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Résumé

Atteindre un niveau de vie satisfaisant pour tous nécessiterait aujourd’hui une utilisation de
ressources 2 à 6 fois supérieure à un niveau jugé durable. Il est donc nécessaire de découpler
l’utilisation de ressources des besoins humains. La recherche sur ce sujet s’appuie sur le con-
cept de systèmes d’approvisionnement, défini par Fanning et ses collègues comme ”un ensem-
ble d’éléments liés qui fonctionnent ensemble pour transformer des ressources pour satisfaire un
besoin humain donné”. Des transformations profondes de ces systèmes d’approvisionnement
sont nécessaires, car suivre les tendances actuelles ne ferait qu’exacerber la crise écologique sans
parvenir à éliminer les déficits sociaux. Pour renforcer notre compréhension de la chaîne al-
lant de l’extraction des ressources de la biosphère jusqu’aux besoins humains, cette thèse vise à
construire un modèle de stock et de flux des infrastructures mondiales.

Le chapitre 1 critique le manque de perspectives venant de l’écologie industrielle et de la
recherche sur lemétabolisme socio-économique dans les modèles d’évaluation intégrée (IAMs),
établissant ainsi la nécessité de construire de nouveaux modèles. Le chapitre 2 présente le mod-
èle MATER (Multi-regional Assessment of Technologies Energy and Resources). Ce modèle
reproduit avec précision les tendances passées de consommation d’énergie et de ressources (de
1900 à aujourd’hui) et est un outil utile pour mener des analyses prospectives basées sur la de-
mande de services, la demande d’énergie ou des trajectoires socio-économiques. Le chapitre
3 décrit comment l’utilisation de tableaux entrées-sorties a permis de régionaliser les flux dans
MATER. Une application web interactive représentant divers périmètres potentiels pour les
calculs d’empreinte carbone est également présentée. Le chapitre 4 commence par décrire com-
ment MATER calcule les coûts et les prix à long terme des métaux, en intégrant des variables
telles que la teneur en minerai, le progrès technologique, le prix de l’énergie et les limites ther-
modynamiques. Le modèle reproduit fidèlement l’évolution historique des prix des métaux
depuis 1900 et prédit une inversion inévitable de la baisse des coûts à mesure que l’énergie
de production s’approche des limites thermodynamiques. La deuxième partie du chapitre 4
compare les intensités énergétiques (une donnée importante dans MATER) en fonction de la
richesse. Les régions à hauts revenus utilisent plus d’énergie par unité de consommation finale
que les régions à faibles revenus. Ce résultat contredit la croyance selon laquelle un PIB plus
élevé serait corrélé à une meilleure efficacité. Le chapitre 5 explore les interactions entre la santé
et l’environnement. Une analyse de 49 systèmes de santé montre l’existence d’une relation ex-
ponentielle entre l’empreinte en ressources de ces systèmes et leur indice d’accès et de qualité
des soins de santé (HAQ). Ensuite, les associations entre l’empreinte énergétique par habitant
(représentative dumode de vie d’un individu) et l’incidence demaladies sont calculées. Une em-
preinte énergétique élevée par habitant est corrélée à des faibles taux de maladies transmissibles,
mais aussi à des taux élevés de maladies liées au mode de vie ou de maladies chroniques. Étant
donné le besoin de réduire la consommation d’énergie pour réussir la transition énergétique, il
est vital d’optimiser l’utilisation de l’énergie, en l’affectant à ce qui améliore la santé plutôt qu’à
ce qui risque d’aggraver les maladies chroniques. Bien que la santé ne soit pas encore un secteur
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dans MATER, ce chapitre prépare son inclusion éventuelle. Le chapitre 6 conclut par une dis-
cussion sur les besoins futurs en matière de recherche, notamment la création de scénarios de
post-croissance, l’inclusion d’éxergie dans les modèles, l’étude de risques et la ludification des
modèles afin de les rendre utiles à la prise de décision.



Summary

Based on current relationships, reaching universal high level of life satisfaction would re-
quire resource use at levels 2-6 times higher than the sustainable level. There is therefore a need
to decouple resource use from human needs. Research on this topic is developed under the
concept of provisioning systems, defined by Fanning and colleagues as “a set of related elements
that work together in the transformation of resources to satisfy a foreseen human need”. Deep
transformations of these provisioning systems are needed as current trends will only exacerbate
the ecological crisis while failing to eliminate social shortfalls. To strengthen our understanding
of the chain going from resource extraction from the biosphere all theway to humanneeds such
as transportation or healthcare, this thesis aims to build a stock and flow model of the world’s
infrastructures, with regionalized impacts.

Chapter 1 critiques the lackof insights from industrial ecology and socioeconomicmetabolism
research in Integrated Assessment Models (IAMs), thereby establishing the necessity for novel
models. Chapter 2 introduces theMATER(Multi-regionalAssessmentofTechnologiesEnergy
and Resources) model. Proven to accurately replicate past trends in energy and resources con-
sumption (from 1900 to the present), this model is a useful tool for prospective analyses rooted
in service demand, energy demand, or socio-economic trajectories. Chapter 3 describes how
input-outputmodellingwas utilized for regionalizing impacts withinMATER.We also present
an interactive web application representing various potential perimeters for input-output foot-
print calculations. Chapter 4 begins by delineating howMATERcalculates the long-term costs
and prices ofmetals, incorporating variables such as ore grade, technological advancements, en-
ergy prices, and thermodynamic limits. The model accurately reproduces the historical evo-
lution of metal prices since 1900 and predicts that the trend of declining costs will eventually
reverse as production energy approaches thermodynamic limits. The latter part of Chapter 4
compares energy intensities (an important input inMATER) as a function of affluence. High-
income regions use more energy per unit of final consumption than low-income ones. This
result contradicts the common belief that a higher GDP is correlated with a better efficiency.
In Chapter 5, we delve into the interplay of health and environment. First, we conduct an
input-output analysis of 49 healthcare systems, establishing an exponential link between their
resources footprint and their healthcare access and quality (HAQ) index. Then, we calculate
the associations between energy footprint per capita (indicative of an individual’s lifestyle) and
disease occurrence. High energy footprint per capita is correlated to low rate of communicable
diseases but also to high rates of lifestyle-related/chronic diseases. In light of the need to con-
sume less energy to achieve a successful energy transition and becomemore resilient to the risks
of energy supply contraction, it is critical to make better use of energy, allocating it to what
improves health and not to what may increase chronic disease risk. Though not yet a sector in
MATER, this chapter lays the groundwork for its eventual inclusion. Chapter 6 concludes on
future research needs, encompassing the creation of post-growth Shared Socioeconomic Path-
ways, the need to include exergy in models, risk incorporation, and model gamification.
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chapter 1 | Introduction

For most of human history, the amount of energy used by humans was relatively small in
comparison to the total energy input to the biosphere. With the advent of the industrial revo-
lution, humans gained the ability to increase their energy consumption to a level comparable to
that of the entire biosphere (Wagner et al., 1993; Lenton et al., 2016). Energy transformation
allows changes to occur. Such high levels of energy use have thus allowed humans to radically
transform the world we live in. It led to the introduction of the concept of Anthropocene,
which considers the current geological epoch to be human-dominated (Crutzen, 2002).

The impacts of humans on the biosphere have increased together with this energy use (Stef-
fen, Sanderson, et al., 2005). To avoid unacceptable environmental changes, Rockström and
colleagues introduced the concept of planetary boundaries. These boundaries are critical pro-
cesses regulating the Earth system’s functioning and should not be transgressed (Rockström
et al., 2009). In the most recent update of the work, the nine principal boundaries identified
were: climate change, novel entities, stratospheric ozone depletion, atmospheric aerosol load-
ing, ocean acidification, biochemical flows, freshwater use, land-system change and biosphere
integrity (Steffen, Richardson, et al., 2015). Five of these boundaries have already been trans-
gressed: novel entities, biogeochemical flows, land-system change, biosphere integrity and cli-
mate change (Persson et al., 2022).

Navigating back into a safe operating space for humanity requires a holistic approach (Q. Li
et al., 2021). For example, Sustainable Development Goals (SDG) (Nations, 2015) are inter-
related with resource use, in particular with water, energy, food, materials and land use (Bleis-
chwitz et al., 2018). These interrelations can be tackled through a nexus approach in order to
un-silo thinking and emphasize trade-offs. Bleischwitz and colleagues highlighted the resources
needed to reach SDG 2 (zero hunger), SDG 6 (clean water and sanitation), SDG 7 (affordable
and clean energy), SDG 11 (sustainable cities and communities), SDG 12 (responsible con-
sumption and production), SDG 13 (climate action), SDG 14 (life below water) and SDG 15
(life on land).

To reach both human needs and the preservation of the planet’s life support systems, the
concept of “safe and just space” was introduced for humanity to thrive in the middle of the
doughnut economics (Raworth, 2017; Raworth, 2012). However, no country currently meets
the social outcomes desired by citizens (such as food, education, health or transportation) with
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a sustainable level of resource use (Daniel W. O’Neill et al., 2018). Based on current relation-
ships, reaching universal high level of life satisfaction would require resource use at levels 2-6
times higher than the sustainable level (Daniel W. O’Neill et al., 2018). There is therefore a
need to decouple resource use from human needs. Research on this topic is developed under
the concept of provisioning systems, defined by Fanning and colleagues as “a set of related ele-
ments that work together in the transformation of resources to satisfy a foreseen human need”
(Fanning, O’Neill, et al., 2020). Deep transformations of these provisioning systems are needed
as current trends will only exacerbate the ecological crisis while failing to eliminate social short-
falls (Fanning, Daniel W. O’Neill, et al., 2022).

Furthermore, some countries suffer from the double burden of not reaching social thresh-
olds and facing the environmental and social costs of the extraction of resources used elsewhere.
Global North alone is responsible for 74% of material use in excess of equitable and sustainable
boundaries, China being responsible for 15% and the rest of Global South of only 8% (Hickel,
Daniel W O’Neill, et al., 2022). Via trade, the impact of excess resource consumption in the
Global North is offshored to the Global South (Hickel, Dorninger, et al., 2022). Similar results
were found for climate change where the Global South was responsible for only 8% of excess
emissions over the period 1850 to 2015 (Hickel, 2020).

To strengthen our understanding of the chain going from resource extraction from the bio-
sphere all the way to human needs such as transportation or healthcare, this thesis aims to build
a stock and flowmodel of the world’s infrastructures, with regionalized impacts.

Section 1.1 introduces the concept of energy and resources services cascades, provides an ex-
planation of the role of stocks in society and concludes on the need to developmodels to better
understand the stock-flow-services nexus. Section 1.2 introduces socioeconomic metabolism
and its associated research strands, which is the research paradigm in which this thesis takes
place. Section 1.3 describes Integrated AssesmentModels, their current limits from a socioeco-
nomicmetabolism perspective and the initiatives to overcome these limits. Section 1.4 presents
the research gap, aim, objectives and questions of this thesis. Section 1.5 provides the structure
of the thesis as well as the list of publications and contributions to these publications.

1.1. The stock-flow-service nexus

1.1.1. Energy andresources service cascades

Steering humanity towards the safe and just space requires to link planetary boundaries to
human consumption, their main socio-economic driver (M. Li et al., 2021). Indeed, resource
use does not occur ‘per se’ but to provide a service which can ultimately be linked to human
needs. This idea has been abundantly discussed for the case of energy, through the lens of energy
services (Fell, 2017). After a literature review of one hundred and eighty-five articles, Fell and
colleagues defined energy services as “those functions performed using energy which are means
to obtain or facilitate desired end services or states”.
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However, while this focus on end states clearly defines the energy service of burning fuel
in a car or in a heater, the energy service provided by industrial energy use is unclear (Kalt et
al., 2019). For example, what is the energy service provided by high temperature heat in a fac-
tory? When assessing the service provided by energy it is important to consider the entire value
chain. To reconcile different approaches, Kalt and colleagues introduced the Energy Service
Cascade (ESC) conceptual framework. Inspired by the Ecosystem Services Cascade (Haines-
Young et al., 2010), it comprises five elements: structures (the entire energy-conversion chain,
including passive systems), functions (physical actions performed by the energy chain, such as
a car acceleration), services (what humans want: they differ from functions because here a hu-
man beneficiary is identified), benefits (the contribution of services to aspects of well-being, for
example the thermal comfort service contributes to being healthy) and values (individual and
societal valuation of benefits) (Kalt et al., 2019).

These disagregations enlighten the options available to decrease energy use. For example,
Sports Utility Vehicles (SUV)s are seen by Vancouver citizens as a status symbol that communi-
cates that the driver is “successful” (Axsen et al., 2022). If values change and riding an SUV in a
city starts communicating a negative message of useless GHG emissions, some of these citizens
could trade their SUV for a bike. The climate impact of values changes (last step of the ESC)
could be even bigger than changes in the structures such as making SUVs more efficient (first
step of the ESC).

Energy is not the only input factor to provide services, materials are also required (Carmona
et al., 2017). Whiting and colleagues have thus proposed to bridge the gap between ecosystem,
energy andmaterial services via the overarching concept of ‘Resource ServiceCascade’ (Whiting
et al., 2022). Expanding the ESC to ecosystem and material services allows in particular to take
better account of services that are mainly dependent on material stocks.

1.1.2. Role of stocks

Stocks (or manufactured capital (Chen et al., 2015)) are made of buildings, infrastructures,
machinery and equipment and provide services such as food, shelter or transport (Pauliuk and
Müller, 2014). Currently, half of all extracted resources is used to expand or maintain exist-
ing material stocks and globally, material stocks increased 23-fold over the period 1900-2010
(Krausmann et al., 2017). Elhacham and colleagues showed that the mass of global stocks
(which they define as ‘human-made mass’: the mass embeded in inanimate solid objects that
have not yet been demolished or taken out of service) has outgrown the mass of all living bio-
sphere in 2020 (Elhacham et al., 2020). During the last century, the mass of global stocks has
doubled every 20 years and it currently increases by 30 billion tons each year (Elhacham et al.,
2020).

An important share of stocks corresponds to infrastructure. Infrastructures are the net-
worked systems providing services related to energy, water, waste management, transport and
telecommunication (Thacker et al., 2019). A broader definition also includes the ‘social infras-
tructure’ required to provide services such as healthcare, education or justice. Infrastructure
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influences the attainment of every SDG and of 72% of the SDG targets (Thacker et al., 2019).
Considerable investments in infrastructure will therefore be required to meet the SDGs.

However, infrastructure also has negative impacts. During the production phase, they can
consist of the social (ie. dangerous working conditions, displacements) and environmental (ie.
artificialisation, greenhouse gas emissions to transform raw materials into the final stock) im-
pacts of construction (Thacker et al., 2019). Infrastructure can also be harmful during and
after the use-phase in the form of ‘lock-ins’.

The term ’lock-in’ refers to a long-term commitment to certain patterns of resource con-
sumption and waste generation that stem from the lifetime and inflexibility of existing infras-
tructure and technologies (Seto et al., 2016). Such a rigid system poses significant restrictions
on the ability to transition towards more sustainable alternatives. For example, a city designed
around car transportation creates a lock-in effect, where the built infrastructure—roads, park-
ing lots, bridges—promotes continued car use and hinders the integration of alternative, more
sustainable modes of transport. Similarly, an energy grid constructed for fossil fuel power gen-
eration may resist transition to renewable energy sources due to technical, economic, and in-
stitutional lock-ins. Therefore, understanding and mitigating lock-in effects becomes crucial
for the transformation of existing provisioning systems towards sustainability, necessitating a
rethinking and redesigning of infrastructures and technologies to be flexible, adaptable, and
resilient.

Krausmann and colleagues showed that if stockswere to converge towards the level of indus-
trial countries, global stocks would increase four-fold and would prevent climate targets from
being met (Krausmann et al., 2017).

1.1.3. Need stock-basedmodels

Modelling society’s physical stocks provides valuable insights for decisionmaking today. For
instance, in the context of energy systems, the stock of infrastructure such as power plants,
transmission lines, and residential buildings determines the current capacity for energy gener-
ation, distribution, and use. Each piece of infrastructure added to this stock has a useful life-
time spanning several decades. Therefore, the decisions made today about building new power
plants or retrofitting old buildings will have impacts far into the future, shaping the trajectory
of energy use and emissions (Davis et al., 2010).

