life cycle assessment studies of grid infrastructure in Great Britain and Denmark
[159, 160], with MI, denoting the corresponding material intensity per unit. The
total material embodied in grid infrastructure in region n and year t is then:

X X
GridMat ¢ = Lengthypy M1y + Lengthpymy o Mly; (3.4)

Vv u

where  is the units-per-kilometre density for component u, following the ap-
proach of DEETMAN et al. [161].

Light-Duty-Vehicles

Material intensity coe cients for Light-Duty Vehicles (LDVs) require dedicated pre-
processing, as material demand is jointly determined by vehicle size segmentation,
powertrain con guration, and battery chemistry. To ensure internal consistency with
WITCH's representation of mobility demand, a structured bottom-up harmonization
pipeline was implemented to generate region- and time-speci ¢ material intensity
coe cients while preserving macro-consistency within WITCH's representation of
mobility demand.

First, regional shares of LDV size categories (small, medium, large, SUV) were
constructed using historical registration statistics from the International Energy
Agency and related transport datasets [137, 162]. These data show strong regional
contrasts (e.g., high SUV prevalence in North America relative to Europe or parts
of Asia). In the reference case, size shares are held constant after 2023. This as-
sumption avoids introducing additional behavioral or policy-driven structural shifts
not endogenously represented in WITCH's mobility demand module.

Second, representative traction-battery capacities were assigned to each size cat-
egory based on commercially available EV models from the EV Database, consistent
with recent assessments of EV material demand [137, 139]. Combining size shares
with category-speci ¢ capacities yields region- and time-dependent estimates of aver-
age battery capacity, which feed directly into battery-material demand calculations.

Third, battery chemistries were grouped into three cathode classes: low-nickel
NMC (represented by NMC532), high-nickel chemistries (NMC622, NMC721, NCA,
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NMC811), and lithium iron phosphate (LFP). Historical market shares for 2015
2024 were compiled from IRENA and IEA sources [137, 139], supplemented with
region-speci ¢ data for China, the United States, and Europe. Regions lacking ex-
plicit data were assigned global averages, except Canada, which was assumed to
follow U.S. patterns due to integrated vehicle markets. Chemistry shares were pro-
jected to 2100 using logistic ts, following recent assessments of battery technology
di usion [150]. LFP expands and plateaus at around 60% by 2035, while high-nickel
chemistries transition toward a dominant NMC811 representation by mid-century
[150]. Anode chemistries are assumed to remain primarily graphite-based, with
increasing shares of Si graphite composites [154].

From a modeling architecture perspective, introducing multiple alternative bat-
tery di usion pathways would add an additional layer of exogenous structural un-
certainty without necessarily improving identi cation of the macro-structural ma-
terial drivers represented in the IAM. The adopted parametrization therefore iso-
lates material-demand dynamics arising from macro-scale electri cation and stock
turnover, rather than from second-order battery chemistries substitution e ects.

To enable component-targeted CE measures, LDV material intensities were rst
decomposed into major components (glider, powertrain, lead-acid battery, traction
battery, and proton exchange membrane for FCVs). Component-level intensities
were compiled from literature and Ecoinvent [152, 153, 157] and harmonised using
the same outlier-removal procedure described above. Details and assumption are
provided in Annex D

Component intensities were then recomposed into complete LDV coe cients
using a nested weighting scheme. Let M§h;t) denote the share of size segment s
in region n and year t, and let MS;s(n; t) denote the conditional share of battery
chemistry ¢ within segment s. The aggregated LDV material intensity for material
m is computed as:

X X
MI Lpy:m (N;t) = MSs(n;t) MS gs(n;t) MI sem (3.5)

s2S c2C
where Mlq..., is the harmonized median intensity for the size chemistry combination
(s;c). This formulation ensures that shifts in consumer preferences (e.g., SUV dif-
fusion), technology trends (e.g., LFP uptake), and regional heterogeneity propagate

consistently into the material intensity coe cients provided to the WITCH Material
stock ow module. Calculation details are available in AnnexD
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Figure 3.3: Stock-driven material ows in WITCH Material

3.1.2 The WITCH-Material Module

Material ows in WITCH Material are represented using a stock-driven material
ow analysis (MFA) framework according to [163]. A material stock represents the
gquantity of a given material embodied in technologies that are currently in operation,
such as the steel and concrete contained in wind turbines or the copper embedded in
electricity grids. A material in ow corresponds to the material required for newly
installed capacity in a given period, while a material out ow represents the material
released when technologies are retired as a result of depreciation.

In standard WITCH, capital stocks are tracked in monetary terms and depreciate
according to technology-speci c rates, but the physical materials embodied in those
stocks are not represented. WITCH Material extends this structure by associating
each unit of installed capacity with a vector of material requirements derived from
the pre-processed material intensity coe cients described in Section 3.1.1. Material
ows therefore emerge endogenously as a direct consequence of technology choices,
investment timing, and lifetimes.

Material stocks

To model the evolution of material stocks associated with energy infrastructure,
the WITCH Material module extends WITCH's capital accumulation equation by
explicitly linking material use to capital dynamics. For each technology j, material
mat, region r, and model period t, the evolution of the in-use material stock is given

by:

t ] enin
MSimatrtrr =MSjmatrt (1 Engrter )t +MI jimat;r;t MCOS?FTIL:;:,;E;r;t ©(36)

Here, MSmarr  denotes the material stock embodied in operating capital at
timet, enjr+a IS the technology-speci ¢ depreciation rate already implemented in

49



WITCH, and tis the model time step. The term M| jma.t represents the material
intensity per unit of installed capacity, while lgnj.: denotes investment expendi-
tures and MCOSTny;jrt converts expenditures into capacity additions. The rst
term captures the surviving material stock after depreciation, and the second term
represents the material embodied in newly installed capacity.

Material in ows

Material in ows quantify the amount of material embodied in capacity additions
within each model period. For each technology j, material mat, region n, and time
t, material in ow is de ned as:

t1
Mlnj;mat;r;t+1 =Ml j:mat;r;t MCOS?FT:\:M . (3.7)

This de nition ensures consistency between endogenous capacity expansion in
WITCH and the associated material requirements across technologies, materials,
regions, and time.

Material out ows and end-of-life availability

Material out ows are computed residually from the balance between material in ows
and changes in the in-use stock. For each technology j, material mat, region n, and
time t, material out ow is given by:

MOUtj;mat;r;t = MSj;mat;r;tl +MiIn j:mat;r;t MS :mat;rit (3.8)

The out ow de nes the upper bound of material that can become available for
post-consumption reuse or recycling in subsequent periods, thereby imposing a phys-
ical constraint on secondary material supply.

Sectoral coverage and scope

The WITCH Material module is applied to electricity generation technologies, elec-
tricity transmission and distribution infrastructure, and passenger road transport,
which are explicitly represented in WITCH and exhibit high material intensity. The
materials tracked include bulk materials (steel, aluminium, cement) and critical raw
materials (copper, lithium, nickel, cobalt, manganese, and rare earth elements). Ma-
terial ows are calculated only for materials embodied in operational capital stocks;
upstream processes such as mining, re ning, and component manufacturing are ac-
counted for exclusively in the post-processing life-cycle assessment.
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3.2 Post-processing emissions assessment using
LCA

The third step of the methodological framework establishes regional and time-
dependent emission factors for aluminium, cement, copper, and steel. These factors
are required to translate the material ows calculated by WITCH Material into
greenhouse gas emissions that re ect the progressive decarbonization of energy and
industrial systems over time. To avoid double counting, emission factors are applied
only to the variation in material demand relative to the baseline scenario. Indus-
trial emissions already represented endogenously in WITCH through its aggregated
industrial sector are therefore not counted again.

Emission factors are derived by undertaking LCA, which is a systematic method-
ology that quanti es environmental impacts such as greenhouse gas emissions as-
sociated with producing a material by accounting for upstream and downstream
processes in the supply chain depending on the scope of the LCA analysis. The
system boundary adopted here includes both primary production from virgin raw
materials and secondary production from recycled content, but excludes end-of-
life collection and transport to recycling facilities. This corresponds to a cradle-
to-material-production boundary. The functional unit is de ned as one kilogram
of material produced, ensuring consistency with the material demand outputs of
WITCH Material, which are expressed in mass units.