Similarly, in economic systems, the stockof capital—machinery, buildings, etc.—determines
the economy’s production capacity. The accumulation of capital over time is a key factor allow-
ing economic production, and the depreciation or obsolescence of capital is a central element
of economic cycles. If not enough capital or the wrong type of capital is built today, this could
limit what can be produced in the coming decades or create lock-ins.

A holistic model would also have to consider accumulated pollutants or depleted resources
as stocks. For instance, the concentration of greenhouse gases in the atmosphere—a stock—
determines the degree of globalwarming. This stock results from the balance between emissions
(an inflow) and natural absorption processes (an outflow), both of which have been changing
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over time due to human activities and natural processes.
Stock-basedmodels are especially valuable for understanding the interactions and feedbacks

within a system. A system’s behaviour emerges not only from the individual elements it com-
prises but also from the network of interactions among these elements and the feedbacks that
these interactions generate (Meadows, 2008). For example, in an energy system, the stock of
renewable energy infrastructure (such as wind turbines or solar panels) can affect the electricity
price, which in turn can influence the demand for renewable energy and the investment in new
infrastructure. This forms a feedback loop: as more renewable energy infrastructure is built,
electricity prices may drop, potentially increasing demand for renewable energy and incentiviz-
ing further investment in renewable infrastructure (J. D. Farmer et al., 2019). Similarly, in en-
vironmental systems, the stock of pollutants can affect the health of ecosystems, which in turn
can influence the rate at which pollutants are absorbed or broken down. This forms another
feedback loop, where increasing pollution can degrade ecosystems, potentially reducing their
capacity to absorb pollutants and leading to further increases in pollution levels (Rockström
et al., 2009). By capturing these kinds of interactions and feedbacks, stock-based models can
provide a more holistic and dynamic understanding of system behaviour. This can be crucial
for designing effective interventions and avoiding unintended consequences.

Stock-basedmodels can be instrumental in evaluating long-term sustainability by providing
a framework to assess the dynamics between the use and renewal of resources. For example,
these models can be used to examine how the depletion of a resource stock (such as a mineral
resource or a fossil fuel) may evolve over time given current extraction rates and known reserves.
If extraction rates far exceed the rates of natural replenishment or the discovery of new reserves,
this could signal that current usage patterns are not sustainable in the long term (Olivier Vidal,
Rostom, et al., 2019). Importantly, stock-based models can also incorporate factors such as
technological progress that may influence the sustainability of current trends. For instance,
improvements in resource efficiency or the development of new, more sustainable technologies
could potentially offset the depletion of resource stocks or reduce the generation of pollutants.

Research on the stock-flow-service nexus are part of a larger research paradigm: socioeco-
nomic metabolism.

1.2. A socioeconomicmetabolism paradigm

1.2.1. Definitionof socioeconomicmetabolism

In biology, metabolism refers to “the chemical and physical processes bywhich a living thing
uses food for energy and growth” (Cambridge academic content dictionary 2009). The concept
of socioeconomic metabolism extends this principle to the interactions between society and
nature, positing that these interactions follow laws analogous to those governing biological sys-
tems. This concept is rooted in an interdisciplinary research tradition dating back to the 18th
century (Haberl et al., 2019;M. Fischer-Kowalski, 1998;Marina Fischer-Kowalski et al., 1998).
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Pauliuk andHertwich, 2015 offer a comprehensive definition of socioeconomicmetabolism
as follows:

“Socioeconomicmetabolismconstitutes the self-reproduction and evolutionof thebiophys-
ical structures of human society. It comprises those biophysical transformation processes, dis-
tribution processes, and flows, which are controlled by humans for their purposes. The bio-
physical structures of society (‘in use stocks’) and socioeconomic metabolism together form
the biophysical basis of society.”

They further propose that socioeconomicmetabolism transcendsmetaphorical dimensions,
positioning it as a potential scientific paradigm in the sense of Kuhn – a set of “universally
recognized scientific achievements that, for a time, provide model problems and solutions for a
community of practitioners” (Kuhn, 1970; Pauliuk and Hertwich, 2015).

The present PhD thesis is situated within this research paradigm, focusing on the investiga-
tion of the processes and flows responsible for constructing and maintaining the stocks com-
prising society’s biophysical foundation. As articulated by (Pauliuk and Hertwich, 2015), the
tenets of this research approach recognize that:

• Society operateswithin the constraints of bothphysical laws (such as conservationofmass,
energy, andmonetary resources) and socialmechanisms (including cultural and economic
rationale).

• These physical laws and social mechanisms are intrinsically interrelated.
• The complexity of society-nature interconnections necessitates a detailed examination of
supply chains.

• A delineation exists between human society and the natural world.
• The natural world, while finite, is subject to substantial human influence and control.

In a recent review, Haberl and colleagues identified five main traditions of sociometabolic
research (Haberl et al., 2019): urbanmetabolism,Multiscale IntegratedAnalysis of Societal and
EcosystemMetabolism (MuSIASEM), biophysical economics,Material andEnergy FlowAnal-
ysis (MEFA) and Environmentally Extended Input-Output Analysis (EE-IOA).

1.2.2. Urbanmetabolism

Urban metabolism refers to the study of material and energy flows within urban systems
(Christopher Kennedy et al., 2007). It is an important framework for understanding andman-
aging resources in urban areas, which are often hotspots of consumption andwaste production.
The concept of urban metabolism offers a way to analyse the sustainability of cities, from re-
source inputs to waste outputs (C. Kennedy et al., 2011).
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1.2.3. MuSIASEM

MuSIASEMis amulti-scale, integrated approach to analysing societal and ecosystemmetabolism.
It provides a framework for understanding how societies use resources, including energy, mate-
rials, and time (Giampietro et al., 2009). MuSIASEM emphasizes the need to consider various
scales of analysis, ranging from the individual to the global level, to capture the complexity and
interconnectedness of socio-ecological systems (Gerber et al., 2018). By examining the flows
of energy, materials, and information within and between these scales, MuSIASEM provides
insights into the structure, functioning, and sustainability of these systems. MuSIASEM facili-
tates the identificationof keydrivers and feedbackswithin socio-ecological systems, highlighting
the trade-offs, synergies, and constraints associated with resource use. It helps uncover systemic
issues contributing to unsustainability, such as unequal resource distribution, technological
lock-ins, or governance failures. This systemic understanding enables the identification of lever-
age points for intervention and policy-making to promote sustainability and resilience. MuSI-
ASEM has been applied in different contexts, including rural systems, mining, urban waste
management and the nexus between resources such as food, water, and energy (Haberl et al.,
2019).

1.2.4. Biophysical economics

Biophysical economics is an interdisciplinary approach that integrates the laws of physics,
particularly the second law of thermodynamics, with economic principles. It recognizes that
economic systems are embedded within the physical world and subject to its fundamental con-
straints. This perspective emphasizes the importance of energy and resources in economic ac-
tivities and their relationship to sustainability. One key concept in biophysical economics is
”energy return on investment” (EROI), which refers to the ratio of energy obtained from a
particular energy source to the energy invested in its extraction and processing. High EROI
sources are considered more economically viable and efficient, while low EROI sources may
have significant economic and environmental implications (Cleveland et al., 1984). Biophysi-
cal economics also focuses on the links between exergy and the economy. Exergy refers to the
maximumuseful work that can be extracted from a system as it reaches equilibriumwith its sur-
roundings (Brockway, 2023). Unlike energy, which is a measure of quantity, exergy represents
the quality or usefulness of energy (Romero et al., 2014). It takes into account factors such
as temperature, pressure, and composition to evaluate the exergetic efficiency of processes and
systems. In biophysical economics, exergy analysis is used to assess the role of energy as a factor
of production (Santos et al., 2018).

1.2.5. Material and Energy FlowAnalysis

MEFA is a systematic approach used in industrial ecology to quantify and analyze the flows
of materials and energy within a given system. MEFA provides valuable insights into resource
use, waste generation, and the environmental impacts associated with industrial processes and
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societal activities. MEFA involves tracking the flow of materials and energy from extraction
through production, consumption, and waste management stages. It accounts for both direct
and indirect flows, considering inputs from primary extraction, intermediate processes, and
final consumption. By analyzing these flows, MEFA helps identify the sources, pathways, and
destinations of materials and energy within a system.

1.2.6. Environmentally extended input-output analysis

EE-IOA is a quantitative method used to assess the environmental impacts associated with
the economic activities of a particular region or country. It’s an extension of traditional input-
output analysis, a technique that describes interdependencies between different sectors within
an economy. EE-IOA adds an environmental dimension to these economic transactions, ac-
counting for the direct and indirect environmental pressures, such as emissions or resource use,
associated with the production, consumption, and trade of goods and services (Miller et al.,
2009). EE-IOA is a powerful tool for understanding the full life-cycle environmental impacts
of economic activities. It enables researchers to track environmental pressures along global sup-
ply chains and to allocate these pressures to the final consumption activities that ultimately drive
production (Wiedmann, 2009). EE-IOA thus serves as the basis for “consumption-based” en-
vironmental accounting, which allocates environmental impacts to the place where goods are
consumed, rather than where they are produced (“production-based” account).

Socioeconomic metabolism research sheds light on the patterns, driving factors, systemic
feedbacks, and sustainability implications of resource use. It also uncovers non-linear society-
nature interactions, such as saturation functions between social progress indicators and re-
source flows or material stocks. Additionally, it highlights the potential for lock-in effects and
legacies tied to the build-up of material stocks, such as future greenhouse gas emissions result-
ing from existing infrastructures (Haberl et al., 2019). Most of these insights are missing from
mainstreammethodologies based on monetary or social data (Haberl et al., 2019).

1.3. IntegratedAssesmentModels (IAMs)

Section 1.1.3 identified the need tomodel society’s stocks and flows to serve as a biophysical
basis for a larger model of economy-environment interactions. Section 1.2 described socioeco-
nomic metabolism, which provides plenty of methods to assess this biophysical basis. Section
1.3 will describe the limitations of existing models of economy-environment interactions and
conclude that new models are needed.

1.3.1. Description andhistory

Integrated Assessment Models (IAMs) refer to a computer simulation integrating multiple
disciplines and dimensions to represent complex interactions and feedbacks between human
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and natural systems, with the explicit objective of being useful for policy making (Capellán-
Pérez, 2016; Beek et al., 2020). Two main IAMs types can be distinguished. The first is cost-
benefit analysis IAMs that aim, for example, to determine an optimal degree of global warming
by comparing the costs of mitigation with the costs of adaptation. A second type corresponds
to technology-rich (process-based) IAMswhich allow detailed assessments of the links between
economy, energy end climate change via a high disaggregation of technologies.

Although IAMs are only supposed to informpolicymakers, they often have the potential to
shape the world by narrowing the possible futures explored (Beck et al., 2017; Beck et al., 2018;
Keyßer et al., 2021; Koasidis et al., 2023). Based on this observation, van Beek and colleagues
reviewed the IAM literature over the period 1970-2015 through the lens of the science-policy
interface and identified five main phases (Beek et al., 2020).

The first phase (1970-1985) is the emergence of global modelling together with the devel-
opment of computers, the most notorious models being the World2 and World3 models used
for the “Limits to Growth” project (Meadows et al., 1972). World3 was not called an IAM
but was the first attempt to use computer science to explore possible long-term futures (Beek
et al., 2020). Following the 1974-74 oil crisis the first energy-economy models were created.
The first climate models were versions built on these energy-economy models but were con-
strained by peak CO2 concentrations (W.Nordhaus, 1975). This work byNordhaus led to the
creation of the first cost-benefit analysis type IAM, the Dynamic Integrated Climate and Econ-
omy (DICE)model (W. D. Nordhaus, 1993). In terms of policy, this first phase coincided with
the first United Nations Conference on Human Environment in 1972 and on the creation of
the International Institute for Applied Systems Analysis (IIASA) to promote scientific coop-
eration (Beek et al., 2020). DICE had a considerable early impact as the National Academy of
Science advising to focus efforts on climate change adaptation rather than mitigation (Beek et
al., 2020).

During the second phase (1985-1992), the links between IAMs and policy started tighten-
ing as the interest of the international community to environmental problems increased: First
World Climate Conference (1979), Vienna Convention (1985), Montreal Protocol (1987), es-
tablishment of the Intergovernmental Panel onClimate Change (IPCC) (1988), SecondWorld
ClimateConference (1990) and the creation of theUnitedNations FrameworkConvention on
Climate Change (UNFCCC) (Beek et al., 2020). The first model to be explicitly used to for-
mulate policy is the Regional Acidification Information and Simulation (RAINS) model de-
veloped at IIASA tomodel the links between sulphur emissions and acid rains (Hordijk, 1995).
RAINS inspired researchers to build climate IAMs, depicted by the creation in the 1980s of the
Model of Warming Commitment (WMC), the Atmospheric Stabilization Framework (ASF),
and the IntegratedModel to Assess the Global Environment (IMAGE) (Beek et al., 2020). The
ASF and IMAGEmodels were used to build scenarios for the IPCC as they could have a similar
design as the climatemodels used byWorkingGroup (WG) I (the group that examines the phys-
ical basis of climate change). The results from these runs were policy relevant as they depicted
the future climate trajectory without policy interventions (Beek et al., 2020).

The thirdphase (1992-1997), between theRioEarthSummit (1992) and theKyotoProtocol
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(1997) consisted in a shift towards quantified emission targets (Beek et al., 2020). From 1990
to 1997, the number of IAMs rose from three to 40, and becamewidely used by IPCC’sWGIII
(the group that focuses on climate change mitigation) (Sluijs et al., 1998). The objective was to
be able to write reports on the socio-economical impacts of climate change with the same rigor
as the physicists fromWGI (Beek et al., 2020). IAMsprovidedwindows of emissionswith lower
and higher bounds that would keep theworld in a tolerable space of climate change and thereby
contributed to the adoption of the 2°C target and the quantified engagements of Kyoto (Beek
et al., 2020).

The fourth phase (1997-2009) was characterized by the growing influence of WGIII in the
IPCC (Beek et al., 2020). To overcome critiques of a lack of inputs from social sciences in the
reports, the IPCC started to use qualitative storylines involving a wide range of perspectives
(Nakicenovic et al., 2000). The ambition to have a coherent vision with inputs from many
disciplines made the use of IAM indispensable and led to the predominance of process-based
IAMs in opposition to the historical Cost-Benefit Analysis IAMs (CBA-IAMs) (Beek et al.,
2020). The IAM community, gathered around the IAM Consortium created in 2007, started
having a central role of connecting the working groups and ensuring their coherency. During
this phase, IAMs also started being used to evaluate mitigation scenarios (Beek et al., 2020).

The fifth phase (2009-2015), between the Copenhagen Conference (2009) and the Paris
Agreement (2015), marked a shift from a top-down to a bottom-up approach in the national
climate commitments. Over this period, the number of journal publications based on IAMs
exploded and IAMs served as the “backbone” of the fifth assessment report, by showing the
feasibility of the 2°C target (Beek et al., 2020). This coincidedwith the development of the idea
of negative emissions, to keep feasible ambitious targets while emissions were still rising (Gasser
et al., 2015).

Overall, an appetite of policymakers for quantifiedpredictions contributed to the increasing
influence of IAMs since the first models were created. Over the period studied, IAMs not only
responded to the requests of policymakers but also actively contributed shaping policy changes
(Beek et al., 2020). Despite numerous improvements since their creation, IAMs still face many
criticisms, some of which are detailed in the next section.

1.3.2. General criticisms

1.3.2.1. Technological optimism bias

One of the main criticisms of technology-detailed IAMs is technological optimism bias.
Technological optimism bias refers to the tendency of IAMs to assume that new or unproven
technologies will be developed and adopted rapidly enough to achieve climate targets. This is
often seen in IAMs’ projections about the use of technologies such as Carbon Capture and
Storage (CCS), advanced bioenergy, or evenmore speculative options such as direct air capture
(Vaughan et al., 2016; Realmonte et al., 2019). For example, many IAMs that explore pathways
to limit global warming to 1.5 or 2 degreesCelsius rely heavily on thewidespread deployment of
Bioenergy with Carbon Capture and Storage (BECCS) in the second half of the century (Fuss
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et al., 2014). BECCS is attractive in thesemodels because it is a form of negative emissions tech-
nology – it not only produces energy but also removes CO2 from the atmosphere. However,
while BECCS is technically feasible, it has not yet been deployed at scale, and there are signif-
icant challenges and uncertainties regarding its future scalability, cost, and environmental and
social impacts (Smith et al., 2016). This technological optimism can create a misleading sense
of security about our ability tomitigate climate change. Itmay lead to an overreliance on future
technological solutions and underestimation of the importance of immediate emission reduc-
tions. Furthermore, it can divert attention and resources away from other important strategies
such as energy efficiency, renewable energy deployment, and changes in consumption patterns
(Anderson et al., 2016).

1.3.2.2. Uncertainties in parameters

Another critique is that of the uncertainties of assumptions. Technology-detailed IAMs rely
heavily on future assumptions about a variety of technological parameters. These parameters
can include the costs of technologies, their efficiencies, the rates atwhich they’ll be adopted, and
even their future development and improvement. These parameters can be difficult to predict
and are subject to significant uncertainty (Pindyck, 2017). For instance, the cost projections
of renewable technologies such as solar and wind energy, or of emerging technologies such as
carbon capture and storage, are typically derived from a range of sources and methods. How-
ever, these projections often vary widely and depend on a host of uncertain factors, including
future technological advancements, economies of scale, market conditions, policy support, and
resource availability. Similarly, the rate at which new technologies are adopted can depend on a
wide variety of factors, including not just the cost and performance of the technology itself, but
alsomarket conditions, policy support, social acceptance, and infrastructure availability, among
others. Predicting these factors over the long term is inherently uncertain. Such uncertainties
are inherent in modelling such complex and systemic issues.

Another aspect relates to structural uncertainty, which is the uncertainty about the cor-
rect mathematical representation of the systems being modelled. This is especially the case
for cost-benefit assessment IAMs for which uncertainties surrounding these economic findings
cast doubt on their accuracy, questioning whether policymakers and the public should rely on
them (Rosen et al., 2015). Amore reasonable strategy being to prioritize implementing climate
change mitigation policies due to the urgent physical crisis at hand (Rosen et al., 2015). The
problem is not so much uncertainties in itself but the fact that “IAM-based analyses of climate
policy create a perception of knowledge and precision that is illusory and can fool policy-makers
into thinking that the forecasts the models generate have some kind of scientific legitimacy”
(Pindyck, 2017).

1.3.2.3. Lack of behavioural and institutional factors

While IAMs focus extensively on physical and economic dimensions, they are often cri-
tiqued for their oversimplification or lack of consideration for behavioural and institutional fac-
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tors. These factors, which include individual and collective human behaviours, social norms,
political systems, regulatory frameworks, and market failures, can significantly influence the
adoption and effectiveness of different technologies and policies (McCollum et al., 2017). For
example, IAMs may assume that energy consumers behave rationally and have perfect infor-
mation, leading them to choose the most cost-effective technologies. However, in reality, con-
sumer behaviour can be influenced by a variety of factors, such as habits, cultural preferences,
lack of information, or aversion to risk, leading to less-than-optimal decisions (Frederiks et al.,
2015). Similarly, IAMs often assume that policies can be implemented smoothly and that mar-
kets work efficiently. In practice, however, regulatory barriers, political opposition, or market
failures, such as unpriced externalities or imperfect competition, can hinder the deployment of
certain technologies or the effectiveness of policies (Jaffe et al., 2005). Addressing this criticism
involves incorporating more realistic representations of behaviour and institutions in IAMs.
This could involve, for example, using insights from behavioural economics, social sciences, or
political science, or exploring a wider range of scenarios that reflect different behavioural or
institutional assumptions.

1.3.2.4. Equilibriumassumptions

IAMs, particularly those based on a neoclassical economic framework, often assume that
economies operate in or near a state of equilibrium. Thismeans that supply and demand in dif-
ferent markets balance each other, and the economy moves smoothly towards an optimal state
over time (Böhringer et al., 2009). However, this assumption has been criticized for being overly
simplistic and not accurately reflecting real-world dynamics. In reality, economies often operate
far from equilibrium due to various frictions, shocks, and non-linearities. These can include,
for example, market failures, technological disruptions, financial crises, or abrupt changes in
policy or consumer behaviour (J. Doyne Farmer et al., 2009). IAMs may not adequately cap-
ture the potential for path dependencies, where early decisions and events significantly shape
future trajectories and limit the range of feasible options. This could lead to overoptimistic pro-
jections of the speed and ease of energy transitions. Furthermore, the equilibrium assumption
may limit the ability of IAMs to capture the potential for systemic risks and cascading failures,
which could significantly disrupt energy systems and economies (Helbing, 2013).

Furthurmore, the driving force of IAMs is optimization through cost minimization. How-
ever, this approach hasn’t been validated by historical data, which raises questions about its
reliability for making future projections.

1.3.2.5. Post-growth critique of the Shared Socioeconomic Pathways

In order to generate quantifiable projections and analyses, IAMs used the Shared Socioe-
conomic Pathwayss (SSPs) as input data (B. O’Neill et al., 2015). SSPs are global narratives
or scenarios that depict potential pathways of societal development in the absence of climate
change mitigation or adaptation. They were created to aid research on climate change impacts,
adaptation, and mitigation. The SSPs comprise five pathways that describe alternative trends
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in the evolution of society and ecosystems over the 21st century. Each pathway represents a
different level of challenges to mitigation and adaptation to climate change. The five SSPs are
(Riahi et al., 2017):

SSP1: Sustainability - Taking the Green Road (Low challenges to mitigation and adapta-
tion): This scenario envisions a world making relatively good progress towards sustainability,
with ongoing efforts to improve access to education and healthcare, reduce inequality, and pro-
tect the natural environment.

SSP2: Middle of theRoad (Mediumchallenges tomitigation and adaptation): This pathway
represents a world that continues much as it has in the recent past, with some progress towards
achieving development goals, reductions in resource and energy intensity, and slowly decreasing
fossil fuel dependency.

SSP3: Regional Rivalry - A Rocky Road (High challenges to mitigation and adaptation):
This scenario depicts a world of increasing nationalism and regional self-reliance, characterized
by a focus on national or regional security and economic development, leading to fragmented
policies and slow progress on global environmental concerns.

SSP4: Inequality -ARoadDivided (Lowchallenges tomitigation, high challenges to adapta-
tion): This pathway envisions a highly unequal world where a well-educated global elite pushes
for sustainability, but the benefits are largely confined to this group.

SSP5: Fossil-FueledDevelopment -Taking theHighway (High challenges tomitigation, low
challenges to adaptation): This scenario represents a world pursuing rapid economic growth
with little regard for the environment, leading to high greenhouse gas emissions and significant
challenges for mitigation.

EachSSPprovides a detailednarrative of potential global futures and is associatedwithquan-
tifiable measures such as population, economic growth, urbanization, and rate of technology
development. The SSPs are used in conjunction with Representative Concentration Pathways
(RCPs) - which represent different greenhouse gas concentration trajectories - to produce a
range of scenarios for climate impact, adaptation, and mitigation research (B. O’Neill et al.,
2015; Riahi et al., 2017).

Several critiques can bemade to SSPs and thus to the results of IAMsbased on a post-growth
perspective. All SSPs are based on a continuation of economic growth. This is problematic for
two reasons. First, it is increasingly recognized that perpetual economic growth is ecologically
unsustainable (Jackson, 2016). Second, there is a growing body of evidence suggesting that
beyond a certain point, economic growth does not necessarily lead to increases in wellbeing
(DanielW.O’Neill et al., 2018). This failure to incorporate degrowth scenarios limits the range
of futures considered by IAMs andmay exclude potentially desirable and sustainable pathways.
A pilot study has shown that degrowth scenarios minimize many key risks for feasibility and
sustainability of 1.5°C scenarios (Keyßer et al., 2021).

The SSPs do not adequately model the convergence between the Global North and the
Global South. Post-growth research emphasizes the need for wealthy nations to reduce their
consumption to allow poorer nations room for necessary growth (Hickel and Kallis, 2020).
This concept of ”contraction and convergence” is not adequately represented in the SSPs, which
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predominantly focus on how the Global South can ”catch up” to the consumption levels of the
Global North.

1.3.3. The industrial ecology critique

Industrial ecology takes its roots in the 19th century but the term started being widely used
in the early 1990s (Erkman, 1997). In the introduction paper to the 1992 Industrial Ecology
colloquium held at theNational Academy of Science, Industrial Ecology was defined as “a con-
cept inwhich an industrial system is viewed not in isolation from its surrounding systems but in
concert with them” (Jelinski et al., 1992). Since then, industrial ecology has developed state of
the art methods to better understand the interactions between society, technology, resources,
and the environment (Weisz et al., 2015). The methods used in industrial ecology overlap with
some of those used in sociometabolic research (described in section 2) and include life-cylce
assessment, environmental input-output analysis, material flow analysis, analysis of industrial
symbiosis and urban metabolism studies (Pauliuk, Arvesen, et al., 2017; Haberl et al., 2019).

In an in-depth review of five major technology rich and scenario-based IAMs, Pauliuk and
colleagues identified six categories of IAM limitations from an industrial ecology perspective
(Pauliuk, Arvesen, et al., 2017). First, supply chain impacts in physical or monetary units are
not always considered when there are shifts from one technology to another. For instance,
the production of low-carbon capital might be more resource-, capital-, or energy-intensive
than that of fossil capital. If the entire value chains are not considered, inconsistencies in the
model may arise. This lack of comprehensive supply chain modelling can result in underes-
timations or overestimations of the potential impacts and trade-offs associated with different
technological pathways. Second, the annual raw material consumption, when it is considered,
is not constrained by the demand of physical stocks. This is inconsistent with a socioeconomic
metabolism paradigm, which posits that material flows (including raw material consumption)
are intrinsically linked to the accumulation and depreciation of physical stocks in the economy.
Third, among themodels reviewed, only onemodel fully represented the entire life cycle of steel.
However, the steel demand in thismodelwas drivenbyGrossDomestic Product (GDP) andnot
stocks. For all other rawmaterials andmodels, the value chainwas notmodelled. This can ham-
per the assessment of crucial levers for emissions reduction, such as recycling and lightweight-
ing. Fourth, IAMs typically do not explicitly incorporate waste generation, waste treatment,
and recycling in their assessment of emission mitigation potential. Notable exceptions include
a fewmodels that consider cogeneration of heat and power or electricity from fuel use in indus-
tries. This omission overlooks the potential contribution of waste management and recycling
strategies in reducing greenhouse gas emissions. Fifth, Most IAMs do not model physical cap-
ital stocks or do so without employing vintage tracking, which is the tracking of capital stocks
according to their year of manufacture or installation. This can limit the realism and accuracy
of the models, particularly in terms of capturing the inertia in technological systems due to ex-
isting capital stocks. Sixth, while IAMs often have a high level of detail for energy systems, a
more comprehensive description of other sectors could enhance the robustness of mitigation
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analyses. This could involve, for example, more detailed modelling of transportation, industry,
or building sectors.

It is this industrial ecology critique of technology-rich IAMs which will be at the heart of
this PhD thesis.

1.3.4. Rawmaterials in IAMs

IAMmodelers arewell aware of the limitations of theirmodels and are constantly improving
them.

Pauliuk and colleagues’ review (section above) focused solely on technology-rich IAMs. The
technology-rich aspect refers to the models’ ability to represent various existing and potential
future technologies in detail (such as power generation, transportation or buildings), including
their costs, efficiencies, and lifetimes. This granularity allows for an explicit depiction of energy
and emissionsmitigation technologies, and canprovide insight into the implications of different
technological pathways and policy measures for energy use and emissions.

This subsection starts by giving the example of a non-technology-rich IAM that provides a
precise description of rawmaterial sectors (theWORLDmodels). It then gives examples of the
use of industrial ecology to improve technology-rich IAM results.

1.3.4.1. Rawmaterials inWORLD7

Some non-technology-rich IAMs do include industrial ecology and raw materials in partic-
ular. This is for example the case of the WORLD7 model (Harald Ulrik Sverdrup, Olafsdot-
tir, Ragnarsdottir, Stjernquist, et al., 2019). Rather than focusing primarily on energy systems
and their related technologies, theWORLD7model takes a broader perspective. It investigates
the interactions among human population, economic growth, non-renewable and renewable
resource availability, pollution, and land use. Its systems dynamics methodology allows it to
account for feedback loops and time lags in these complex systems.

The development of the WORLD7 model builds on the systems dynamics methodology
and traces its lineage from early global socioeconomicmodels developed by Forrester andMead-
ows. These models evolved fromWorld1 to World3, each increasing in complexity but limited
by computational constraints of their respective times. WORLD7, by Sverdrup and colleagues,
introduces comprehensive adjustments that account formarket dynamics, financial economics,
governance, demographics, and social processes. WORLD7 is significantly more detailed, dis-
tinguishing between different types of natural resources, establishing more sophisticated eco-
nomic models, addressing different types of pollution, and integrating social aspects, such as
wage distribution, well-beingmetrics, andquality of governance (HaraldUlrik Sverdrup,Olafs-
dottir, Ragnarsdottir, Stjernquist, et al., 2019).

The WORLD7 model, by focusing on physical flow of resources, provides strategic long-
term resource assessments that show the total energy production costs in relation to the energy
use for different materials. It shows the rise in energy demand as ore quality declines, which
could eventually exceed available energy. The model also examines metal availability and sug-
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gests that energy and material extraction will increasingly consume a significant fraction of the
GDP. It contains sub-modules for almost all rawmaterials, among which, sand, gravel, crushed
stone and rock (Harald U. Sverdrup et al., 2017), molybdenum and rhenium (Harald Ulrik
Sverdrup, Olafsdottir, Ragnarsdottir, and Koca, 2018), niobium and tantalum (Harald Ulrik
Sverdrup andOlafsdottir, 2018), stainless steel (Harald Ulrik Sverdrup andOlafsdottir, 2019),
helium (Olafsdottir et al., 2020), phosphorus (Frolova et al., 2021), cement (Harald Ulrik Sver-
drup and Olafsdottir, 2023a), cobalt (Harald Ulrik Sverdrup, Ragnarsdottir, et al., 2017), steel
(Pinto et al., 2019), nickel (Olafsdottir et al., 2021), vanadium (Harald Ulrik Sverdrup and
Olafsdottir, 2023b), copper, zinc and lead (Harald Ulrik Sverdrup, Olafsdottir, and Ragnars-
dottir, 2019), or mercury (Harald Ulrik Sverdrup and Olafsdottir, 2020).

Themain strength ofmodels likeWORLD7 (orMEDEAS (Capellán-Pérez, I. d. Blas, et al.,
2020)) is that unlike other IAMs, it is truly systemic, in the sense that it simultaneously assesses
the dynamics of a wide range of resources, materials, population, and economywithin a unified
framework. However, this systemic perspective necessitates a certain level of abstraction from
detailed subsystems, as excessive detail could compromise the overarching, holistic nature of the
model. Therefore, other technology-rich IAMs could allow to study raw materials with more
details, for example by describing precisely end-use sectors for various technologies, their raw
material contents, lifetimes, etc. Such a model would be more precise for some variables but
way less systemic. This is the case for MATER, the model that will be presented in chapter 2.

1.3.4.2. Rawmaterials inMEDEAS-WILLIAM

The MEDEAS modeling framework (now developped as WILLIAM in the LOCOMO-
TION project) is an open-source integrated assessment model developed to guide decision-
making towards sustainable energy systems. It encompasses several crucial aspects, such as
biophysical constraints, economic, social, and technological limitations, and potential mineral
scarcities and their impacts on net societal energy. The model also integrates a detailed sectoral
economic structure using an input-output analysis within a system dynamics approach and of-
fers a comprehensive set of socio-economic and environmental indicators. One of the main
benefits of the MEDEAS model is its ability to capture dynamics and implications that are of-
ten overlooked in traditional models. The model’s simulations suggest that if current trends
continue, significant biophysical scarcities and impacts are likely to result, potentially leading
to regionalization, conflict, and a severe global crisis that could threaten the stability of modern
civilization. Despite these concerning projections, themodel provides a realistic counterfactual
scenario that can aid in designing more sustainable pathways for the future (Capellán-Pérez, I.
d. Blas, et al., 2020).