The following subsections describe the operational steps of this framework. First,
the procedure used to align WITCH scenarios with prospective background inven-
tories through the Premise tool is presented. Second, the selection and construc-
tion of foreground material production activities within the Ecoinvent database are
explained. Third, the derivation of time- and region-speci ¢ emission factors is
described. Finally, material-speci c modelling assumptions and the integration of
emission factors with WITCH Material ows are detailed.

3.2.1 Linking WITCH scenarios and life-cycle inventories

The rst steps consist of mapping regions and technologies between WITCH and
the LCA framework. WITCH scenario outputs are exported and used as inputs
to the Premise tool [96], which modi es background life-cycle inventori€$rom the

1Background life-cycle inventories describe the upstream processes that supply energy, mate-
rials, and services to a foreground production activity. They capture emissions associated with,
for example, electricity generation, fuel production, and chemical manufacturing, and are sourced
from standardized databases such as Ecoinvent. In prospective LCA, these inventories are adjusted
to re ect future energy system conditions rather than current ones.
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Ecoinvent databasé to re ect scenario-speci ¢ changes in energy mixes and fuel
use. Regional mappings are aligned between the 20-region aggregation of WITCH
and the regional structure available in Ecoinvent. Regions lacking explicit data are
represented using Rest-of-World pro les to ensure full geographic coverage.

Foreground activities correspond to the direct production processes of the se-
lected materials, as de ned in Ecoinvent. They include all immediate inputs of
energy, raw materials, and intermediate substances required at the production fa-
cility. When a single Ecoinvent process does not match the material de nition used
in WITCH Material, composite activities are constructed by combining multiple
processes to represent a weighted mix of primary and secondary production routes.
These composite activities ensure that the emissions estimated re ect realistic pro-
duction pathways and regional variations in material sourcing. The foreground
activities are linked to the Premise-modi ed background inventories to maintain
consistency between the emissions associated with material production and scenario-
speci ¢ decarbonization pathways.

All life-cycle calculations are performed using the Brightway2 framewotk
Brightway2 computes total greenhouse gas emissions associated with producing one
unit of material by tracing emissions across the full supply chain de ned in the
modi ed databases.

3.2.2 Foreground activities and database setup

Material production is represented by selecting specic production pro-
cesses referred to as activities from the Ecoinvent database. Each activity de-
scribes how a particular material is produced, including all required inputs of energy
and intermediate materials. When a single database process does not fully match the
material de nition used in WITCH Material, composite activities are constructed
by combining multiple Ecoinvent processes to represent weighted mixes of primary
and secondary production routes. This approach ensures that the resulting activities
capture the dominant industrial production pathways while remaining compatible
with the aggregated structure of WITCH Material.

These foreground activities are linked to the Premise-modied background
database, ensuring that emissions associated with material production are consis-
tent with the energy system and industrial conditions of each scenario. All life-cycle

2Ecoinvent is a widely used life-cycle inventory database that provides standardized datasets
describing the inputs and outputs of thousands of industrial processes, including energy use, raw
material extraction, and emissions to air, water, and soil. It serves as the primary source of
background supply chain data for life-cycle assessment studies across sectors and regions [157].

3Brightway?2 is an open-source Python framework for life-cycle assessment that supports the
exible construction, calculation, and analysis of LCA models, including the tracing of emissions
across complex supply chains and the integration of customized inventory databases [164].
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calculations are performed using the Brightway2 framework [164], which computes
total greenhouse gas emissions by tracing inputs and emissions across the full supply
chain of a selected activity.

The following subsections describe the assumptions and composite activities used
to model the production of each material, including primary and secondary produc-
tion routes and regional variants where available.

Aluminium

Aluminium-related production is represented as a combination of primary and sec-
ondary production routes, re ecting the dominant forms of aluminium embodied in
the electricity and transport technologies covered by WITCH Material. Aluminium

in these applications is modeled as a mix of wrought and cast alloys, which together
account for the vast majority of aluminium used in vehicle structures, frames, ex-
trusions, housings, and other components relevant to the case study.

Primary aluminium supply is represented through a composite activity that pro-
duces 1 kg of aluminium as a weighted mix of primary wrought and primary cast
alloys, drawing on the Ecoinvent markets market for primary aluminium, wrought
alloy and market for primary aluminium, cast alloy . This construction captures
both upstream primary metal production and the semi-fabrication steps required to
deliver aluminium in usable forms.

Secondary aluminium supply is represented analogously through a composite
activity combining market for secondary aluminium, wrought alloy and market for
secondary aluminium, cast alloy , which include scrap preparation, remelting, and
re ning processes. Regional variants are de ned where available for Europe; all other
regions are represented using the Rest-of-World pro le and mapped consistently to
the WITCH regions.

Cement

Concrete-related production is represented through Portland cement, which is the
dominant source of process emissions in concrete production. Cement demand de-
rived from WITCH Material is therefore translated into equivalent cement produc-
tion for the purpose of emissions accounting.

The Ecoinvent activity cement production, Portland is selected to represent
cradle-to-gate cement production, including clinker production, grinding, blending,
and the addition of minor constituents. Regional variants are used wherever avail-
able, including Brazil, Quebec (Canada), Switzerland, Europe excluding Switzer-
land, India, Peru, Tunisia, the United States, and South Africa. For regions with-
out dedicated datasets, the Rest-of-World aggregate is applied and mapped to the
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corresponding WITCH regions.

Copper

Copper production is represented separately for primary and secondary production
routes. Primary copper production is modeled using the Ecoinvent activity copper
production, cathode, solvent extraction and electrowinning process, at plant , which
captures the complete ore-to-cathode pathway. Secondary copper production from
end-of-life scrap is represented using treatment of copper scrap, by electrolytic
re ning, at plant, covering smelting, re ning, and cathode production from mixed
scrap streams.

Regional datasets for primary copper production are available for Chile, Peru,
China, the United States, and Rest-of-World. For secondary copper production,
regional datasets are provided for Europe, China, and Rest-of-World. All invento-
ries are mapped to the 20-region aggregation of WITCH; regions without explicit
datasets are represented using the Rest-of-World pro le.

Steel

Steel production is represented through two distinct industrial routes with di erent
emission pro les: primary production via blast furnace/basic oxygen furnace (BF
BOF) routes and secondary production via electric arc furnaces (EAF). These routes
are therefore modelled separately.

Primary steel production is represented using the Ecoinvent activity steel pro-
duction, converter, low-alloyed, at plant, which captures BF BOF production of
low-alloyed steel, the dominant steel category in structural and automotive appli-
cations. Secondary steel production is represented using steel production, electric,
low-alloyed, at plant, which captures EAF-based recycling from ferrous scrap.

Regional variants are used wherever available. For primary steel, datasets exist
for Europe (RER), the United States, China, and Rest-of-World; for secondary steel,
datasets are available for Europe (RER), the United States, and Rest-of-World.
Remaining regions are represented using the Rest-of-World pro le.

Impact assessment and emission factor derivation

Emission factors, expressed in kgC®@ kg! , are derived for each material, region,
and year.. Separate factors are calculated for primary and secondary production
routes and subsequently combined into a composite, region-speci ¢ value that re-
ects the production mix in each scenario:

EI:mat;n;t =  matn;t EFrﬂg?n;t +(1 mat;n;t) EF potnt i (3.9)

mat;n;t
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where EFan’t‘?n;t and EF33t, are the emission factors for primary and secondary
production, respectively, and maen:t IS the share of primary production in region n

at time t, derived from the material ow trajectories of WITCH MATE. Material-
related emissions are then calculated by applying the composite factor to changes

in material demand relative to the baseline scenario:

EM mat;n;t = MD mat;n;t EF mat;n;t; (310)

where EM nant denotes additional or avoided emissions for material mat in
region n at time t, MD a0t represents the change in material demand relative
to the baseline, and ERa:n:t IS given by Eq. (3.9). Applying emission factors ex-
clusively to the change in demand prevents double counting of emissions already
accounted for within WITCH, isolates the e ects of material- and circular economy-
related interventions, and maintains consistency between material ows and emis-
sions accounting. The derivation of E gﬁ‘n;t and EF3%,. using the Brightway?2
framework and Premise-modi ed inventories is detailed in Annex E.

Applying emission factors only to demand di erences avoids double counting of
industrial emissions already represented in WITCH, isolates the emission impacts
attributable to material-level and circular economy changes, and ensures consistency
between material ows and emissions accounting.