The demand formaterials in theMEDEASmodel stems from twoprimary sources: bottom-
up estimates from variable renewables and batteries, and regression over GDP for the rest of the
economy. The model also incorporates the total primary demand for materials and estimates
potential material shortages by comparing it with geological availability. A new submodule has
been developed and integrated within the IAMMEDEAS-World model to address material re-
quirements for transportation. The module features a combination of material intensities and
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technical performance factors for each transport technology with new infrastructure to calcu-
late total material demand, a recycling rate determining primary extraction coverage, modeling
of material stocks in other sectors using a stylized approach with a 40-year average residence
time, and consideration of EV battery sub-technology allocation based on material scarcities
and Energy Stored On Investment (Pulido-Sánchez et al., 2022).

MEDEAS and WORLD7 are the two models that are the most consistent with industrial-
ecology principles while being systemic.

1.3.4.3. Rawmaterials in IMAGE

Most technology-rich IAMs provide limited details of industrial energy use and are not con-
strained by the energy demand of rawmaterial production (O. Y. Edelenbosch et al., 2017). To
improve the description of industrial sub-sectors in IAMs, Kermeli and colleagues have inves-
tigated how to add bottom-up details in technology-rich IAMs. As a case study, they have re-
viewed how the cement sectorwas currentlymodelled inmajor IAMs and improved the cement
sector description in the IMAGEmodel (Kermeli, Oreane Y. Edelenbosch, Crijns-Graus, Rui-
jven,Mima, et al., 2019). Out of the eight IAMs studied (AIM-CGE, DNE 21 +, GCAM, IM-
AGE, POLES, TIAM-UCL, Imaclim-R, MESSAGE), six provided a disaggregation of the in-
dustrial sector but only DNE 21+ and IMAGE explicitly considered the cement industry (Ker-
meli, Oreane Y. Edelenbosch, Crijns-Graus, Ruijven, Mima, et al., 2019). POLES also had a
specific cementmodulewhich could be activated if needed. They suggest that long-term energy
modelling of the cement industry could benefit from a bottom-up approach, focusing onmod-
elling cement demand rather than energy demand directly, disaggregating the non-metallics
sector, incorporating regional production technologies, considering material efficiency such as
reduced clinker-to-cement ratio, and evaluating retrofit options (Kermeli, Oreane Y. Edelen-
bosch, Crijns-Graus, Ruijven, Mima, et al., 2019). By implementing these improvements in
the IMAGE model, they show that the inclusion of retrofitting and the modelling of clinker
content in cement have an important impact on the results (Kermeli, Oreane Y. Edelenbosch,
Crijns-Graus, Ruijven, Mima, et al., 2019).

In a subsequent paper, Kermeli and colleagues focus on the differences between flow-based
and stock-based approaches of steel-demand projections in IAMs and potential avenues for en-
hancement (Kermeli, Oreane Y. Edelenbosch, Crijns-Graus, Ruijven, Vuuren, et al., 2022). A
stock-based approach would be better than a flow-based approach for two reasons. Firstly, it
would allow for more realistic modelling of material demand through reduced demand for ser-
vices, or through substitution of materials or function, thereby making IAMs more relevant
for assessing circular economy policies and strategies. Secondly, by using the age distribution of
the in-use steel stock, the amount of retired steel could be calculated, which could contribute to
more accurate forecasting of steel production routes, each with distinct energy usage, thus im-
proving the modelling of total energy use and GHG emissions. However, when steel demand
is calculated, IAMs do so with a flow approach, where steel consumption is directly correlated
with income levels. To overcome this limitation, Kermeli and colleagues develop a stock-based
method for the calculation of the steel demand in the IMAGE IAM. Using different lifetimes
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by sectors and recycling rates allows them to have a much more precise estimation of future
demand. They show that with the stock-based approach, steel demand in 2100 is 38% lower
than with the flow-based approach (1600 Mt vs. 2600 Mt) (Kermeli, Oreane Y. Edelenbosch,
Crijns-Graus, Ruijven, Vuuren, et al., 2022).

The calculations by Kermeli and colleagues are based on GDP-based S-curves of stocks of
raw materials in four aggregated categories: transportation, construction, machinery and oth-
ers. Muchmore precision could be obtained by calculating stocks of infrastructures and equip-
ment directly (cars, buses, surface of buildings, etc.), to better distinguish between rawmaterials
and allow to study material efficiency levers.

1.3.4.4. Calculating rawmaterials fromSSPs

In a recent paper, Fishman and colleagues argue that the use of aggregate GDP-driven or
historical trend extrapolations of service and/or end-use sector energy demand often leads to
unreasonable service levels in SSP modelling (Fishman et al., 2021). They highlight the need
to quantify of service levels associated with SSP scenarios, as well as more regional specificity in
depicting differences due to socioeconomic development, societal trends, technology adapta-
tion rates, and climate. They therefore developed a comprehensive set of scenario parameters
that focus on twomajor contributors to greenhouse gas emissions and environmental impacts:
residential buildings and private vehicles. The scenarios cover 20 world regions up to 2060 for
SSP1, SSP2 and the Low Energy Demand (LED) scenario. These technological parameters
can be readily used for studying material and energy cycles within the field of industrial ecol-
ogy, harmonizing with pre-existing scenario sets. While these scenarios have been linked to the
Resource Efficiency-Climate Change (RECC) framework, they are model-agnostic and can be
used in other contexts (Fishman et al., 2021).

In a subsequent paper, Pauliuk and colleagues build from thatwork to assess the potential of
resource and emission savings frommaterial efficiency in residential buildings and cars (Pauliuk,
Heeren, et al., 2021). They show that material efficiency could save between 33 and 58 Gt for
residential buildings and passenger vehicles (Pauliuk,Heeren, et al., 2021). This result confirms
the need to better describe material value chains in IAMs.

1.3.5. Contradictory injunctions

The GDP projections of the SSPs are developed by using an iterative process of qualitative
storyline development and quantitativemodelling. The overall storyline of each SSP provides a
qualitative description of the future world in terms of challenges to mitigation and adaptation.
This storyline is then translated into GDP by neoclassical general equilibriummodels.

For example, the OECD’s SSP GDP projections are generated through the ENV-Growth
model, amethodology based on an augmented Solow growthmodel. The six key drivers of eco-
nomic growth in themodel include: physical capital, employment (influenced by demographic
trends, labor participation rates, and unemployment scenarios), human capital (driven by ed-
ucation), energy demand (determined by energy efficiency and future international oil prices),
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extraction and processing patterns of fossil fuel resources (oil and gas), and total factor produc-
tivity (TFP) (Dellink et al., 2017). The results present a range of potential global GDP levels
by the end of the century. The spectrum varies from approximately 280 trillion USD under
SSP3 to over 1000 trillion USD in SSP5, which assumes a conventional economic growth nar-
rative. In SSP5, global GDP is projected to increase more than 15 times the 2010 level by 2100.
SSP3 and SSP4, scenarios associated with lower international cooperation and trade, predict
significantly lower global growth rates (Dellink et al., 2017).

The GDP is not obtained at a disaggregated sector level and technology-rich IAMs do not
haveGDP feedback loops. GDP is an input and not an output. This necessarily leads to contra-
dictory injunctions. For example, in SSP1, the world GDP increases 6-fold between 2020 and
2100. At the same time, theworkbyFishman and colleagues showed that the “sustainable devel-
opment” of SSP1 meant a limited development and a saturation of residential building surface
per capita and passenger kilometres. The implementation of SSP1 would physically mean less
GDP associated with these two sectors than other SSPs. This is not taken into account in the
ENV-growth model. Furthermore, if the material efficiency levers suggested by Pauliuk and
colleagues were implemented, such as car sharing or downsizing, it would also mean less GDP
for these sectors (Pauliuk, Heeren, et al., 2021).

LessGDPgrowth is not a problem in itself, as discussed extensively in the post-growth litera-
ture. However, the issue here is the blindness to the fact that injunctions may be contradictory.
If all models have economic growth as an input, policymakers may not realize that some of the
levers needed to tackle environmental problems will translate in less GDP in these sectors and
that this is the right choice to make.

Currently, GDP and RCPs are inputs of IAMs and technological pathways are outputs.
A more logical method would be the opposite: choose either a GDP (respectively an RCP)
pathway, provide realistic technological progress rates (accounting for thermodynamic limits),
and obtain as an outcome an RCP (respectively a GDP) pathway.

1.4. Research gap, aim, objectives, questions

1.4.1. Researchgap

Based on the above-discussed literature, the following research gap is identified:

While recent improvements in IAMs have sought to better incorporate aspects of industrial
ecology, most of them still lack a detailed representation of the material and energy stocks and
flows that underpin economic activities. Furthermore, when these elements are studied, it is
oftenbased onpost-processing and thus leads to inconsistencies between themodels’ exogenous
GDP inputs and the stocks consistent with various SSPs and RCPs combinations.

This gap offers an opportunity for the creation of an innovative model of the energy-raw
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materials-economy nexus. The proposedmodel should utilize transparent and physically realis-
tic assumptions, advancing beyond the limitations of traditional IAMs. To avoid contradictory
assumptions, the input could be one of the three following variables: GDP, energy, or services.
A set of physically reasonable assumptions, including yearly technological progress rates and
thermodynamic limits, would allow to calculate the two other variables from the input chosen.
The specifications of such a model would be

• Multiregional consumption, production and impacts
• Stock and flow consistency of infrastructures
• Vintage tracking of stocks
• Attention to physical linkages (ie. co-productions)
• Representation of material life cycles
• Explicit description of processes
• Reproduction of long term past dynamics
• Explicit technological progress rates with thermodynamic limits
• Dynamic thermodynamic limits that depend on resource quality
• Endogenous energy requirements for the industrial energy use

Once developed and operational, the model could then be softly or hardly coupled to exist-
ing IAMs to have a truly holistic representation of socioeconomic metabolism.

1.4.2. Research aim

From this research gap, the following aim was set:

The aim of this PhD thesis is to better understand the energy-rawmaterials-GDP-service nexus,
via the construction of a multi-regional stock-flow consistent model of infrastructures and ser-
vices, with regionalized impacts.

1.4.3. Researchobjectives

Four researchers are working at ISTerre on the development of such amodel, calledMultire-
gional Assessment of Technologies, Energy and Resources (MATER): Olivier Vidal as a senior
researcher, andHugo Le Boulzec, François Verzier and Baptiste Andrieu as PhD students. This
involves to collaborate a lot and to set different research objectives for the different thesis to be
complementary.

The first objective of the present thesis is to

A) Contribute to the development of MATER in terms of stocks and flows of energy and raw
materials to build and maintain infrastructures for major world regions over the period 1900-
2100, with a particular focus on the transport sector
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Studying a period of two hundred years requires to pay particular attention to the dynamics
of technological progress, which can be partly or completely compensated by the decrease in
quality of the remaining exploitable resources. The second objective is thus to

B) Study the contribution of technological progress and resource dilution on the energy inten-
sity of production of metals in order to incorporate the dynamics into MATER

Trade takes place at every step of the value chain. To explicitly describe the responsibility
of the human and environmental impacts of the industry in a given region, flows of resources,
semi-transformed and transformed products must be incorporated into MATER. The third
objective of the thesis is thus to:

C) Regionalize the impacts of production and consumption in MATER using input-output
modelling

The energy-raw materials-service nexus of some sectors, such as transport, construction or
energyproductionhavebeen extensivelydocumented,making themthe easiest sectors tomodel.
However, other sectors, such as healthcare, remain under-explored. Modelling healthcare is
likely to be more difficult than in other sectors, as the service given by healthcare systems, being
healthy, is much vaguer than that of sectors where services can be expressed in physical units:
joules of final energy, passenger-kilometres of a vehicle orm2of residential building. The fourth
objective of the thesis is thus to:

D) Explore the energy-resources-health nexus

1.4.4. Researchquestions

To guide the work, the following research questions (RQ) and sub-research questions were
defined:

For objective A:

RQ1: What could be the future multiregional energy and raw materials demands?
RQ 1.1. How can society’s biophysical basis be modelled?
RQ 1.2. How can future transport demand be modelled?
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For objective B:

RQ2: Can technological progress be assessed?
RQ 2.1. Does technological progress compensate the decrease in quality of ore deposits?
RQ 2.2. Are richer countries more energy efficient than poorer ones?

For objective C:

RQ3: How can environmental impacts be regionalized in a global stock-flow consistent raw-
materials-energy-economy model?
RQ 3.1. What are all the possible input-output scopes?
RQ 3.2. How can input-output be incorporated intoMATER?

For Objective D:

RQ4: Is there an energy-health nexus?
RQ 4.1. What are the biophysical bases of healthcare systems around the world?
RQ 4.2. Are disease rates correlated to energy footprint per capita?

1.5. Structureofthethesis,articleslistandcontributions

1.5.1. Structure

Chapter 1 is the present introduction. Chapters 2 to 5 answer research questions 1 to 4
respectively, with a section for each secondary research question. Chapter 6 concludes.

1.5.2. Articles list and contributions

Chapter 2.1. is based on the following publication:
O. Vidal, H. Le Boulzec, B. Andrieu, and F. Verzier (2022). “Modelling the Demand and

Access of Mineral Resources in a ChangingWorld”. In: Sustainability 14.11. doi: 10.3390/
su14010011

Author contributions: Conceptualization,O.V.;methodology,O.V.; software,O.V.,H.L.B.,
B.A. and F.V.; validation, O.V., H.L.B., B.A. and F.V.; formal analysis, O.V., H.L.B., B.A. and
F.V.; investigation, O.V., H.L.B., B.A. and F.V.; resources, O.V., H.L.B., B.A. and F.V.; data

https://doi.org/10.3390/su14010011
https://doi.org/10.3390/su14010011
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curation, O.V., H.L.B., B.A. and F.V.; writing—original draft preparation, O.V., H.L.B., B.A.
and F.V.; writing—review and editing, O.V., H.L.B., B.A. and F.V.; visualization, O.V., H.L.B.,
B.A. and F.V.; supervision, O.V.; project administration, O.V.; funding acquisition, O.V. All
authors have read and agreed to the published version of the manuscript. Baptiste Andrieu was
in charge of the transport sector, regionalization of impacts.

Chapter 2.2. is based on the following publication draft:

François Verzier, Hugo Le Boulzec, Baptiste Andrieu, and Olivier Vidal (2023). Multi-
regional Assesment of Technologies, Energy and Resources

The research is led by François Verzier based on a formalism by Olivier Vidal. Baptiste An-
drieu is in charge of the transport sector, regionalization of impacts.

Chapter 2.3. is based on the following publication draft:

Andrieu, B., Berthe, A., Verzier, F, Le Boulzec, H., Vidal, O., Dynamic modelling of past
and future resource needs for the transport infrastructure

This research was led by Baptiste Andrieu.

Chapter 3.1. is based on the following publication draft:

Olivier Vidal, Baptiste Andrieu, Hugo Le Boulzec, François Verzier, Florian Fizaine, and
Nicholas Arndt (2023). Modeling production energy and thermodynamic prices of metals from
1900 to 2100

Authorship statement: Olivier Vidal: Funding acquisition, Conceptualization, Methodol-
ogy, Writing – original draft, Writing – review & editing, Visualization, Supervision. Baptiste
Andrieu: Writing – original draft, Formal analysis, Validation. Hugo Leboulzec: Formal analy-
sis, Validation–FrancoisVerzier: review&editing,NicholasArndt: Writing – review&editing

Chapter 3.2. is based on the following publication:

Baptiste Andrieu, Olivier Vidal, Hugo Le Boulzec, Louis Delannoy, and François Verzier
(Oct. 2022). “Energy Intensity of Final Consumption: the Richer, the Poorer the Efficiency”.
In: Environmental Science&Technology56.19. Publisher: AmericanChemical Society, pp. 13909–
13919. issn: 0013-936X. doi: 10.1021/acs.est.2c03462. url: https://doi.org/
10.1021/acs.est.2c03462 (visited on 11/08/2022)

This research was led by Baptiste Andrieu

Chapter 4.1. is based on the following publication draft:

Baptiste Andrieu, Hugo Le Boulzec, Louis Delannoy, François Verzier, GuillaumeWinter,
and Olivier Vidal (2023). “Mapping global greenhouse gases emissions: an interactive, open
access web application”. In: Submitted to Communications Earth & Environment. doi: 10.
21203/rs.3.rs-2617637/v1

https://doi.org/10.1021/acs.est.2c03462
https://doi.org/10.1021/acs.est.2c03462
https://doi.org/10.1021/acs.est.2c03462
https://doi.org/10.21203/rs.3.rs-2617637/v1
https://doi.org/10.21203/rs.3.rs-2617637/v1
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This research was led by Baptiste Andrieu

Chapter 5.1. is based on the publication draft:
Baptiste Andrieu, LaurieMarrauld, Olivier Vidal,Mathis Egnell, Laurent Boyer, andGuil-

laume Fond (2022). “The Exponential Relationship between Healthcare Systems’ Resource
Footprints and Their Access andQuality: A Study of 49Regions between 1995 and 2015”. In:
SSRN Electronic Journal. doi: 10.2139/ssrn.4182423

Authorship statement: BA was responsible for conceptualisation. All authors contributed
to literature search. BA and OV were responsible for data curation. All authors contributed
to data analysis and interpretation of results. BA, GF and LM wrote the original draft. All
authors were responsible for writing – review & editing. All authors had access to all data in
the study and the corresponding author had final responsibility for the decision to submit for
publication.

Chapter 5.2. is based on the publication draft:
Baptiste Andrieu, Laurie Marrauld, Guillaume Chevance, Mathis Egnell, Olivier Vidal,

Laurent Boyer, and Guillaume Fond (Dec. 2023). Associations between Regional Energy Foot-
print and the Occurrence of Diseases. en. SSRN Scholarly Paper. Rochester, NY. doi: 10.
2139/ssrn.4673537. url: https://papers.ssrn.com/abstract=4673537 (visited
on 01/17/2024)

This research was led by Baptiste Andrieu

Other publications not included in the thesis Pierre Jacques, Louis Delannoy, Baptiste Andrieu,
Devrim Yilmaz, Hervé Jeanmart, and Antoine Godin (2023). “Assessing the Economic Con-
sequences of an Energy Transition Through a Biophysical Stock-Flow Consistent Model”. In:
Ecological Economics 209, p. 107832. doi: 10.1016/j.ecolecon.2023.107832

Hugo Le Boulzec, Louis Delannoy, Baptiste Andrieu, François Verzier, Olivier Vidal, and
Sandrine Mathy (2022). “Dynamic modeling of global fossil fuel infrastructure and materials
needs: Overcoming a lack of available data”. In: Applied Energy 326, p. 119871. doi: 10.
1016/j.apenergy.2022.119871

Hugo Le Boulzec, Sandrine Mathy, François Verzier, Baptiste Andrieu, Daniel Monfort-
Climent, and Olivier Vidal (Nov. 2023). “Material requirements and impacts of the build-
ing sector in the Shared Socioeconomic Pathways”. In: Journal of Cleaner Production 428,
p. 139117. issn: 0959-6526. doi: 10.1016/j.jclepro.2023.139117. url: https:
//www.sciencedirect.com/science/article/pii/S0959652623032754 (visited on
01/17/2024)

Louis Delannoy, Matthieu Auzanneau, Baptiste Andrieu, Olivier Vidal, Pierre-Yves Lon-

https://doi.org/10.2139/ssrn.4182423
https://doi.org/10.2139/ssrn.4673537
https://doi.org/10.2139/ssrn.4673537
https://papers.ssrn.com/abstract=4673537
https://doi.org/10.1016/j.ecolecon.2023.107832
https://doi.org/10.1016/j.apenergy.2022.119871
https://doi.org/10.1016/j.apenergy.2022.119871
https://doi.org/10.1016/j.jclepro.2023.139117
https://www.sciencedirect.com/science/article/pii/S0959652623032754
https://www.sciencedirect.com/science/article/pii/S0959652623032754
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garetti, EmmanuelPrados,David J.Murphy,RogerW.Bentley,MichaelCarbajales-Dale,Marco
Raugei, Mikael Höök, Victor Court, Carey W. King, Florian Fizaine, Pierre Jacques, Matthew
KuperusHeun,Andrew Jackson,CharlesGuay-Boutet, EmmanuelAramendia, JianliangWang,
Hugo Le Boulzec, and Charles A.S. Hall (2024). “Emerging consensus on net energy paves the
way for improved integrated assessment modeling”. en. In: Energy & Environmental Science
17.1. Publisher: Royal Society of Chemistry, pp. 11–26. doi: 10.1039/D3EE00772C. url:
https://pubs.rsc.org/en/content/articlelanding/2024/ee/d3ee00772c
(visited on 01/17/2024)

Guillaume Chevance, Baptiste Andrieu, Nicolas Koch, Cathryn Tonne, Mark Nieuwen-
huijsen, and Paquito Bernard (Apr. 2023). Gasoline Price and the Effectiveness of Interventions
TargetingHealthier TransportModes: AMeta-Analysis. en. SSRNScholarly Paper. Rochester,
NY. doi: 10.2139/ssrn.4429015. url: https://papers.ssrn.com/abstract=
4429015 (visited on 07/20/2023)

LouisDelannoy, Angélique Palle, NoémieRebière, andBaptisteAndrieu (2023). “’Strong’
transdisciplinarity in theAnthropocene: lessons from a cross dialogue between social andmod-
eling sciences”. In: Hérodote 188. doi: 10.3917/her.188.0041

Baptiste Andrieu,ManonRoche, Pierre Simeone,Marc Leone, BenjaminDe SainteMarie,
BaptisteAndre, LaurentBoyer, LaurentZieleskiewicz, andGuillaumeFond (Dec. 2023). “Nav-
igatingHealthcare’sDual Fronts—BalancingQuality and theEnvironment”. In: Revued’Épidémiologie
et de Santé Publique 71.6, p. 102182. issn: 0398-7620. doi: 10.1016/j.respe.2023.
102182. url: https://www.sciencedirect.com/science/article/pii/S039876202300785X
(visited on 01/17/2024) (commissioned editorial)
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chapter 2 | Modellinginfrastructures

This chapter presents the DyMEMDS andMATERmodels

• Dynamic Modelling of Energy and Matter Demand and Supply (DyMEMDS) is
a stock and flow model that links the energy consumption, GDP, and popula-
tionwith rawmaterials consumption, greenhouse gases emissions, globalwarming,
and additional environmental impacts such as the consumption of water and used
land formining. It includes about 50 technologies of transportation, construction,
and energy; 10 metals, cement, and gravel; and 9 geographical regions covering the
world.

• MATER (Multi-regionalAssesment ofTechnologies, Energy andResources) is the
second version of DyMEMDS, coded in python for easier collaboration whereas
DyMEMDS was coded in Vensim. One of the main strengths of MATER is the
fact that the industrial energy consumption is endogenized, meaning that feedback
loops allow to calculate the energy and rawmaterials needed to build the infrastruc-
ture needed to build and operate existing stocks.

• The third part of chapter 3 demonstrates that utilizing a single S-curve (as a func-
tion of GDP per capita) equation precisely replicates historical stocks in every
country worldwide and is thus a good entry point into MATER/DyMEMDS
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2.1. Modellingthedemandandaccessofmineralresources
in a changingworld

Authors Olivier Vidal, Hugo Le Boulzec, Baptiste Andrieu, Hugo Boulzec

Abstract

Humanity is usingmineral resources at an unprecedented level and demandwill continue to
grow over the next few decades before stabilizing by the end of the century, due to the economic
developmentof populated countries and the energy anddigital transitions. Thedemand for raw
materials must be estimatedwith a bottom-up and regionalised approach and the supply capac-
ity with approaches coupling long-term prices with energy and production costs controlled by
the quality of the resource and the rate of technological improvement that depends on ther-
modynamic limits. Such modelling provides arguments in favour of two classically opposed
visions of the future of mineral resources: an unaffordable increase in costs and prices follow-
ing the depletion of high quality deposits or, on the contrary, a favourable compensation by
technological improvements. Both views are true, but not at the same time. After a period of
energy and production cost gains, we now appear to be entering a pivotal period of long-term
production cost increases as we approach the minimum practical energy and thermodynamic
limits for many metals.

2.1.1. Introduction

Theper-capita consumptionof global resources has doubledbetween1950 and2010 (Schaf-
fartzik et al., 2014) and the consumption of raw materials and mineral resources (gravel and
sand, cement, ores, industrial minerals) used to build the energy, transportation and build-
ing infrastructures and consumer goods of modern societies has increased at an average rate
of 2-5%/year over the past century. Humanity is now using mineral resources at an unprece-
dented level, with 70 billion tons of material extracted from the ground per year (T. E. Graedel
and J. Cao, 2010; T. E. Graedel, 2011; Wiedmann et al., 2015; Elshkaki, T. E. Graedel, et al.,
2018; Elshkaki, 2019). This acceleration naturally raises the question of supply sustainability,
which has been discussed repeatedly since the 1950s (Hubbert, 1956; Ugo Bardi and Lavacchi,
2009; Ugo Bardi and Pagani, 2007; Meadows et al., 1972; H. Sverdrup et al., 2014; Kerr, 2014;
Northey et al., 2014; U. Bardi, 2007; Ugo Bardi, Lavacchi, and Yaxley, 2018; Laherrére, 2010).
Recurring predictions of short-term depletion of fossil resources have so far not been verified
by actual shortages. On the contrary, and despite the exponential growth in consumption ob-
served for more than a century, metal reserves have never been higher than they are today. The
increase in reserves, despite the strong growth in consumption, can be explained by techno-
logical progress, which makes it possible to exploit new fossil resources of lower quality at the
same cost. Unconventional hydrocarbons, which were undevelopable at a competitive cost a
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few decades ago, are now a major source and most metal deposits developed today are less con-
centrated than those developed in the past (Mudd, 2009). Because the amount of low-grade
deposits is much greater than concentrated deposits, reserves have increased with technological
improvements. This trend gives the misleading impression that perpetual growth is possible in
a finite world, the Earth. Misleading because there is a thermodynamic limit to the potential of
technological improvements and what was possible in the past will not necessarily be possible
in the future.

The future availability of fossil resources depends on production capacity, which in turn de-
pends on production technologies, the type and quality of ore deposits controlling production
costs, and the proportion of recycled products at the end of their lives. It also depends on de-
mand, which in turn depends on population and standard of living, economic and geopolitical
cycles, and technological development associated with energy and digital transitions. All these
parameters define the conditions for economically viable production. They vary over time, are
coupled and should not be analysed separately. Over the past decades, the demand for non-
energy materials has been intensively studied through material flow or input-output analyses.
The development of materials databases (UN, 2021; Worldsteel, 2021; USGS, 2021) has en-
abled a comprehensive understanding of metal and mineral stocks and flows within society at
different scales through top-down studies (e.g. (Q. Li et al., 2021; Streeck et al., 2021; Ciacci
et al., 2020; Wiedenhofer, Fishman, et al., 2019; Pfaff et al., 2018; Krausmann et al., 2017)).
Many recent efforts have been devoted to estimating future demand for raw materials through
bottom-up stock-based analysis in the energy (e.g. (S. Deetman et al., 2021; Ren et al., 2021;
F. Li et al., 2020; Watari et al., 2019; Moreau et al., 2019; Dong et al., 2019; Vidal, Boulzec,
et al., 2018; Tokimatsu et al., 2017; Elshkaki and T. Graedel, 2013; Vidal, Goffé, et al., 2013)),
transportation (e.g. (Dunn et al., 2021; Pauliuk and Heeren, 2021; Yang et al., 2021; Zhu et
al., 2021; M. Liu et al., 2020; Watari et al., 2019)) and construction sectors(e.g. (Pauliuk and
Heeren, 2021; Sebastiaan Deetman et al., 2020; Marinova et al., 2020; Y. Liu et al., 2020; Z.
Cao et al., 2018; Wiedenhofer, Steinberger, et al., 2015)), its energy demand and production
cost (e.g. (Pauliuk and Heeren, 2021; Elshkaki, 2019)), environmental impacts (e.g. (Kalt et
al., 2021; Pauliuk and Heeren, 2021; Beylot et al., 2019; Huang et al., 2013)) or to reserve
estimation (e.g. (Hunt et al., 2021; H. U. Sverdrup, Olafsdottir, and Ragnarsdottir, 2019;
Ayres et al., 2002)) and production capacities. However, very few studies have attempted to
combine all these dimensions into single models. Notable exceptions are the dynamic models
World7 Olafsdottir et al., 2018; H. U. Sverdrup and Olafsdottir, 2020 and MEDEAS-World
(Capellán-Pérez et al., 2020), which couple global gross domestic product (GDP) and demo-
graphic changes with commodity and energy demand. Thesemodels are valuable and powerful
tools for discussing the global resource issue in relation to socioeconomic changes. However,
they sometimes rely on disputable empirical assumptions such as the linear dependence of the
total demand of metals on GDP evolution assumed inMEDEAS (Capellán-Pérez et al., 2020).
This assumption, based on an empirical fit of global historical data covering too short a period,
is in conflict with the historical evolution in developed countries (Bleischwitz, Nechifor, et al.,
2018; Bleischwitz and Nechifor, 2016; Wårell, 2014). Moreover, it assumes that the future de-
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mand for metal per GDP will be the same as in the past, whereas new technologies that did
not exist two decades ago are developing fast in the sectors of energy, transport, information
and communications. The estimation of global demand requires a comprehensive bottom-up
approach, i.e., by technologies whose material intensities, use intensities, energy consumption
and efficiencies change at different rates over time, and by geographic regions with contrasting
transportation patterns andmaterial intensities. Themodelling of rawmaterial supply can also
be improved by developing standardized approaches coupling long-term resource prices with
energy and production costs (Vidal, 2021). The minimum production energy and the mini-
mum practical production energies can be estimated from the quality of the resource exploited
(ore grade) and on technological improvement constrained in the last resort by thermodynamic
limits that cannot be overstepped. Finally, and before attempting to apply the models to future
developments, it must be demonstrated that they are capable of reproducing the historical evo-
lution of the demand for infrastructure and rawmaterials over long periods of time, by country
or geographical region. These different points are discussed in the present contribution, along
with a brief review of anticipated future needs and production capacities. Our objective is not
to provide a single answer to the complex issues raised by the consumption and supply of min-
eral resources, but rather to identify some of the key points that seem important to consider in
their modelling.

2.1.2. The drivers ofmineral resources consumption

2.1.2.1. The basemetals and cement consumption from traditional applications

The prospective analysis of metals and minerals in society requires a dynamic model de-
scribing the evolution of stocks and flows. An inverted U-shape of demand with economic
growth was first proposed in the late 20th century (Malenbaum, 1973) and later validated for
steel for middle-income countries (Wårell, 2014). Growing stock analysis has led to a better
understanding of stock and flow dynamics, and to the identification of a three-stage model of
the stock curve in use: growth, maturation, and saturation (Bleischwitz, Nechifor, et al., 2018).
The first stage of economic growth in all countries is characterized by the construction of raw
materials demanding infrastructures of heavy industry, housing, transport, communications
and energy. This phase of development mainly consumes ”structural” raw materials produced
in present global quantities of more than one million tons per year (Mt/yr), such as sand and
aggregates, concrete, steel and iron, aluminium, copper, manganese, zinc, chromium, lead, tita-
nium and nickel. Then, the annual consumption of structural rawmaterials levels offwhen the
gross domestic product (GDP) per capita reaches about 15,000 US$/cap (maturing stage) and
eventually declines as the in-use stock reaches its saturation limit (saturation stage) (Bleischwitz
andNechifor, 2016; Bleischwitz, Nechifor, et al., 2018). When saturation level of in-use stocks
is reached, the size of the infrastructure becomes mainly controlled by the evolution of popu-
lation and the material content of technologies. The number of technological units per capita
(number of cars, trucks, planes, ships, m2 building, etc) as a function of GDP/capita thus fol-
lows the sigmoidal pattern of a logistic function, whose parameters can be constrained by fitting
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the historical evolution of each technology by countries (e.g. (Huo et al., 2012; Z. Cao et al.,
2018; Shi et al., 2012)). These parameters depend on the geography, population density and
lifestyle of the countries, with average values in the order of 0.7 LDV/cap, 7·10−5 locomotive/-
cap, 1.5·10−5 aircraft/cap and 90 m2/cap. From these figures, the future evolution of infras-
tructure can be estimated for given future GDP and population evolutions. This is illustrated
in Figure 2.1, which shows the number of observed and estimated light vehicles, locomotives,
airplanes and the surface of buildings in the USA andChina from 1950 until 2100. The results
were obtained with the model DyMEMDS (dynamic modelling of energy and matter demand
and supply) available online. DyMEMDS is a stock and flow model that links the energy con-
sumption, GDP, population with the rawmaterials consumption, greenhouse gases emissions,
global warming and additional environmental impacts such as the consumption of water and
used land for mining. It includes about fifty technologies of transportation, construction and
energy, ten metals, cement and gravel, and nine geographical regions covering the world. From
the evolution of infrastructure calculated for imposed future GDP and population evolutions
(Figure 2.1), the stocks of materials by technologies are estimated using dynamic raw materials
intensities in kg of material per technological unit.