Integration with WITCH-Material Material Flows

The emission factors derived from the Ecoinvent Premise Brightway?2 pipeline are
integrated with WITCH Material's material ow calculations in the post-processing
stage. For each scenario and each material, the model rst computes total material
demand (in ows) in each region and year. This demand is then split into three com-
ponents: primary production, secondary production from recycling, and component
reuse. Only primary and recycled in ows carry emission burdens in the LCA; reused
components are treated as emission-neutral because they undergo no reprocessing.

For each in ow component, the corresponding regional and time-speci ¢ emis-
sion factor is applied. The result is a complete accounting of material-related
emissions that evolves dynamically with both material demand changes (from
WITCH Material) and production-pathway decarbonization (from Premise).
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3.3 Implementation of Circular Economy Policies

3.3.1 Scenario Design Framework

Circular economy strategies are evaluated using a structured scenario framework
that combines three climate policy settings with ve circular economy con gurations,
yielding 15 scenarios in total. This design allows the e ects of climate mitigation
and circular economy policies to be isolated and compared, while also capturing
their interactions under di erent decarbonization pathways. All scenarios share the
same socio-economic assumptions (SSP2), ensuring that di erences in material ows
arise solely from di erences in climate ambition or circular economy policy, rather
than from alternative development pathways.

3.3.2 Climate Policy Settings

Three climate policy settings are considered, spanning a wide range of mitigation
ambition:

1. Current Policies (SSP2)
The current policies scenario re ects a continuation of policies in place as of
2025, with no additional climate mitigation measures beyond those already
enacted. Material ows evolve endogenously in WITCH Material without
circular economy interventions.

2. Well-below 2°C (SSP2 2.6)
A cumulative carbon budget consistent with limiting global warming to well
below 2°C is imposed. This scenario represents a moderately stringent climate
policy regime aligned with the central range of the Paris Agreement.

3. 1.5°C target (SSP2 1.9)
A more restrictive carbon budget consistent with a 50% probability of limiting
warming to 1.5°C is applied. This pathway requires rapid electri cation and
deep decarbonisation across energy and transport systems, leading to acceler-
ated infrastructure deployment and material demand.

All climate scenarios follow the same socio-economic assumptions (SSP2), ensur-
ing that di erences in material ows arise solely from di erences in climate ambition
rather than from alternative development pathways.

3.3.3 Circular Economy Policy Con gurations

Within each climate policy setting, circular economy policies are implemented based
on ve variants:
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1. No CE
No circular economy measures are applied. Material demand, stock turnover,
and primary secondary composition follow the standard WITCH Material for-
mulation and serve as the reference case for evaluating CE impacts.

2. Narrow only
Material e ciency measures are implemented, reducing material demand per
unit of service via lightweighting, downsizing, and intensity reductions. Slow
and Close strategies remain at baseline levels.

3. Slow only
Lifetime extension and reuse measures are implemented, reducing replacement
rates and slowing material throughput. Narrow and Close strategies remain
unchanged.

4. Close only
Recycling rates and secondary material use are increased, shifting material
supply from primary to secondary sources. Narrow and Slow strategies remain
at baseline levels.

5. All CE
Narrow, Slow, and Close strategies are implemented jointly, representing a
comprehensive and internally consistent circular economy transition.

The resulting scenario matrix is presented in Table 3.1. The conceptual logic
and modeling implementation of each strategy family are described in the following
subsections.

Table 3.1: Scenario matrix combining three climate pathways with ve circular
economy variants, yielding 15 scenarios in total.

Circular Economy Con guration

Climate  Path- Baseline Narrow Slow Close All-CE
way

Current Policies CP BL CPN CPS CPC CP CE

2°C 2CBL 2CN 2CS 2CC 2C CE
1.5°C 1.5C BL 1.5CN 15CS 15CC 1.5CCE

3.3.4 Narrow Policies

Narrow circular economy strategies target reductions in total material consump-
tion by lowering the amount of material required to deliver a given service. These
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strategies act primarily during the use phase of products and infrastructures, and

are associated with the Reduce category of the 10R hierarchy [62]. In this thesis,
narrow strategies include all measures that decrease material intensity, reduce the
size or quantity of assets required, or shift demand toward less material-intensive
technological con gurations.

In the context of WITCH, narrow CE measures operate based on two main
channels: (i) by reducing the material embodied in each unit of technology (e.g.,
using lightweighting, improved design, or substitution), and (ii) by reducing the
physical quantity of technologies required to meet a given energy or mobility service
(e.g., downsizing vehicles, increasing utilization rates, or upscaling wind turbines).

These strategies are applied both to the transport sector and to electricity gen-
eration technologies. For transport, narrow policies a ect the number and types of
vehicles required using segment shifting (downsizing), increased vehicle occupancy
(car-sharing), and material-intensity reductions by lightweighting. For electricity
generation, narrow policies focus on improvements in material e ciency for solar
PV, wind turbines, and concentrated solar power, including lightweighting, substi-
tution, and reductions obtained by relying on turbine upscaling.

RO Refuse: E ects of Teleworking, Car Sharing and Urban Infrastruc-
ture on Car Ownership

In this study, the circular-economy principle of Refuse is applied exclusively to the
transport sector, where mobility constitutes a nal energy service and a key driver of
vehicle stocks and material-intensive infrastructure. In this context, Refuse refers
to avoiding or reducing travel demand that would otherwise require vehicle owner-
ship, vehicle use, and associated capital formation. Such reductions can arise from
behavioral and structural changes, including teleworking, digitization of services,
compact urban development, and shared-mobility systems [44, 121].

Empirical evidence supports the plausibility of sustained reductions in mobil-
ity demand. Early car-sharing studies in North America documented sharp de-
clines in vehicle ownership, alongside substantial reductions in vehicle-kilometers
traveled [165]. Teleworking provides an additional and increasingly relevant mecha-
nism: hybrid work arrangements in the United States are associated with commuting
reductions of around 30% among telework-capable occupations [166], while Euro-
pean evidence suggests reductions in car-based commuting in the range of 10 30%
[167]. Together, this literature supports modelling sustained reductions in passenger-
kilometres as a realistic Refuse strategy in the transport sector.

In WITCH, baseline passenger mobility demand ,$Se for light-duty vehicles is
driven by population and GDP per capita under SSP2, with declining income elas-
ticities as regions become wealthier. Demand is calibrated using regional travel
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intensity, average load factors, and observed data for the calibration year, and sub-
sequently evolves endogenously with socio-economic drivers. To represent Refuse,
this thesis introduces an exogenous reduction in passenger-kilometers starting in
2025, gradually reaching a region-speci c target, by 2060.

Regional reduction targets are chosen within the empirically supported range of
10 30% by mid-century [2, 44, 121, 168, 169] and di erentiated according to struc-
tural conditions that shape the feasibility of behavioural demand reduction. Regions
with high digitalisation, dense urban form, and well-developed public transport sys-
tems (e.g. EU27, Japan, Korea, China) are assigned higher values,ofwhile regions
with lower urbanisation levels or limited digital infrastructure (e.g. Sub-Saharan
Africa, South Africa, transition economies) are assigned more conservative reduc-
tions. All regional assumptions are reported in Table 3.2.

Table 3.2: Adopted regional reduction targets for passenger mobility services)(
expressed as the required reduction in total pkm by 2060 relative to 2025.

Region ;
Brazil 0.20
Canada 0.20
CCASIA 0.10
China 0.30
EU27 0.30
India 0.20
Indonesia 0.20
Japan 0.30
Korea 0.30
LACA 0.20
MENA 0.20
Mexico 0.20
Oceania 0.20
Other Europe 0.20
SASIA 0.20
SEASIA 0.20
South Africa  0.10
SSA 0.10
TE 0.10
USA 0.10

The implementation follows two steps. First, the adoption rate increases linearly
between 2025 and 2060:
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t 2025

RO _ :
2060 2025’

an

8
% 0: t 2025;
§ 2025 < t < 2060; (3.11)

- 1; t 2060;

Second, passenger mobility demand is reduced proportionally to the adoption
rate and the regional target:

SiE= 1 &R sy (3.12)

Reducing passenger-kilometers lowers vehicle use intensity and, over time, re-
duces the required size and turnover of the vehicle stock. As service demand de-
clines, kilometers traveled per vehicle fall, inducing endogenous adjustments in new
vehicle purchases and stock dynamics, with downstream e ects on material demand
for vehicle manufacturing and associated supply chains.