Figure 2.1: Evolution of the demand in infrastructure per capita as a function of GDP/cap or time in China (grey
lines and open circles) and USA (black line and black circles).

https://www.dropbox.com/sh/ws85dgbelt9ceyf/AAC8fYnglzzINREp27xvwFnra?dl=0
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The samematerial intensitieswere used for all countries except for the building sector, which
shows strong disparities between countries. The concrete and steel intensities are for instance
lower in theUS than inChina (IEA, 2018). The stocks ofmaterials in the infrastructure of all re-
gions are obtained by adding up the needs of all technologies, and the global demand by adding
up the demand of each geographical region (Figure 2.2). The annual consumptions are then
obtained by deriving the stocks over time and the annual flows of primary, recycled and lostma-
terials are calculated for imposed lifetimes of goods, collection and recycling rates (Figure 2.3).
This full bottom-up approach starting from regional GDP and population evolutions makes it
possible to link the global raw material consumptions with the economic development, popu-
lation and technological evolutions of each geographical region. It reproduces the incremental
increase of demand for basemetals, cement and gravels observed sinceWorldWar II. The period
1950-1970 was marked by a strong increase in global consumption driven by the construction
of the infrastructure of currently developed countries. Consumption growth declined during
the 1970-2000 period, as saturation thresholds were approached in rich countries and no poor
country was economically emerging. Then the rapid economic emergence of China in the late
1990s led to a second period of increase in global consumption (Figure 2.3). China’s consump-
tion is expected to level off over the next decade, and then decline between 2030 and 2050. After
2050, the need for new infrastructure in this country is no longer controlled by the evolution of
GDP/capita because the saturation thresholds are reached. Moreover, the amount of recyclable
material that was negligible before 2030 increases after 2030 as fast as the increase of consump-
tion observed between 2000 and 2025. The amount of steel available for recycling between
2050 and 2075 is even higher than the apparent consumption. A peak in steel consumption
was also observed in the US in the 1970’s, although less pronounced than in China in 2030,
because previous growth was slower. Since then, the US steel consumption has remained rela-
tively constant, which is a common observation made for all rich countries, as well as in China
after 2050. An incremental evolution of demand is also observed for Ni, Cr and Mn, which
are mainly used as alloying elements of steel. The incremental evolution is less clear for other
base metals such as copper and aluminium involved in a variety of new applications with lower
lifetimes than steel since the fifties. The decrease ofChinese consumption in 2030-2050 is likely
to be compensated by the increase due to the economic emergence India andAfrican countries.
Assuming that these countries will achieve their economic developmentwithin the century, the
Indian peak of cement and steel consumptionmight occur in 2050 and 2100, and those of cop-
per and aluminium one or two decades latter. The African consumption peaks are expected to
occur fifteen years latter. In this scenario, the yearly global demand in steel and cement in 2100
is fourfold the present value, and six fold the present consumption for aluminium and copper.

2.1.2.2. Thenewapplications andhigh-techmetals

In parallel or after building its basic infrastructure, economies aremoving towards advanced
technologies,whichusemanyproperties resulting fromthe electronic structure, catalytic, quan-
tumor semiconductor properties specific to almost all the elements of the periodic table. Rapid
changes in the use ofmetals have emerged during the last decades in the Information andCom-
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munication Technology (ICT) sector: in 2019, there were approximately 13 billion mobile
phones and tablets (Radicati, 2019) and 2billion computers (1 billion in 2008) in use, Facebook
had more than 1 billion users and global data centre traffic was estimated at 4.8 zettabytes, rep-
resenting more than 26,000 centuries of streaming video. This ICT sector is a large consumer
of rare and high-purity substances (Cu, In, Ga, Sb, Ge, Co, Li, Ge, Ta, Nb, Au, Ag, rare earths,
etc.) with dispersive uses resulting from high dilution in many short-lived devices, which lim-
its the potential for recycling on the order of one percent. While the base metal consumption
since 1990 has increased by 2-5%/year, the annual growth of rare metals production is about
10%/year. These huge growth rates and possible supply problems have attracted most of the
attention over the last decade (European Commission, 2020). However, assessing the future of
high-technology metals demand is difficult, because it depends on rapid technical innovation
and the use of high technologies is much less dependent on GDP/cap than base metals. New
technologies also concern the energy sector, which is evolving to reduce our greenhouse gases
(GHG) emissions and comply with the Paris agreement. This agreement of COP21 aims at
achieving the ”carbon neutrality” in the second half of the 21st century, which implies a deep
review of the existing fossil-based energy system. Unfortunately, solar and wind infrastructures
require more raw materials per installed capacity and energy supplied than fossil fuel-based fa-
cilities (Kleijn et al., 2011; Hertwich et al., 2015; Vidal, Goffé, et al., 2013; Vidal, Boulzec, et al.,
2018; Vidal, F. Rostom, et al., 2017). The same observation is made for the storage of energy,
its transport and use at the end of the energy chain. It follows that large amounts of structural
and high-tech mineral commodities will be consumed for the energy transition.

Figure 2.2:Concrete and steel consumption by geographical regions based on a logistic growth of regional infras-
tructures calculated for logistic GDP and population growths (Figure 2.1).
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Figure2.3:Rawmaterial demand by sectors (Mt/year) calculated from the evolution of infrastructure (Figure 2.1)
for China (Left panel) and USA (Right panel). The plain and dashed black lines show, respectively, the input
and theoretical recycled flows (assuming no export or import of scrap). The dots show the historical data (USGS).

Figures 2.2 and 2.3 have been calculated under the assumption that the penetration of low-
carbon energy technologies will remain moderate. For the same evolution of GDP and popu-
lation, and thus of building, transport and energy infrastructure, the demand for metals will
be different for a higher penetration of renewables. Examples are shown in Figure 2.4, which
illustrate the differences in global Cu, Li, Co and Ni consumption for the two contrasted en-
ergy scenarios Reference Technology Scenario (RTS) and Beyond 2 Degree Scenario (B2DS)
of the International Energy Agency (IEA) IEA, 2017. In contrast to previous estimates based
on GDP/cap evolutions (Figures 2.2 and 2.3), the demand in raw materials in Figure 2.4 is
calculated from the consumed energies listed in the scenarios, which are transformed into an
infrastructure for assumed evolutions of energy consumption (-1%/yr) and material content.
The evolution of infrastructure is then transformed into raw materials demand using the same
material intensities as those used to build Figures 2.2 and 2.3. The demands in Cu, Li, Co and
Ni are noticeably higher for the B2DS scenario, which foresees a massive incorporation of re-
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newable energy in the energy mix. Rare Earth Elements (REE) and in particular neodymium
are also elements of concern, as they are used in the permanent magnets of a wide variety of
technologies using electric motors and in the generators of off-shore wind turbines.

The estimates in Figure 2.4 must be handled with care because the present technologies, in-
tensity of use and recycling rates are not necessarily representative of the future situation. The
price of cobalt, used as a cathode in lithium-ion batteries, increased from 55,000 to 83,000 $/t
between March 2017 and February 2018. This situation has prompted the manufacturers to
find solutions to reduce or ban the use of cobalt in lithium batteries1 and to develop efficient
recycling solutions2. Similarly, during the REE crisis in 2011, engineers were able to find solu-
tions to either reduce the amount of usedREEwhilemaintaining the efficiency of technologies,
or to change technologies. This illustrates the high potential of technological innovation to re-
duce the use of rare elements in high or/and energy technologies. For this reasons, it is extremely
difficult to provide reliable estimates of their future demand.

1Increasing investments into cobalt-free batteries research and development and production are currently observed by small to large com-
panies.

2Such as the development of closed loop recycling processes.

https://cleantechnica.com/2018/07/03/tesla-panasonic-investments-in-cobalt-free-batteries-not-the-only-game-in-town/
https://cleantechnica.com/2018/07/03/tesla-panasonic-investments-in-cobalt-free-batteries-not-the-only-game-in-town/
https://www.umicore.com/en/media/press/new-power-from-old-cells-audi-and-umicore-develop-closed-loop-battery-recycling
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Figure 2.4: Annual demand for Cu, Li, Ni and Co calculated for the evolution of infrastructure in the reference
technology (RTS) (Left panel) and the ”Beyond 2°C” scenario (B2DS) (Right panel) of the International Energy
Agency.

Even though it will depend on the rate of economic development, energy and numerical
transitions, the estimated cumulative amount of metals to be produced over the next 35 years is
likely tobe equivalent or exceed the cumulative amountproduced fromantiquity to thepresent.
These dizzying figures, which are consistent with previous estimates (T. E. Graedel and J. Cao,
2010; T. E. Graedel, 2011), illustrate the reality of a forever growth of GDP. For a constant
growth rate of 5%/year, the quantity doubles every 12 years. It has been possible to double
aluminium production since 2000, will it be possible to quadruple it in the next 40 years? This
question is addressed in the following section.

2.1.3. Can future productionmeet the demand?

Several studies suggest that the future supply of raw materials will not be able to keep pace
with demand, because the stock of exploitable non-renewable resources is declining over time
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and theproductionof severalmetals has alreadypeakedorwill peak in thenear future (Meadows
et al., 1972; Ugo Bardi and Lavacchi, 2009; Kerr, 2014; H. Sverdrup et al., 2014; Northey et al.,
2014; Laherrére, 2009; H. U. Sverdrup, Koca, et al., 2013; Laherrére, 2010). Although it was
initially developed for the oil production, application ofHubbert’s theory tomineral resources
led Sverdrup et al.(H. U. Sverdrup, Koca, et al., 2013) to the conclusion that the production
of gold, silver, copper, nickel, zinc, molybdenum, iron, platinum and indium should peak at
or before 2050. The same authors described a similar situation for conventional fossil energy
resources, and a peak of non-conventional oil by 2075. However, a major flaw of Hubbert’s
approach lies in the assumption that production is limited by the sole availability of resources
at continuously growing demand. According to this logic, the observed decline in the growth
rate of steel production between 1970 and 2000 (Figure 2.2) could have beenmisinterpreted as
a sign of resource depletion, while it was actually resulting from temporarily declining growth
of demand. Another pitfall is the assumption that the Ultimate Recoverable Resource (URR)
is finite and quantifiable. Metals and minerals are currently exploited from a small fraction of
the continental crust. The maximum value of reserves can be estimated from the log-Gaussian
Ore-Tonnage (OT) versus Ore-Grade (OG) relationship of ore deposits (Gerst, 2008; Singer,
2013):

OT = A

OG · σ ·
√

2π
· exp (−log(OG) − µ2

2 · σ2 ) (2.1)

whereµ is the central tendency, σ the dispersion andA the scaling factor that determines the
function amplitude. The additional amount of metal MOG that can be extracted with varying
OG reads:

MOG = OT · OG

100
(2.2)

MOG is the amount of additional available metal deduced from its geological distribution
in the crust, whatever the cost of its extraction. The integral of MOG gives the evolution of
reserves plus cumulative production, which increases exponentially as long as the average OG
remains below the value of the peak of OT vs OG (Equation 2.1). By combining equations
2.1 and 2.2 with the expected evolution of demand (Section 2.1.2), it is possible to estimate
the required evolution of average OG and thus OT and metal reserves. Based on the historical
evolution of copper reserves, production, ore tonnage and OG with time, Vidal et al.(Vidal,
F. Z. Rostom, et al., 2019) have estimated an URR of copper between 5 and 7.5 Gt in 2100
for a copper price ranging between 10 and 15 thousands US$1998/t. Although these estimated
reserves are within the range of those made by (Arndt et al., 2017; K. Johnson et al., 2014;
Henckens et al., 2016; Singer, 2017), the approach is fraught with large uncertainties arising
from equally large uncertainties in the distribution of metals in the earth’s crust. Vidal et al.’s
estimates assumed a bimodal distribution (Vidal, F. Z. Rostom, et al., 2019), one centred at
the average grade of copper in the crust (OG ≈ 30 ppm (Rudnick et al., 2003)) and another
corresponding to the peak OT of ore deposits centred at OG ≈ 0.3% Gerst, 2008. However,
the bimodal OT vs OG distribution is questionable (Arndt et al., 2017), and if a unimodal
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distribution centred at the average crustal concentration is assumed, future reserves could be
at least an order of magnitude higher. Estimates of future reserves and resource availability
from geologic criteria and OT vs. OG distributions are thus quite uncertain. The question
of availability is above all a question of price and environmental impacts we will be willing to
pay. Historical data show that so far, technological improvements havemade it possible tomine
less and less concentrated and accessible ores (deeper, offshore) without unaffordable increases
in production costs and metal prices. Is this trend sustainable in the future? To answer the
question, we must now understand the links between energy and production costs, between
metal prices and OG, and between technological improvements and thermodynamic limits.

2.1.3.1. Energy ofmetal primary production, prices and reserves

Currently, about 12%of global energy consumption and about 35%of the energy consumed
by the industry worldwide is used for the production of iron and steel, cement, aluminium and
non-ferrous metals (IEA, 2021). The production of mineral resources is therefore very energy-
intensive. The energy of primarymetal production can be estimated as the sum of three contri-
butions (Vidal, F. Rostom, et al., 2017; Vidal, 2021) : i) the comminution energy proportional
to the inverse of themass concentration ofmetals in ore deposits ( 1

C
), ii) theminimumenergy to

separate the metal-bearing minerals from the dissaggregated ore given by the mixing entropy of
an ideal mixture of two components with no interaction (Esi), and iii) the minimum energy of
metallurgy given by theGibb’s free energy of formation of the oremineral from its constituents
(−∆Gf °i):

Ei(2005) = η(2005) · (−∆Gf °i + Esi + a

Ci(2005)
) (2.3)

with η(2005) the inverse of energy efficiency compared to the thermodynamic minimum
(η=1 at the thermodynamic minimum). Based on the observed evolution of production en-
ergies of twenty metals (i) diluted from 1.9 (iron) to 2·105 (gold, platinum), average values of
η(2005) = 3 and a = 0.2 are obtained (Figure 2.5a). Several studies have shown that the aver-
age price ofmetals is proportional to the energy of their production, which also varies as a power
law of dilution ( 1

C
) Phillips et al., 1976; J. Johnson et al., 2007; Gutowski et al., 2013; Vidal, F.

Rostom, et al., 2017; Vidal, 2021. For the twenty metals used to derive the values η(2005) and
a in Equation 2.3, a plot of the observed production energies E(2005) as a function of their
price in 2005 (P(2005)) confirms this proportionality and the following relationship is derived
Vidal, Andrieu, et al., 2021 (Figure 2.5c):

P (2005) = 26 · α · E(2005)1.1 (2.4)

A systematic deviation is observed between the observed and calculated price evaluatedwith
Equation 2.4. The ratio of observed to calculated price is proportional to the metal dilution
(Figure 2.6b), which suggests that the share of energy cost in price also depends on metal di-
lution. This effect is taken into account by multiplying the RHS of Equation 2.3 by α =
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2
C(2005)0.2 (Figure 2.5b).