R1 Rethink: Increasing the Intensity of Vehicle Use by Ridesharing

The circular-economy principle Rethink aims to increase the intensity of use of
existing products, thereby reducing the number of physical units required to deliver
a given service [62]. In the transport sector, this principle is most directly associated
with shared mobility systems such as carpooling, organized ridesharing, and shared
vehicle eets which increase the average number of passengers per vehicle and
reduce idle capacity. In WITCH, this mechanism is represented through changes in
the load factor of light-duty vehicles, de ned as the average number of passengers
per vehicle-kilometer.

Higher vehicle occupancy allows a given level of passenger-kilometers to be de-
livered with fewer vehicle-kilometers traveled, improving overall vehicle utilization.
This reduces the required size of the vehicle eet and, consequently, material demand
for vehicle production. In this sense, ride sharing a ects material use primarily by
increasing the number of persons per car, rather than by directly reducing travel
demand.

Baseline trajectories in WITCH assume region-speci ¢ load factors that tend to
decline over time as income grows, re ecting increasing car ownership and lower
average occupancy. For this reason, the R1 policy is implemented using relative
(percentage) increases in vehicle occupancy over time, rather than absolute tar-
get values. This approach preserves internal consistency with WITCH's baseline
dynamics while allowing the intensity-of-use e ect to be imposed uniformly across
regions.

The magnitude of the occupancy increase is informed by scenario-based evidence
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[44] assume a maximum increase of approximately 30% in average vehicle occupancy
between 2015 and 2050 in Low Energy Demand pathways. Similarly, utilization
assumptions in the RECC (Resource E ciency and Climate Change) model re ect
region-speci ¢ potential for intensi ed vehicle use under ambitious circular-economy
scenarios. The regional targets adopted in this thesis are therefore derived from the
utilization trajectories of the RECC v2.4 model [170].

To implement R1 in WITCH, regional load factors increase gradually from their
2025 baseline value to a target level in 2060, after which they remain constant. Let
LF Pase denote the load factor in region r in 2025, and L9t the load factor under
the R1 scenario. The transition is governed by a time-dependent adoption ratg a

%o, t 2025;
t 2025
RL — © 2025 < t < 2060
At § 2060 2025’ (3.13)
t 2060:

The load factor applied in the model is then computed as:
LF = (1 a ) LF P +ap LF 29 (3.14)

Higher load factors reduce the vehicle-kilometers required to satisfy passenger-
kilometer demand, which in turn lowers the long-term demand for vehicle stock and
associated materials. Table 3.3 reports the regional load-factor targets used in this
study. These values re ect di erences in urban density, shared-mobility adoption,
digitization, and the prevalence of informal collective transport, consistent with
RECC v2.4 assumptions.
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Table 3.3: Target LDV load factors in 2060 under the R1 Rethink measure, based
on utilisation assumptions from the RECC v2.4 model.

Region Load Factor Target (2060)
Brazil 3.0
Canada 2.4
CCASIA 3.0
China 2.1
EU27 2.24
India 3.0
Indonesia 3.0
Japan 2.5
Korea 2.5
LACA 3.0
MENA 2.3
Mexico 3.0
Oceania 2.3
Other Europe 2.4
SASIA 3.0
SEASIA 3.0
South Africa 3.0
SSA 3.0
TE 2.3
USA 2.4

R2 Reduce: Material E ciency in Transport and Electricity Generation

The circular-economy principle Reduce refers to lowering the amount of material
required to provide a given service. In the transport sector, two pathways are par-
ticularly relevant: (i) reducing the size and material intensity of vehicles (downsizing
or segment shift), and (ii) reducing the amount of material embodied in each vehicle
through technological design improvements (lightweighting). In electricity gener-
ation, material e ciency improvements arise through lightweighting and turbine
upscaling.

R2.1 Reduce through vehicle downsizing (segment shift) Downsizing

re ects behavioral, cultural and policy-driven preferences for smaller vehicles. This
shift can be induced by regulatory incentives, taxation schemes (e.g. size- or weight-
based vehicle taxes), compact city design, and consumer preferences for smaller
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electric vehicles. Globally, the rapid increase in SUV demand reaching 48% of new
LDV sales in 2023 has signi cantly increased eet-level material intensity [171].
Conversely, promoting a shift toward compact vehicles o ers substantial mitigation
potential.

In WITCH, downsizing is represented by modifying the regional market shares
of LDV categories: small, medium, large and SUV. Let M(SSE denote the baseline
share of category c in region r in 2025, and let °E represent the required increase
in the share of small vehicles by the CE target year (2060). The time-varying share
for the small segment is de ned as:

MS = MS 3, +are (3.15)

small;r r

where d?ts is a linear adoption pro le:

%o, t 2025;
t 2025
;2025 <t < 2050; .
&y = : 2050 2025’ (3.16)
71 t 2050:

: . P : : :
To preserve the identity _MSg.; = 1, the increase in the small-vehicle

share is oset by proportional reductions in the remaining segments ¢ 2
fSUV; large; mediumg, relative to their baseline market shares. The adjusted market

shares for non-small segments are given by:
|

Mssmall MS base.
1” 7S el ¢ 6=small (3.17)

small;r

MSgr =MS 22 1

This proportional rebalancing preserves the relative structure of non-small ve-
hicle segments while ensuring non-negativity of market shares for the downsizing
targets considered. The resulting segment shares a ect (i) glider-related material
demand through segment-speci ¢ material intensities and (ii) the average traction-
battery capacity used to compute battery-material requirements:

X
Cap, = MSct Cap; (3.18)

Cc
where Cap denotes the representative battery capacity associated with segment c.
Regional circular economy targets for vehicle downsizing FE) are di erentiated
across aggregated regional groups to re ect di erences in urbanization patterns, his-
torical SUV dependence, vehicle market structure, and cultural preferences. Regions
with historically high SUV penetration and lower urban density namely North
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America, South Africa, and Oceania are assigned a moderate downsizing target
corresponding to a 15% increase in the share of small vehicles by 2060 [172, 173].
This conservative target acknowledges the structural barriers to vehicle downsiz-
ing in these regions: in North America, SUVs and light trucks accounted for over
80% of new vehicle sales in 2023 [172], making rapid segment shifts unlikely with-
out fundamental changes in consumer preferences and regulatory frameworks. In
contrast, regions with long-established compact-vehicle markets and higher levels of
urbanization speci cally Europe, Japan, and Korea adopt a stronger downsizing
trajectory, represented by a 25% increase in the small-vehicle share by 2060, consis-
tent with ambitious material-e ciency scenarios and policy frameworks promoting
vehicle size reduction [173]. For all remaining regions, a uniform downsizing target
of 15% is assumed, representing a globally plausible and conservative adoption of
vehicle downsizing policies under a circular economy transition [89, 91].

R2.2 Reduce through Lightweighting - Substitution Lightweighting re-

duces the mass of LDV components by lowering the amount of material required per
vehicle through structural redesign and material substitution. Unlike downsizing,
which a ects the composition of vehicle segments, lightweighting acts exclusively
on the material intensity (kg per vehicle) of each component. Empirical studies re-
port achievable reductions of approximately 10 25% in glider mass through the use
of advanced high-strength steels, aluminium substitution, and design optimization,
with additional e ciency gains during the use phase [148, 174, 175].

In this thesis, lightweighting is implemented as a time-dependent percentage ad-
justment to the baseline material intensity of each material technology combination.
For each material m, vehicle technology j, region r and year t, the lightweighting-
adjusted material intensity is de ned as:

MISE =ML p2e 1+ 5 a (3.19)
where ,; denotes the maximum relative change in material intensity (expressed as
a fraction of the baseline value), and ¥’ is a linear adoption pro le governing the
gradual implementation of Iightweighting'

% 0; t < 2030;
t 2030
aW = E 3080 2030" 2030 t < 2060: (3.20)
t 2060:

The parameter ,; captures material-speci c lightweighting pathways and is ex-
pressed as a percentage change relative to the baseline material intensity. Negative
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values represent absolute reductions in material use per vehicle due to design op-
timisation or higher material e ciency, while positive values represent substitution
towards lighter materials that increase the intensity of the substitute material while
reducing overall vehicle mass. The values adopted in this study are:
8

0:50 steel in ICE vehicles;

0:58 steel in BEVs and FCVs;

0:18 copper in ICE and FCVs;

mj = - 0:20 copper in BEVs;
+0:15 aluminium in ICE and FCVs;
+0:18 aluminium in BEVs;

- +0:10 polymers in all vehicle types:

All values refer to relative changes in material intensity (kg per vehicle) and are
consistent with literature estimates of achievable lightweighting and substitution
potentials for future LDVs [34, 89, 174].

R2.3 Reduce: Material E ciency in Electricity Generation Technolo-

gies Improvements in material e ciency and lightweighting also play an important
role in reducing the material footprint of electricity generation technologies. These
reductions arise from technological learning, substitution with advanced materials,
and structural optimization of components. In this study, three major generation
technologies solar PV, wind power, and concentrated solar power (CSP) are con-
sidered.

Solar photovoltaics (PV) Material-e ciency improvements in solar PV tech-
nologies are implemented as exogenous reductions in material intensity (tMW)
over time, based on scenario projections reported by CARRARA et al. [25]. For all
PV sub-technologies (c-Si, CdTe, CIGS, and a-Si), material intensities are reduced
linearly from the base year to 2060 and held constant thereafter until 2100. Un-
der moderate policy assumptions, material intensities of concrete, steel, aluminium,
plastics, and copper are reduced by approximately 10% by 2050 in the baseline no
CE policy scenario, while more ambitious circular-economy pathways apply reduc-
tions of approximately 20% by 2060 for the narrow scenario. For copper-intensive
thin- Im technologies (CIGS), technology-speci c learning e ects are represented
through larger reductions in copper intensity,therefore 50% and 70% by 2060 is used
for the baseline and narrow scenario, respectively.
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Wind power For wind, material intensity declines through (i) component-level
lightweighting and (ii) turbine upscaling, which implies sublinear scaling of total
mass with rated capacity. Both e ects are re ected in the technology-speci c re-
duction factors used to update the wind material intensity coe cients in WITCH
Material.

Component-level lightweighting. Recent analyses indicate that larger turbines

can improve capacity factors by 2 3% relative to smaller reference units, reducing the
number of turbines needed per unit of electricity generation [176]. At the component
level, advanced composites and high-performance concretes enable taller towers and
longer blades without proportional increases in mass. For generators, [177] project
substantial reductions in rare-earth intensity by mid-century due to design optimi-
sation and higher e ciencies. These e ects are implemented via material-speci c
reduction factors applied progressively from 2030 to 2060 and held constant there-
after.

Turbine upscaling and scaling law. Total turbine mass M is assumed to scale
with rated capacity C according to:

C
M=M, C_o ;
with = 0:75 following ROACH et al. [178]. This sublinear relationship implies
declining mass per MW as turbines become larger.

For o shore wind, the representative rated capacity increases from 9.8 MW in
2025 to 20 MW in 2060 [156, 179, 180]. Applying the scaling law with = 0:75,
material intensity declines from approximately 192 t/MW to 161 /MW, a reduction
of 16.2%. For onshore wind, the representative turbine increases from 2 MW in
2025 to 8 MW in 2060, implying a decline in material intensity from approximately
291 t/MW to 206 /MW (a 29.3% reduction) under the same scaling assumption.

Lightweighting and upscaling e ects are combined multiplicatively to adjust
baseline wind material intensity coe cients, following a linear adoption pathway
from 2030 to 2060. After full implementation in 2060, the adjusted coe cients
remain constant until the end of the modeling horizon.

Concentrated Solar Power (CSP) Quantitative projections of future material
intensity reductions for CSP remain scarce in the literature, re ecting the compara-
tively limited deployment of this technology relative to solar PV and wind. However,
several converging technological trajectories support the expectation of meaningful
reductions in bulk construction materials per unit of installed capacity. Advances
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in high-temperature receiver materials including high-entropy alloys and ceramic
composites enable lighter receiver structures and reduce the need for extensive
steel reinforcement [181, 182]. In the absence of bottom-up material projections for
CSP, this thesis adopts a conservative modelling assumption of a 20% reduction in
the material intensity of steel, concrete, and aluminium by 2060, applied linearly
from 2030 and held constant thereafter. This assumption is treated as a scenario
parameter rather than an empirical estimate, and its sensitivity is examined in the
results.

3.3.5 Slow Policies
Modeling Lifetime Extension through Reuse and Repair Policies

To re ect circular economy strategies such as component reuse and increased repair
of energy technologies, we implement a policy-driven lifetime extension for selected
technologies. This is done by adjusting the e ective depreciation rate to re ect a
longer operational lifespan. A new depreciation ratqﬁ'; is derived by matching the
area under an exponential decay pro le to that of a linear depreciation schedule that
declines at 1% per year until the end of the extended lifetime, after which full depre-
ciation occurs. This convention is consistent with the depreciation parametrization
used throughout WITCH [136]:

1
CE =1 ex - ; >2t
hrit g Lo+ L)+ Ly + L )2 o2

where L, is the baseline lifetime of technology j in region r and L;; is the
policy-driven lifetime extension.

This ensures that the integral of the exponential depreciation over time matches
the area of a linear depreciation pro le reaching zero at the end of the extended
lifetime. The approach captures the bene ts of longer lifespans due to maintenance,
reuse, or refurbishment activities, while preserving analytical tractability in the
model. The following lifetime extensions are implemented: Solar PV and CSP
each receive a ve-year extension, o shore wind a ve-year extension, and onshore
wind a seven-year extension. These values re ect technically achievable extensions
documented in the literature: industry surveys of utility-scale PV plants report
that project-life assumptions have increased from approximately 21.5 years in 2007
to over 30 years by 2019, indicating that ve-year extensions beyond a standard
25-year design life are consistent with current industry practice [183]. For wind
turbines, the DNV standard on lifetime extension provides a technical framework
for certifying extended operation beyond the original design life, with extensions of
ve to ten years considered achievable through structural assessment and targeted
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component replacement [184, 185]. Onshore wind receives a slightly longer extension
of seven years, re ecting the less demanding structural environment compared to
o shore installations and the broader evidence base for onshore lifetime extension
programmes. As a consequence, extending the operational life of wind turbines from
20 to 25 years can lead to a 7 10% reduction in material requirements. A longer
lifespan means that the materials used in the turbine are amortized over a more
extended period of energy production, e ectively reducing the material intensity
per unit of energy generated.

Reusing Materials

In the circular economy hierarchy, Reuse belongs to the category of slow strate-
gies, which aim to slow down material cycles by extending product lifetimes and
delaying replacement needs. In this thesis, reuse is implemented exclusively in the
post-processing stage, where end-of-life material out ows from WITCH Material
are divided into components that can be reused directly without remelting or re-
processing and components that require recycling or primary production. Typical
examples include the direct re-use of steel and aluminium structural elements from
decommissioned wind farms, or the repurposing of vehicle parts in second-hand mar-
kets. Although reuse is calculated post-consumption, in circular economy terms, this
measure is considered here as a "slow strategies because it extends the useful life of
materials already in the economy and thereby delays the demand for new primary
and secondary production.

Reuse is not implemented directly within WITCH, but in a post-processing step
considering the material out ows calculated in each scenario, which represents the
pool of components that becomes available for potential reuse or recycling once
technologies reach the end of their service lives.

Following the protocol adopted in the IRP RECC modelling work [30, 186], reuse
Is treated as a fraction of this end-of-life out ow that can be directly fed back into
new investments in the same sector (electricity generation, light-duty vehicles, or
grid infrastructure). For each material mat, sector s, and year t, an exogenous
reuse rate f®“¢_mat; s;t is speci ed. In the baseline scenarios, these rates are held
constant over time and represent current practice according to [186]. In the circular
economy scenarios of the slow and all policy packages, the reuse rates increase
linearly between 2020 and 2060, reaching higher target values that re ect improved
take-back systems, refurbishing practices, and component remanufacturing, and are
then kept constant until 2100. The adopted values for selected materials and sectors
are summarized in Table 3.4.

Conceptually, the calculation proceeds in two steps. First, a potential amount
of reusable material is computed by applying the reuse rate to the lagged material
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out ow, re ecting that components become available only after they are retired from
the in-use stock:

Reuse mat;s;r;t=r ¢ mat;s;t MOut_mat;s;r;t 1; (3.22)

where MOut_mat;s;r;t 1 is the material out ow in the previous period obtained
from MOut. Second, this potential reuse is constrained by the in ow requirement
in the same sector and year: only as much reusable material can be e ectively
absorbed as there is demand for new material. Any surplus reuse potential that
exceeds the in ow is not stored for later periods, in line with the RECC convention
of not creating additional stockpiles of reusable components. The e ective amount
of reused material therefore satis es

Reuse™

_mat;s;r;t=min(Reuse_mat;s;r;t; MIn_mat;s;r;t); (3.23)
where MIn_mat; s; r; t denotes the material in ow associated with new investments,
as derived from Min.