The evolution of production energywith time canbe estimatedwithEquation 2.3 by replac-
ing the 2005 values of η and C by their values at year t. In order to account for the variations
of energy price with time, Equation 2.3 must also be corrected by the price of energy at time t

(PE(t)) relative to 2005 (PE(2005)):

P (t) = 26 · α · E(t)1.1 · ( PE(t)
PE(2005

)γ (2.5)

with γ the elasticity ofmetals prices variations relative to the variation of energy price. Using
the price of crude oil as a proxy of energy price, γ = 0.7 for copper and γ = 0.1 for aluminum.

AtC<1%, themetallurgy and separation energies are negligible compared to the term ai

C
that

represents the comminution energy. It means that at constant technology and price of energy,
the energy of primary production of precious metals, copper or nickel are expected to increase
exponentially with the decrease in ore grade observed over the last century (Mudd, 2009; Nor-
gate et al., 2010). Proponents of a looming shortage of metals often use this argument to claim
that production will become prohibitively expensive in the future. However, long-term histor-
ical data do not support this figure and the inflation-adjusted commodity prices have actually
been falling between 1900 and 2000 (Mariscal et al., 2014). This fall, also observed for copper
or nickel, indicates that the expected increase in production energy due to falling ore grades has
actually been offset by the improvements of energy efficiency and productivity at constant ore
grade (EC in the Figure 2.6a). The improvement of energy efficiency was 1-2%/year between
1900 and 2000 (Yellishetty et al., 2010; Gutowski et al., 2013; Vidal, Andrieu, et al., 2021) and
until 2000, the energy gains of all metals production have more than compensated the decrease
of ore quality. Since the regeneration of reserves increases with falling grade (Equations 2.1
and 2.2), these figures explain why both the produced quantities of metals and their reserves
have grown exponentially since 1900. However, this trend is not sustainable on the long term
because there is a thermodynamic limit (ETL) to the extraction of metals, which is given by
Equation 2.3 with η = 1. This physical limit cannot be overstepped, whatever the technological
improvement. Steel production consumed about 50MJ/kg in the 1950 and it has been halved
between the 1950s and 2000 (Yellishetty et al., 2010). It will most likely not be halved again by
2050 to reach the thermodynamic limit equal to about 10 MJ/kg for iron oxide ore3 (−∆Gf °
=7MJ/kg of hematite), as the investment required to gain a fewMJwhen approaching this limit
becomes prohibitive. More worrying, the thermodynamic limit of metals at C < 1% is expected
to increase exponentially with falling ore grade due to the term ai

C
. In practice, this limit can-

not be reached because industrial processes cannot be 100% efficient, and the minimum value
of η in Equation 2.3 is unlikely to be lower than 1.5 (PME = 1.5·ETL). In the case of copper,
η decreased at an annual rate of -1.5%/yr from about 10 in 1930 to 2 in 2000 (dashed line in
Figure 2.6b). It will not be possible to continue on this trend because the minimum value of
η = 1.5 will be reached before the end of the century (continuous line in Figure 2.6c). For an
average ore grade of copper deposits decreasing at 1.5%/yr since 1900, improving current me-

3For metals at high concentration in ore deposits such as iron (C = 30-50%) or aluminium (15-30%), the energy demand of crushing and
grinding ore (ai

C
) is negligible compared to the energy of metallurgy (−∆Gf °) in Equation 2.3.
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chanical crushing and grinding technologies will thus not compensate for the additional energy
to switch to lower grade ore in the future, as it has been the case during the 20th century. The
energy of copper production, which declined between 1900 and 2000, is thus expected to in-
crease from 2000 onward and parallels the PME in the second half of the century (Figure 2.6a).
Similar conclusions are drawn for precious metals and nickel, zinc and manganese.

Figure 2.5: Energy (a), α in year 2005 (b) and price (c)
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Figure 2.6: a)Calculated and observed (numbers) energies of copper production: the heavy black line shows the
energy of copper production with varying ore grade and technology E(t), the thin black dashed line show the
energy at constant ore grade with varying technology (EC), and the red dashed and continuous lines show the
practical minimum energy (PME) and thermodynamic limit (ETL), respectively. The observed data are plotted
at the time of publication and reported ore grades: 1) Rötzer and Schmidt Rötzer et al., 2020 c) 2) Rosenkranz
1976; 3) Gaines 1980; 4) Kellogg 1974; 5) Page and Creasy 1975; 6) Norgate et al., 2010; 7) Marsden 2008; 8)
Office of Energy Efficiency & Renewable Energy 2002; 9) Rankin 2011 ; 10) Chapman 1973. b)Observed
copper price (grey line) and calculated price (black line). The future price is calculated at constant future price of
energy (=PE2015, continuous line) or at 2%/yr increasing price of energy after 2015 (dashed line). η(t) (black
continuous line, left scale) and ore grade (gray line, right scale) used to compute a) and b). The black dashed line
in c) shows η(t) calculated from η(2005) and a -1.5%yr of change.

2.1.4. Discussion

The above overview of some parameters controlling the demand and primary production
provides arguments for two classically opposed views of the future of mineral resources: an un-
affordable increase in costs and prices following the depletion of high quality deposits or, on
the contrary, a favourable compensation by technological improvements. Both visions are true,
but not at the same time. After a period of gains in energy and production costs, it seems that
we are now entering a pivotal period of long-term increasing production costs as we approach
the practical minimum energy and thermodynamic limits for several metals. To reduce this
increase of price, unknown breakthrough but affordable grinding technologies based on non-
mechanical processes will have to be found. Another possibility is to reduce the price of energy.
Renewable energies are virtually unlimited and once the infrastructure of production is built,
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they are cheap. If we could use renewable energy sources at a low and stable price in the future,
the increasing weight of energy intensity in the cost of production would no longer be an is-
sue. This is illustrated by Iceland, which became in 2016 the world’s ninth largest producer of
aluminium from imported bauxite thanks to cheap geothermal and hydroelectric power, even
though it has no ore and most of its production is destined to foreign markets. If the use of
renewable energy sources were to become significant enough to cover the needs of the raw ma-
terial production sector, it would become possible to exploit low-grade resources that cannot
be exploited at an affordable cost today. However, energy transition scenarios present another
constraint: in order to cope with the targeted decrease of CO2 emissions, they generally assume
a strong reduction in energy consumption. For example, the amount of energy available for the
industrial sector in the scenario B2DS already used in Figure 2.2 is 65% that of RTS, while the
energy consumed for the production of raw materials is similar. The future share of industrial
energy consumed to produce the raw materials is thus higher in B2DS than RTS and the re-
maining energy available for the other industrial sectors is lower. These figures will impact the
intensive industries and in particular the rawmaterial production sector, whichwill already face
the problem of declining resource quality. It thus seems extremely difficult to switch to renew-
able energies while reducing global energy demand. Neither the developed countries, which are
expected to replace their fossil fuel-based energy infrastructure in two or three decades, nor the
developing countries that produce raw materials to build their basic infrastructure will spon-
taneously follow this path. Until 2050, the demand for energy will thus continue to grow on
a global scale. On the longer term, the energy demand for the production of raw materials is
expected to decrease after 2050 in both scenarios B2DS and RTS. This is due to the combined
effects of: i) approaching the saturation levels of infrastructure at the global scale, which entails
a reduction of the annual demand in raw materials, ii) completing the energy transition, and
iii) increasing rapidly the share of less energy-intensive recycled metals at the saturation levels
and unaffordable prices of primary metals.

The above overview of the parameters controlling the demand and primary production also
indicates that the question of the future of mineral resources cannot be based solely on knowl-
edge of current geological availability for a constant rate of growth in demand and technol-
ogy. It must be studied using dynamic models that integrate the value chain from primary
production to recycling, coupling energy requirements and thermodynamic limits, geological,
environmental, technological, social, economic and and geopolitical dimensions. Such models
are intrinsically complex, but it is illusory to address complex issues with empirical and deter-
ministic models such as Hubbert’s model, or any model neglecting the role of technological
improvement including the development of advanced exploration technologies, change in re-
source quality and variations of energy prices with time. Coupling material flows with GDP
and population evolution is quite straightforward using sigmoid evolutions of the infrastruc-
ture/cap with GDP/cap, and assumptions on the materials contents. The consumed energy
can also be estimated for assumed intensities of use and energy efficiencies. In contrast, cou-
pling the materials and energy flows with economic models is more difficult, because economic
models lack physical basis and constraints and are derived from observations made in growing
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economies. Since the industrial activities and consuming sectors are strongly coupled, it is dif-
ficult to analyse one sector of metal production isolated from the whole economic system. To
circumvent the problem, a possible approach based on a prey-predator dynamics has been pro-
posed by Vidal, F. Z. Rostom, et al., 2019, in line of previous study by Bardi and LavacchiUgo
Bardi andLavacchi, 2009. This approach is also empirical, but it allows one to combine physical
units (tons) with monetary units without requiring a detailed and comprehensive description
of all economic sectors. It analyses the evolution of industrial capital (the predator, in mone-
tary units) and the metal reserves (the prey, in tonnes) with two coupled differential equations
involving four parameters controlling the yearly regeneration of reserves, metal production, re-
generation and erosion of capital. Interestingly, the cost (price) of metal production is given by
the ratio of two of them, corresponding to the capital growth to metal production. Applying
the model to the case of copper, we showed that the expected price evolution is similar to the
production energy-based independent estimate reported in Figure 2.6. Independently of any
economic consideration, the long-term price of metals derived from the production energy cal-
culated with the simple thermodynamic formalism proposed in Equations 2.4 to 2.5 thus pro-
vides first order constraints on the future evolution ofmetals production. In the case of copper,
Vidal, F. Z. Rostom, et al., 2019 predicted a peak in primary production by 2050, followed by
a rapid collapse if the future demand is assumed to follow the historical trends (+3%/year). In
contrast, a scenario no longer based on a steady growing demand but on the need for a popu-
lation stabilizing at 11 billion inhabitants in 2100 and an average GDP per capita of 10,000$
provides more optimistic results. A peak of primary production is still observed, but it is a peak
of demand. A decrease of primary production occurs in the second half of the century, when
the saturation of infrastructures is approached and recycled copper becomes the major source.
Here again, this example shows that the future of natural resources cannot be dissociated from a
scenario of demand, which is another illustration of the limit of Hubbert-like approaches. The
prey-predatormodel applied to other metals suggests that the supply of most base and precious
metals (except gold) should also meet the demand until the end of the century. The situation
is much less clear for rare metals, as historical data on reserves and production are missing, im-
precise or cover too short a time period to be used as reliable constraints for the models.

In addition to the reserves, price and energy production issues, the environmental impacts
of raw materials and energy production must also be integrated in the models. These impacts
might become a limiting factor to production in the future. An emblematic example is given by
El Salvador thatmade history as first nation to impose blanket ban onmetal mining in response
to diminishing water sources from polluting mining projects4. The huge expected increase in
mineral resources consumption and primary productionwill increase conflicts and social oppo-
sition. The surface occupied by mines and quarries at the world level has been estimated to be
about 400,000 km2 Hooke et al., 2012, it could be doubled by 2050 and quadrupled by 2100.
The embodiedwater consumption and other environmental impacts are expected to follow the
same trends. These figures are naturally concerning, especially in arid production areas. To our
knowledge, nomodel currently exists that describes the local societal response towater and land

4This decision was approved by the Parliament of El Salvador in early 2017.

https://www.theguardian.com/global-development/2017/mar/30/el-salvador-makes-history-first-nation-to-impose-blanket-ban-on-metal-mining
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use and more broadly to environmental impacts, even though this could significantly hamper
future resources supply. This response is expected to depend on the level of GDP/capita and
population density, the industrial typology, the level of agricultural production and geograph-
ical characteristics of the producing countries, such as the availability of water. Modelling the
feedback of resource consumption and environmental changes on social opposition is a very im-
portant research topic to address the issue of future mineral resource availability in a world of
increasing environmental constraints, and increasingly compromised access to water and arable
land.
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2.2. MATERmodel

Authors François Verzier, Hugo Le Boulzec, Baptiste Andrieu, Olivier Vidal
The MATER model is a bottom-up, time-dependent, demand-driven framework where

exogenous scenarios of end-use sector stocks (passenger transport, buildings, food consump-
tion, textiles, numeric, etc.) and product characteristics (lifetime, material intensity, energy
consumption, etc.) drive a Material and Energy Flow Analysis (MEFA) to compute certain
physical indicators (energy consumption, material consumption, impact production, etc.) by
adding the direct demand and production of each good. Industrial sector stocks and activities
are endogenously linked to other sectors by production capacities.

The exogenous scenarios stocks can derive from three different input types (Figuer 2.7):

• Socio-economic inputs such asGDPandpopulation, disaggregated into good stocks through
logistic functions calibrated on historical data.

• Energy demand inputs by good, converted to stock data through energy consumption and
service intensity parameters.

• Service demand inputs by good, calculated into stock data through service intensity pa-
rameters.

The accounting component of the model is drawn from the DyMEMDS model (see chap-
ter 2.1), and closely resembles the Resource Efficiency and Climate Change (RECC) mitiga-
tion framework. The input for the accounting is the reference stock of goods necessary for the
socio-economic system to function. Each good demands industrial and energy supply services
throughout its construction phase (Figure 2.8.a) and operational phase (Figure 2.8.b), but it
only consumes energy and resources during its operational phase (Figure 2.8.b). The model
parameters are direct consumptions, not Life Cycle Assessment (LCA) embodied consump-
tions, avoiding double counting. Dynamic LCAs are computed by the model according to the
evolution of the links between the sectors and the direct consumptions of each technology.

2.2.1. Construction phase (Figure 2.a)

The MATER model performs a mass balance, tracking the flow of goods from demand to
material production, down to resource extraction. First, the quantity of goods needed for con-
struction is calculated as the derivative of the stock, plus the quantity of old goods to be re-
placed. If the result is negative, surplus goods are not dismantled but halted, allowing their later
reuse when the reference stock rises again, instead of constructing new ones. Second, the built
cohort, characterized by a dynamic lifetime lognormal distribution, is used to calculate future
goods replacements. These old goods are collected and recycled to create a supply of recycled
materials, primarily used by the total materials demand and supplemented by primary material
supply when needed. Finally, primary materials supply and energy supply are disaggregated by
fuels and minerals produced by primary mineral supply industries.
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2.2.2. Operational phase (Figure 2.b)

In-use goods consume and/or produce energy, resources, and impacts. They are character-
ized by an intensity of use (in service per good per year) and a consumption (or production) per
service. For example, a car that travels ’x’ km per year, consumes ’y’ L/km and produces ’z’ kg
of fine particles per km, will consume ’x*y’ L of fuel and emit ’x*z’ kg of fine particles in a year.
A computer has only direct electricity consumption, while a steel mill consumes several energy
carriers and resources, produces steel and co-produces blast furnace slag, and emits CO2 as well
as other pollutants. By summing the direct consumptions and productions of each good, the
model assesses the global consumptions and productions of the entire socio-economic system.

2.2.3. Industrial endogenization and electricity production

Every good, resource, or energy production requires one or more industrial and energy sup-
ply activities, resulting in a strong link between energy and resources. The MATER model
seeks to endogenize this relationship as much as possible. Consequently, industrial energy and
resources consumptions and co-productions are entirely endogenized, enabling the model to
account for differences between production technologies of a given good or resource. For in-
stance, with a single scenario of end-use sector electricity consumption, the overall electricity
production will vary depending on the electricity mix. If renewable power plants are more
material-intensive per kWh than thermal power plants, the materials-producing industries will
consumemore electricity per year to build the power plants, resulting in even greater electricity
production. To sum up, we need materials to produce power plants, these materials require
electricity for their production, and electricity production itself needs power plants. To solve
these feedback loops in themodel, we use aGauss-Seidelmethod, which involvesmaking several
calculation iterations per year of simulation. At the start of each iteration, the reference stock of
endogenous goods is equal to the reference stock calculated in the previous iteration. With each
iteration, the stock grows until it converges on the quantity needed for its own production, in
addition to the production for other sectors.
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2.3. Transport sector

A central element to the MATER model is to predict the levels of stocks. This chapter
presents reflexions on how to do that for the transport sector, through the example of Person-
nal Light Duty Vehicles (PLDV). The PLDV s-curves presented in this chapter are also built
for every other infrastructure sector in MATER.