Table 3.4 reports the reuse rates for aluminium, copper and steel in the electricity
and light-duty vehicle sectors, expressed as fractions of the material out ow that is
directly reused in the same sector. For the baseline, the values observed in 2020 are
kept constant throughout the horizon. In the CE scenarios, the same 2020 values
are used as a starting point, and the rates are increased linearly up to the 2060
targets shown in the table. For all years between 2020 and 2060, the reuse rate is
obtained by linear interpolation between these endpoints; after 2060, the CE reuse
rates are held constant at their 2060 values.

Because sectoral reuse is assumed not to involve additional remelting or other
energy-intensive processing, it does not enter the LCA emission calculations. Only
primary and recycled in ows are multiplied by emission factors from the prospec-
tive LCA (Section 3.2). Reuse thus contributes to emission reductions indirectly by
lowering the amount of material that needs to be produced through primary or sec-
ondary routes, while itself being treated as emission-neutral in the LCA accounting.
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Table 3.4: Assumed end-of-life sectoral reuse rates for selected materials and sectors
in the baseline and circular economy (CE) scenarios. Rates are expressed as fractions
of the material out ow that is directly reused in the same sector. In the baseline,
2020 values are kept constant over time. In the CE scenarios, rates increase linearly
from 2020 to 2060 and are held constant thereafter.

Baseline CE (slowr/all)

Material Sector

2020 2060 2020 2060

Aluminium Electricity generation 0.108 0.108 0.108 0.345
Aluminium Light-duty vehicles 0.130 0.130 0.130 0.340
Copper Electricity generation 0.110 0.110 0.110 0.330
Steel Electricity generation 0.053 0.053 0.053 0.238

3.3.6 Close Policies
Splitting material in ows into primary and secondary supply

A key step in linking the WITCH Material material ow module with the prospec-
tive life-cycle assessment is the decomposition of total material in ows into primary
and secondary supply..

Secondary material supply arises from two mechanisms: reuse (a slow strategy
that reinserts intact components) and recycling (a close strategy involving reprocess-
ing). Both depend on end-of-life material out ows generated by depreciation-driven
stock dynamics. The combined potential secondary supply is given by:

ot — nal nal .
Se(fnat;s;r:t - Rel'ls’emat;s;r;t + RG(::yCIemat;s;r;t :

Actual secondary in ow is constrained by material demand:

— H . ot
Min z]eést;s;l’;t =min MIn mat;s;rt Se ats;rt

Any remaining in ow must be supplied by primary production:

prim = sec .
Min matis;rit MIN matsrt MIn matsirt -

Whenever secondary supply exceeds demand, surplus material is discarded rather
than stockpiled. This ensures mass balance and consistency with the temporal
structure of the model. By construction:

_ rim nal nal .
Min mat;s;rit — Min ﬁﬁat;s;r;t + Reusema’[;s;r;t + ReCyCIemat;s;r;t .
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This allocation provides a transparent representation of material circularity.
Reuse reduces demand for newly produced material without additional processing
and is treated as emission-neutral. Recycling o sets primary production but carries
emissions associated with secondary processing, which are captured via Premise-
generated emission factors. By linking only primary and recycled in ows to LCA
inventories, the framework avoids double counting and ensures internally consistent
accounting of material-related emissions across circular-economy scenarios.

Sectoral Recycling

Recycling represents a close circular-economy strategy in which end-of-life materi-
als are returned to the economic system after undergoing remelting or reprocessing.
Unlike reuse, which preserves component integrity and directly extends service life-
times, recycling converts discarded materials into secondary material suitable for
substituting primary production. Because recycling requires industrial processing

and energy inputs, it generates life-cycle emissions and is therefore explicitly ac-
counted for in the prospective LCA applied in the post-processing stage of this

thesis.

As in the case of reuse, recycling is not implemented endogenously within the
WITCH model. Instead, it is computed ex post using material out ows generated
by the WITCH Material stock-driven material ow framework. For each material
mat, sector s, region r, and year t, an exogenous end-of-life recycling ratgy, . is
speci ed, following the protocol adopted in IRP RECC modelling exercises [117].
In baseline scenarios, recycling rates remain xed at their 2020 levels, re ecting
current recycling practices in electricity infrastructure, light-duty vehicles, and elec-
tricity grids. In the circular-economy scenarios associated with the close and all
policy packages, recycling rates increase gradually between 2020 and 2060, reach-
ing levels consistent with improvements in waste collection, sorting, regulation, and
metallurgical capacity. From 2060 onward, recycling rates are held constant through
2100.

It is important to note that recycling for concrete was disregarded. The absence
of secondary concrete in ows re ects two modeling boundaries. The dominant end-
use of concrete globally is in the buildings and civil infrastructure sector [30, 117],
which lies outside the scope of this study. Moreover, while closed-loop recycling of
concrete into structural-grade recycled aggregate concrete is technically feasible, its
large-scale adoption remains constrained by fragmented standards, underdeveloped
market mechanisms, and limited policy support [187, 188]. In practice, end-of-
life concrete is predominantly downcycled into low-grade aggregates rather than
recovered as equivalent structural material [188].

Recycling is computed hierarchically after reuse. Only the fraction of end-of-life
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material that is not redirected to reuse is eligible for recycling. Let MOats:rt 1
denote lagged end-of-life material out ows and Reugg,.... the e ective reuse ow
in year t. The potential recycling supply is de ned as:

ot — | .
ReCyCl at;s;rt T r rr’r?gt;s;t MOut mat;s;r;t Reuse nqgt;s;r;t ' (3-24)

Actual recycling is further constrained by material demand for new investments.
Recycling can only substitute material in ows (MINyatsrt ) associated with new
capacity additions. Accordingly, the e ective recycling ow is de ned as:

Recycleld...., =min Recycl®x . ; MIN masr  Reuse M. ©  (3.25)

Any potential recycling exceeding in ow demand is not carried forward to future
periods. This assumption, consistent with IRP RECC conventions, avoids arti cial
stockpiling of scrap and preserves consistency with the dynamic turnover structure
of capital stocks in WITCH Material.

Recycling reduces the need for primary material production and is re ected in
emissions accounting through secondary production pathways in the prospective
LCA (Section 3.2). Unlike reuse, recycling is not emission-neutral: its climate impact
depends on future energy mixes and processing technologies, which are captured
through time- and region-speci ¢ secondary material emission factors generated by
Premise.

Table 3.5 summarises the recycling assumptions applied to selected materials
and sectors. Values between 2020 and 2060 are linearly interpolated; post-2060
rates remain constant.

Table 3.5: End-of-life recycling rates for selected materials and sectors in baseline
and circular economy (CE) scenarios. Rates represent the fraction of end-of-life
material that is reprocessed into secondary material.

_ Baseline  CE (close/all)
Material Sector

2020 2060 2020 2060

Aluminium Electricity generation 0.80 0.80 0.80 0.95
Aluminium Light-duty vehicles 0.84 0.84 0.84 0.95
Copper Electricity generation 0.74 0.74 0.74 0.91
Copper Light-duty vehicles 0.70 0.70 0.70 0.86
Steel Electricity generation 0.75 0.75 0.75 0.93
Steel Light-duty vehicles 0.79 0.79 079 0.93

It should be noted that recycling rates reported here represent end-of-life col-
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lection and reprocessing rates, not closed-loop recycling rates. For aluminium in
light-duty vehicles, for instance, achieving high collection rates does not guarantee
quality-preserving recycling: the shift towards wrought-aluminium- intensive elec-
tric vehicles is expected to generate a surplus of mixed-alloy scrap that cannot be
directly recycled into equivalent-grade material without advanced sorting technolo-
gies [189 191]. The CE targets adopted here therefore represent an upper bound
on collection e ciency, conditional on improvements in alloy sorting and scrap pre-
processing infrastructure.

3.3.7 Unied Circular Economy Policy Equation

The three circular economy strategy layers Narrow, Slow, and Close operate
through distinct but complementary mechanisms that jointly determine primary
and secondary material demand. Narrow strategies reduce the material required
per unit of service; Slow strategies extend technology lifetimes and reduce replace-
ment demand; and Close strategies substitute primary production with secondary
material supply. Together, their combined e ect on primary material in ows can be
expressed as a single unifying equation.

For each material m, technology j, region r, and year t, the total primary material
in ow under a combined circular economy scenario is:

prim,CE  _ reuse rec CE CE
Min mjnt T | m;j;r:{z m;jnt } NI{%j;r;t} IK{z‘;r;l}
Close: secondary supply o set Narrow: adjusted intensity ~ Slow + Narrow: adjusted capacity additions

(3.26)

where K St denotes the net capacity addition in period t under CE policies,

derived endogenously from WITCH as:

t | CE

K CE = it . 3.27
bt IVICOSTINV;j;r;t ( )

where IJCrE is investment expenditure and MCOS'Ky;j+ IS the cost per unit
of installed capacity. Each term in Eq. (3.26) captures a distinct policy lever, as

described below.

Term 1 Close strategies: secondary supply o set. The rstterm captures

the share of total material in ow satis ed by secondary supply through reuse and
recycling thereby reducing the fraction that must be met by primary production.
The shares of in ow 0 set by reuse and recycling are de ned respectively as:

nal
Reusqn;j;r:t . rec

_ Recyclel®
MIN mijrt it

gt
; 3.28
MIN it ( )

reuse _—
m;j;rit
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where Reusg?, and Recyclg),, are de ned in Sections 3.3.5 and 3.3.6, re-
spectively. By construction, {35 + Jf. 1, ensuring that secondary supply
never exceeds total material demand.

Term 2 Narrow strategies: adjusted material intensity. The second

term represents the material intensity per unit of installed capacity after applying
all Narrow circular economy measures. Multiple measures lightweighting (R2.2),
generation-technology material e ciency improvements (R2.3), and, for light-duty
vehicles, the segment-shift induced by downsizing (R2.1) act simultaneously and
are combined multiplicatively:

M. =Ml pase Y 1+ %, a (3.29)
k2K

where K is the set of applicable Narrow measuresfn;j is the maximum rel-
ative change in material intensity under measure k (as de ned in Section 3.3.4),
and ab;t 2 [0; 1] is the corresponding adoption rate. The product form ensures that
simultaneous measures combine consistently without double counting, as each fac-
tor scales the residual intensity remaining after prior reductions. For light-duty
vehicles, erﬁﬁ;r;t additionally re ects changes in eet composition induced by the
segment-shift measure (R2.1), through the market-share-weighted aggregation de-
ned in Eq. (D.1).

Term 3 Slow and Narrow strategies: adjusted capacity additions.
The third term represents the physical quantity of new capacity added in each
period, which determines total material demand before intensity and circularity ad-
justments. Capacity additions K Jcr'f are endogenously reduced within WITCH
when service demand declines as induced by the demand-side Narrow measures
RO (Refuse) and R1 (Rethink) or when technology lifetimes are extended under
Slow policies. Lifetime extension enters through the modi ed depreciation rate
de ned in Section 3.3.5, which reduces the rate at which existing capital stock is
retired and therefore lowers replacement investment requirements. The net e ect is
that K % K j?r?tse whenever Slow or demand-side Narrow policies are active.
Equation (3.26) thus provides a transparent decomposition of the pathways
through which circular economy policies reduce primary material production: less
service demand or longer lifetimes reduce the quantity of capacity added (Term 3);
improved material design reduces the material embodied in each unit of capacity
(Term 2); and higher secondary supply rates displace primary production for the
remaining material demand (Term 1). The interaction between these three terms

means that the combined e ect of all CE strategies exceeds the sum of their indi-
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vidual contributions, a property that the scenario analysis in Chapter 4 examines
empirically.

75



Chapter 4
Results

The results show that, within a modeling framework where climate policy drives
endogenous technical change in the energy system but material constraints do not
feed back into technology choice, circular economy strategies operate by reshaping
the material footprint of a largely xed low-carbon technology mix reducing
demand intensity, substituting primary supply, and extending asset lifetimes without
altering the energy pathway itself.

Across all scenarios, three core ndings emerge. First, CE policies reduce the
scale and intensity of material use associated with a largely xed technology mix,
without substantially altering the electricity infrastructure and transport technol-
ogy pathways themselves . Second, CE strategies act by distinct and non-equivalent
channels that can be summarized in: (i) reducing total material demand, and (ii)
substituting primary materials with secondary supply. Third, the feasibility and
mitigation potential of circularity are structurally constrained by material stock dy-
namics, giving rise to persistent circularity gaps that vary strongly across materials,
regions, and climate pathways.

All these interactions have direct implications for emissions outcomes. While
the absolute mitigation contribution of CE strategies is smaller than that of climate
policies, CE delivers consistent additional reductions, particularly in industry and
transport sectors, and becomes increasingly relevant as the system approaches deep
decarbonization. Importantly, the magnitude and distribution of these e ects de-
pend not only on policy mix, but also on material-speci ¢ characteristics, regional
stock maturity, and the timing of infrastructure expansion and retirement.

The remainder of this chapter establishes what technology deployment looks like
across scenarios, which is the structural backbone that determines material demand
(Section 4.1). Given this technological context, the analysis then examines how CE
policies reshape the material requirements and supply of di erent materials (Section
4.2). This reshaping, however, is constrained by physical availability of secondary
materials, which gives rise to circularity gaps that vary sharply by material and
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region (Section 4.2.4). Finally, these material- ow changes translate into emissions
outcomes, showing how the CE mitigation reduction is composed and distributed
across sectors, regions, and time (Section 4.3).

4.1 How circular economy policies shape technology
deployment in WITCH MATE

Understanding technology deployment across scenarios is essential because it de nes
the structural backbone of material demand and, consequently, the evolution of
emissions trajectories. In WITCH-MATE, material requirements are intrinsically
linked to installed capacity, technology stocks, and operational activity in both
electricity and transport sectors. As a result, technology pathways determine not
only the direction of decarbonization but also the scale, timing, and intensity of
material ows throughout the low carbon scenarios. This section establishes the
technological context against which the e ects of CE policies on material use and
emissions are subsequently interpreted.

Figure 4.1 summarizes how climate and CE policies interact to shape technology
deployment across sectors. Panel A shows the evolution of global installed electricity
capacity by energy source, Panel B reports the renewable electricity technology mix
in 2050, and Panel C illustrates the evolution of the global LDV eet under di erent
CE policies mix.
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Figure 4.1: Global Technology deployment under climate and circular economy
policies in WITCH MATE

As shown in Figure 4.1A, climate ambition is the dominant driver of electricity
infrastructure transformation, within an incremental technology improvement. More
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stringent climate targets trigger a faster and larger-scale expansion of renewable
generation and a progressive phase-out of fossil technologies, whereas under the SSP2
baseline fossil generation without carbon capture retains a non-negligible role over
the century. By contrast, both the SSP2 2C and SSP2 1.5C pathways converge
toward a predominantly renewable electricity system by mid-century, indicating that

the pace, scale, and direction of capacity deployment are overwhelmingly governed
by climate constraints.

Circular economy policies exert only marginal in uence on electricity-sector out-
comes. Dierences between CE policy mixes are limited to small changes in total
installed capacity (typically 1 3% from Slow policies) and do not alter the direction
of the energy transition. This re ects WITCH MATE's design, in which CE strate-
gies operate through demand moderation, lifetime extension, and material e ciency,
rather than by a ecting relative technology costs, investments and technological ef-
ciencies.

This marginal role is further evident in the renewable technology mix. The
shares of wind and solar technologies in 2050 remain remarkably stable across CE
con gurations within each climate scenario (Figure 4.1B). While CE policies can
moderate the volume of capacity deployed, they do not meaningfully reshape the
renewable portfolio.

The transport sector exhibits a more visible response to CE policies, primarily
through changes in system scale rather than technology composition. Fleet com-
position converges toward electri cation across all scenarios (Figure 4.1C), but CE
policies reduce the absolute size of the light-duty vehicle eet. This reduction low-
ers cumulative material demand and, over time, future end-of-life out ows. Since
all scenarios are built on identical SSP2 socio-economic assumptions, total vehicle
stocks are similar across climate scenarios, with battery electric vehicles penetrating
rapidly in all cases and reaching very high shares by mid-century.

4.2 How circular economy policies reshape material
demand

Circular economy policies a ect material demand through two complementary mech-
anisms. First, they reduce total material demand the combined in ow of primary

and secondary materials by lowering service demand, improving material e ciency,
extending product lifetimes, and enabling reuse. Second, they reshape the compo-
sition of material supply by increasing secondary shares through higher recycling
rates, thereby displacing primary extraction. The e ectiveness of these mechanisms
depends on how they interact with system scale and stock maturity the overall size
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of economic activity requiring physical assets, and the age structure and maturity
of existing stocks generating end-of-life out ows.

4.2.1 Primary Material Reductions

The most direct contribution of CE strategies is to change total material demand.
Figure 4.2 illustrates annual and cumulative demand trajectories for aluminium,
steel, copper, and concrete.
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Figure 4.2: Left: annual total material demand (primary + secondary) by material
and scenario; right: cumulative material demand over the full time horizon.

Climate ambition is the primary driver of total material demand. More stringent
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mitigation pathways require faster and larger deployment of low-carbon infrastruc-
ture, increasing annual demand for steel, copper, aluminium, and concrete relative
to SSP2. This mirrors technology dynamics discussed in Section4.1: climate con-
straints govern the scale and timing of capital deployment and, in turn, total material
demand.

Within each climate pathway, CE policies reduce cumulative demand, but the
magnitude varies sharply across materials because CE policies do not act symmetri-
cally on all uses. For steel and copper, the All CE policy mix yields large cumulative
reductions; for concrete the response is moderate; and for aluminium the e ect is
small and can even become slightly positive, re ecting countervailing substitution
dynamics. Aluminium stands out as an exception as cumulative demand changes by
less than 4% across climate pathways. Under All CE, aluminium increases slightly
from 853 Mt in SSP2 (No CE) to 884 Mt (All CE), from 1013 to 1022 Mt in
SSP2 2 C, and from 1047 to 1053 Mt in SSP2 1.8C. In annualized terms, di er-
ences remain con ned to +0.1 to +0.4 Mt, roughly 1% of current global primary
aluminium production (70 Mt in 2023 [192])). This limited response re ects alu-
minium's dual role: scale-reducing measures lower demand in the electricity system,
while substitution and lightweighting in transport o set those reductions, leaving
net e ects near zero at the aggregate level.

To clarify the mechanisms driving these aggregate material-demand patterns,
Figure 4.3 decomposes material use by sector and circular economy policy mix in
2050. The bars split total demand into electricity generation, electricity transmis-
sion (grid), and transport (LDV), shown across climate pathways (columns) and
materials (rows). This sectoral breakdown highlights that CE e ectiveness depends
on where each material is used and on whether demand is driven mainly by stock
expansion (new capacity) or by replacement and substitution dynamics.
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Figure 4.3: Sectoral composition of material demand under CE policies in 2050

CE policies exert their strongest e ect on steel demand. Under All CE, cu-
mulative steel demand falls by 42.7% in SSP2, 37.4% in SSPA2 and 36.2% in
SSP2 1.5C relative to No CE, corresponding to avoided production of approxi-
mately 1.87 Gt, 2.10 Gt, and 2.13 Gt over 2020 2100. Averaged over the period,
this represents roughly 23 27 Mt yr* , approximately 1.2 1.4% of current global
crude steel production (1.89 Gt yt in 2024 [193]). The largest reductions are as-
sociated with transport, re ecting fewer vehicles and lower material intensity from
slower eet growth. Copper exhibits a strong but more evenly distributed response:
cumulative copper demand declines by 28.8%, 27.0%, and 26.4% across scenarios,
corresponding to avoided production of approximately 0.10 Gt in SSP2 and 0.11 Gt
in mitigation scenarios (1.2 1.4 Mt yr ), or roughly 6% of current global primary
re ned copper production (23 Mt in 2024 [194]). Concrete shows a more moderate
response: cumulative demand is reduced by 9.3% in SSP2, 10.4% in SSR2, 2and
10.3% in SSP2 1.5C, corresponding to 0.81 Gt, 1.20 Gt, and 1.25 Gt reductions, or
10 15 Mtyr ' (0.25 0.4% of current global cement production, 4.1 Gt yk [195]).
Figure 4.3 also helps explain why reductions remain moderate: concrete demand is

1Cement production is used here as a proxy to contextualize the order of magnitude of concrete-
related material ows. Cement typically represents only about 10 15% of total concrete mass, with
aggregates accounting for the remainder. A simpli ed conversion of 1 kg of cement to approximately
8 kg of concrete is adopted for order-of-magnitude comparison.

83



concentrated in electricity infrastructure, where material needs are largely tied to
capacity expansion and where substitutability is limited within the model bound-
ary. Moreover, because the building sector is not represented here, a large share
of real-world concrete demand and many building-related circular strategies lies
outside the model boundary, likely constraining both baseline levels and the appar-
ent leverage of CE policies on this material.

While reductions in total material demand dominate the aggregate outcome, CE
policies also a ect how materials are supplied. The cumulative changes discussed
above primarily capture the scale e ect of CE policies, i.e., their ability to reduce
the total volume of material owing through the system. They do not, however,
reveal whether remaining demand is met by primary extraction or by secondary
sources. Distinguishing between these supply channels is essential for assessing the
e ective potential of circularity, because increases in secondary use are constrained
not only by policy ambition but also by the timing and magnitude of end-of-life
out ows generated by the evolving stocks of electricity infrastructure and transport
technologies.

4.2.2 Changing from Primary to Secondary Material

A second, and conceptually distinct, e ect of CE policies is therefore to reshape the
primary versus secondary composition of material in ows. Figure 4.4 decomposes
these in ows into primary and secondary components over time and in cumulative
terms. This decomposition allows an explicit assessment of how recycling and reuse
evolve across materials and climate scenarios, and highlights the physical constraints
that limit circular supply when rapid infrastructure expansion outpaces the avail-
ability of recoverable end-of-life material.
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Figure 4.4: Left: evolution of secondary material shares in total in ows by material
and scenario; right: cumulative primary and secondary material demand over the
modeling horizon.
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Secondary shares tend to increase over time as stocks accumulate and end-of-life
out ows become available for recovery. The magnitude di ers strongly by material,
re ecting di erences in where materials are used and how e ectively CE strategies
translate into higher secondary use versus lower total demand.

For aluminium, the main impact of CE policies is a strong compositional shift
from primary to secondary supply. In SSP2, the secondary share rises from 32.8%
under No CE to 74.4% under All CE by 2100. Over 2020 2100, cumulative sec-
ondary in ows increase from 212 Mt to 495 Mt, while cumulative primary in ows
fall from 641 Mt to 389 Mt. Similar patterns hold under mitigation scenarios. Cop-
per shows a combined response: CE policies both reduce total demand and increase
the secondary share. In SSP2, the secondary share rises from 27.7% to 69.5% by
2100. Over 2020 2100, cumulative demand declines from 347 Mt to 247 Mt, driven
by large reductions in primary in ows (273 Mt to 113 Mt) and increases in sec-
ondary inows (74 Mt to 134 Mt). For steel, CE policies predominantly reduce
primary steel requirements while increasing the secondary share. In SSP2, the sec-
ondary share rises from 25.8% to 54.3% by 2100. Over 2020 2100, cumulative steel
demand falls from 4,381 Mt to 2,509 Mt, with primary in ows declining from 3,577
Mt to 1,515 Mt and secondary in ows increasing from 803 Mt to 994 Mt. Concrete
remains outside this mechanism for reasons detailed in Section 3.3.6 the absence
of mature closed-loop recycling pathways and the dominance of building-sector de-
mand outside the model boundary preclude secondary concrete in ows across all
scenarios. Concrete results therefore re ect only demand-side reductions from lower
infrastructure requirements.

4.2.3 How Narrow, Slow, and Close reshape material ows
and stocks

Holding climate ambition xed, the three CE policy packages operate through dis-
tinct channels and excel at di erent objectives. Narrow primarily reduces material
demand by lowering service demand and material intensity, making it most e ec-
tive for cutting total material demand in material-intensive low carbon transitions.
Slow primarily delays when materials are needed by extending lifetimes and enabling
component reuse, making it most e ective for shifting mitigation toward the second
half of the century and boosting reuse as a supply channel. Close primarily changes
where materials come from by increasing recycling rates and prioritizing secondary
sourcing, making it most e ective for substituting primary production when su -
cient end-of-life material is available. Figures 4.5, 4.6, 4.7, and 4.8 quantify these
mechanisms as percentage changes in total, primary, and secondary material ows
relative to a no-CE baseline for each climate scenario. In each gure, Panel A re-
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