2.3.1. Introduction

Understanding the accumulation and dynamics of physical stocks is critical for the study of
sustainability. Stocks are the cumulative results of past production and consumption processes.
These processes not only contribute to rawmaterial depletion, but they also create a technolog-
ical and behavioural lock-in, thereby shaping future emissions and waste flows. However, the
representation of these stocks in Integrated AssessmentModels (IAMs) remains largely under-
developed. This gap in the literature calls for an innovative strategy to account for the levels of
stocks in these models.

A promising approach is to explicitly describe stocks to provide a given service. For instance,
the number of PLDVrequired for personal transport services. However, doing sowill imply im-
portant breaks between the projected stocks and the historical stocks (because we must reduce
the numbers of PLDV to tackle climate change). Building business-as-usual scenarios would
allow to detect the scale of the slope breakage. Historically, a strong coupling exists between
stocks and gross domestic product (GDP) per capita. These relationships typically follow S-
shaped logistic growth curves, also known as S-curves. For instance, the number of PLDVs per
capita as a function of GDP per capita follows such a curve.

In this study, we develop an equation to accurately reproduce the historical stocks of PLDVs,
enabling the exploration of future trends under business-as-usual conditions. We then compare
our results with those obtained with two other models, GCAM -an IAM- and Odym-RECCs
-an industrial ecology model-. The comparisons are conducted for two shared socioeconomic
pathways (SSPs): SSP1, which represents a green growth or sustainability scenario, and SSP2,
which represents a middle-of-the-road scenario.

2.3.2. Methods

2.3.2.1. S-curves

S-curves provide a methodology to predict per capita infrastructure stocks as a function of
GDP. Figure 2.9 represents the historical data of PLDV as a function of GDP per capita for
every country in the world. The curves are superimposed so all the trends cannot be clearly
distinguished but they do tend to follow an S-curve. Inmulti-regional investigations, one curve
is adjusted for each region with variant parameters (Dargay et al., 2007).

This approach is, however, not fully predictive since it doesn’t clarify the inter-regional dis-
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Figure 2.9:Historical data of PLDV per capita

parities. It only becomes predictive for regions that are on the second half of the S-curve and
have ample data. For regions either lacking data or only at the inception of the S-curve, the
saturation level cannot be anticipated.

In this section, we strive to establish a single formula that can describe PLDVs stocks for all
regions. The inter-regional discrepancies will be accounted for by physical indicators like GDP
or population density.

Various functions, such as Logistic, Gompertz, or Richards, can be utilized to create S-
curves. We opt for a logistic function (Eq. 2.6) due to its straightforward interpretation, where
γ symbolizes saturation, θ represents slope, and Y0 is the GDP value where V (Y0) = γ

2 .

V = γ

1 + exp−θ(Y −Y0) (2.6)

To best accommodate each region with a single equation, these parameters must be adapted
for each region (i) and can vary with time (t). As a result, Eq. 2.6 becomes:

V (t, i) = γ(t, i)
1 + exp−θ(i)(Y (t,i)−Y (t0,i)) (2.7)

Let’s note that rather than defining Y (t0, i) so that V (t0, i) = γ
2 , we can adjust Eq 2.7 to

define any intersection point on the curve V (t0, i) = V (t0, i):

V (t, i) = γ(t, i)
1 + ( γ(t,i)

V (t0,i) − 1) · exp−θ(i)(Y (t,i)−Y (t0,i))
(2.8)

We notice that at any given point in time, the PLDVs stock per capita in between-regions
(cross-sectional analysis) also follows a logistic curve. Eq 2.9 delineates the curve shape for the
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year 1980 (as depicted in figure 2.10):

V (1980, i) = 0.72
1 + ( 0.72

0.036 − 1) · exp−0.00021(Y (1980,i)−7500) (2.9)

The numerical coefficients in Eq. 2.9 demonstrate that, in 1980, the saturation level was
0.72 and that, for a GDP per capita of 7500 US$ppp2005, individuals had 0.036 PLDV per
capita.

This data from 1980 helps to solve t0 and V (t0) in Eq. 2.8. A significant benefit of this
is that we can specify a crossing point in 1980 for any region simply by knowing its GDP per
capita (even if no PLDVs data exists). As a result, Eq. 2.8 becomes:

V (t, i) = γ(i)
1 + ( γ(t,i)

V (1980,i) − 1) · exp−θ(i)(Y (t,i)−Y (1980,i))
(2.10)

We are now tasked with solving for γ and θ. One plausible reason for γ (the saturation
level) to vary could be population density. We expect γ to be lower in densely populated re-
gions and higher in less dense regions. Regarding θ, we observed that regions with lesser wealth
today tend to follow a steeper curve compared to affluent regions in previous decades. This
essentially implies that the elasticity of purchasing a car today is higher than it was in previous
decades. Hence, we construct functions such that γ depends on population density and θ re-
lies on the GDP per capita for the year 2015 (regions with the least wealth in 2015 will have the
steepest curve). We then determine constants to optimize the overall R2 of the fits and derive
the following equations:
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θ(i) = 12.6 − log(Y (2015, i) + 6012)
1000

(2.11)

γ(i) = 0.9 − 0.092 · log(1000 · apd + 8) (2.12)

Here, apd represents the adjusted population density, a variable that incorporates geograph-
ical data to correct population density for actual habitable surface area.

Figures 2.11 and 2.12 depict the 24 regions with the highest population in 2015. The his-
torical data is represented by the blue lines, while the orange lines depict the logistic fit. This fit,
obtained through a single equation, aligns surprisingly well with historical data. We can thus
rely on it to construct a business-as-usual scenario.

2.3.2.2. Odym-RECCdata

The Resource Efficiency and Climate Change (RECC)model calculates the size and opera-
tion of in-use stocks (e.g., passenger vehicles, residential buildings) needed to deliver services. It
translates stock demand into the production and recycling of vehicles and buildings, using the
concept of stock-flow-service nexus and energy service cascade. RECC incorporates representa-
tive single-product descriptions, or ’archetypes’, with varying degrees of material and energy ef-
ficiency, and utilizes engineering tools for simulation. The model translates product flows into
material flows and calculates energy demand and related greenhouse gas emissions. RECC gen-
erates scenarios exploring different degrees of material efficiency under varied socioeconomic,
technological, and climate-political contexts. It doesn’t predict the likelihood of scenarios but
checks for potential infeasibility due to mass balance constraints (Pauliuk, Heeren, et al., 2021;
Pauliuk, Fishman, et al., 2021; Pauliuk and Heeren, 2020).

For the RECC model, Fishman and colleagues designed three intricate scenarios that span
across 20 global regions, extending to the year 2060. These scenarios detail the provisioning of
services within personal transport and dwelling areas. Grounded within the Low Energy De-
mand (LED) and Shared Socioeconomic Pathways (SSP1 and SSP2) narratives, their scenarios
deliver specific regional and temporal narratives along with corresponding parameters. These
parameters include per capita floor space and vehicle stocks, variations in building and vehi-
cle archetypes, passenger-kilometres and vehicle-kilometres, vehicle occupancy rates, and the
implementation potential of nine material efficiency strategies. Instead of relying on aggregate
GDP-driven extrapolations or historical trend forecasts for service or energy demands, Fishman
and colleagues offer an alternative method by adopting an explicit storyline extension approach
(Fishman et al., 2021).

We extract the PLDVdata from theRECCmodel for SSP1 and SSP2 for a scenario without
material efficiency and a scenario with all material efficiency levers activated (only car sharing
and ride sharing affect the total stock of PLDV).
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Figure 2.11:Results of the logitic approach for the 12 regions with highest population
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Figure 2.12:Results of the logitic approach for the 13-24 regions with highest population
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2.3.2.3. GCAMdata

The Global Change Assessment Model (GCAM), developed and maintained by the Pa-
cific Northwest National Laboratory, is a detailed, technologically focused, partial-equilibrium
IAMthat runs in 5-year increments from2005 to 2095, integrating global energy supply chains,
agriculture, land-use, and climate systems. The model accounts for the industrial, buildings
(commercial and residential), and transportation sectors, and includes a simplified climatemodel
monitoring multiple greenhouse gases and pollutants (Calvin et al., 2019).

Themodellingof the transport sector of theGCAMmodel is explained thoroughly inMishra
et al., 2013. The demand for passenger transport in passenger-kilometers (pkm),Dp, for region
r and time t is given by

Dr,t
P = σr

(
Y r,t

I

)α (
P r,t

I

)β (
N r,t

I

)
(2.13)

Where σ is a base year (2005) calibration parameter. YI is per-capita GDP. PI is the index
of price of transportation aggregated across all modes, size classes, and technologies. NI is the
population. α and β are income and price elasticities to per capita passenger demand.

The modal share of each technology i (such as PLDV) for region r and time t (Si,r,t) is
endogenous and calculated as:

Si,r,t = (SW i,r) (P i,r,t)λi∑
i (SW i,r) (P i,r,t)λi

(2.14)

With SW the share weight, a calibration parameter, P i the cost of transport for a mode i,
and λ a logit exponent that regulates the degree to which future price changes will be reflected
in modal shifts.

Based on these results in pkm for SSP1, SSP2 and all RCPs, as well as GCAMhypothesis on
vehicles lifetimes, yearly distances travelled per vehicle and occupancy rates, we calculate stocks
of PLDV.

2.3.2.4. Comparisons

The logistic approachwas carriedout for everyworld regionwhile theGCAMisbasedon the
32 SSP regions and Odym-RECC studied 20 regions. Only Canada, the USA, Japan, China,
and India are commonly included in all three approaches. These countries are thus the ones
that will be compared here. SSP1 and SSP2 are compared. The logistoc curves are obtained
from using the reference GDP per capita trajectories for both of these scenarios.

2.3.3. Results

Figures 2.13 and 2.14 show the results for Canada, USA, Japan, China and India, for both
SSP1 and SSP2. The black lines represent the historical data and the blue lines the historical
fits. The light and dark pink lines represent the results from Odym-RECC without material
efficiency and with material efficiency, respectively. The orange, green, red and purple lines
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Figure 2.13:Comparison of the three models for Canada, USA and Japan. The black lines represent the historical
data and the blue lines the historical fits. The light and dark pink lines represent the results from Odym-RECC
without material efficiency and with material efficiency, respectively. The orange, green, red and purple lines rep-
resent the results from the GCAMmodel for radiative concentration pathways 6.0, 4.5, 3.7 and 2.6, respectively.
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Figure 2.14: Comparison of the three models for China and India. The black lines represent the historical data
and the blue lines the historical fits. The light and dark pink lines represent the results fromOdym-RECCwithout
material efficiency and with material efficiency, respectively. The orange, green, red and purple lines represent the
results from the GCAMmodel for radiative concentration pathways 6.0, 4.5, 3.7 and 2.6, respectively.
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represent the results from the GCAMmodel for radiative concentration pathways 6.0, 4.5, 3.7
and 2.6, respectively.

2.3.3.1. Canada

For Canada, the logistic curve fits well the data and saturates at 0.6 PLDV/capita for both
scenarios. In Odym-RECC, the stocks decrease for SSP1 while they stay around 0.6 in SSP2
(in both cases, the stocks are lower with material efficiency). As for the GCAM, the stocks are
overestimated compared to the historical data, they reach 1 PLDV/capita in 2100 in SSP1 and
1.1 in SSP2.

2.3.3.2. United States

For the United-States, the logistic curve does not fit well the data and saturates at 0.6 PLD-
V/capita for both scenarios. This is due to a change in accounting method for PLDV in the
United-States which leads to an apparent decreases in stocks. In reality, the stock did not de-
crease but pick-ups that are used for personnal travel are accounted for as commercial vehicles.
In Odym-RECC, the stocks decrease for SSP1 while they stay around 0.65 in SSP2 (in both
cases, the stocks are lower with material efficiency). As for the GCAM, the stocks reach 0.9
PLDV/capita in 2100 in SSP1 and 1 in SSP2.

2.3.3.3. Japan

For Japan, the threemodels give similar results for SSP2with a saturation around 0.5 PLDV
per capita. For SSP1, the stocks decrease in Odym-RECC.

2.3.3.4. China

For China, the logistic model fits perfectly the data and saturates at 0.5 PLDV/capita for
both scenarios. The growth is slower for SSP2 in Odym-RECC and even slower for SSP1. In
theGCAMmodel, the stocks are not consistent with historical data and stay close to 0 for both
SSP1 and SSP2 all the way to 2100.

2.3.3.5. India

For India, the logisticmodel fits perfectly the data and saturates at 0.4 PLDV/capita for both
scenarios. The growth is close to the logistic for SSP2 in Odym-RECC but much slower for
SSP1. In the GCAMmodel, the stocks are not consistent with historical data and stay close to
0 for both SSP1 and SSP2 all the way to 2100.
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2.3.4. Discussion

2.3.4.1. Logisticmethod

This method allows to fit the historical data really well. However, it is a business as usual
method, which assumes that in the future, the relationship betweenGDPper capita and PLDV
ownership will stay the same as in the past. Such an approach makes sense only with an SSP2
(business as usual) narrative and not with an SPP1 (sustainable development) narrative. This
approachmust therefore only serve as a reference to compare the breaks in trends obtainedusing
other methods that are deemed to be more consistent with a given narrative.

2.3.4.2. Odym-RECCmethod

Thismethodwhich starts by translating a given SSP narrative into services and these services
into stocks, with differences in stocks also depending on car-sharing and ride-sharing seems to
be the best approach to build consistent scenarios. However, the curves should look like logistic
curves in the SSP2, which is not totally the case. For regions that have reached saturation levels
(Canada, USA and Japan), Odym-RECC is consistent with the logistic approach. However,
for India and China, the slopes fromOdym-RECC do not match those of the logistics.

2.3.4.3. GCAMmethod

The results obtained from the GCAM model are not convincing at all. In the USA and
Canada, PLDV stocks are higher than 1 PLDV per capita. This is not at all consistent with the
historical data. PLDV are just a part of the light duty fleet, which also includes light commercial
vehicles, so the overall fleet would be much higher than 1 light duty vehicle per capita. And
when PLDV “per capita” are calculated, the whole population is taken, including all the people
who do not drive (the children and the disabled for example, which represent a significant share
of the population). It is thus highly unlikely that such scenarios would ever be reached.

As forChina and India, the resultsmake even less sense, with levels of stocks close to 0PLDV
per capita, whereas even current stock levels are significantly higher.

To understand these results, one must look at equations 2.13 and 2.14. First, demand for
passenger-kilometers cannot saturate but increases indefinitely togetherwithGDPgrowth, pop-
ulation growth or price reduction (equation 2.13). This lack of saturation limit explains why
in SSP2 in Canada the demand for passenger-kilometers is much higher that what could be
reasonnably expected.

Second, the disaggregation of passenger-kilometers bymode also follows a dynamic of prices
with elasticities (equation 2.14). But for that to work initial conditions of share weights are set
for year 2005. For the shares to change, the price has to change. For example, from a transi-
tion from buses to personnal vehicles, the price of personnal vehicles must decrease or the price
of bus increases. The shares of PLDV in the total PLDV and buses passenger-kilometers are
shown on figure 2.15 for China and India. Between 2005 and 2100 the shares of PLDV in the
total PLDV and buses keep the same order of magnitude (95% in the USA vs. 20% in China).
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Figure 2.15: PLDV and bus shares in total passenger-kilometers demand

This means that changes in prices are not sufficient to significantly change the initial condi-
tions. However, these initial conditions can be explained and are not just parameters that can
be defined randomly. The reason why in 2005 the share of PLDV in China is so low and that
of the USA is so high is that China has a low GDP per capita and the USA has a high GDP per
capita.

When describing the methods for the logistic curves we insisted on the need to have a sin-
gle equation working for every region and to explain the differences in parameters in between
regions (by GDP per capita or population density for example). The results obtained by the
GCAM shows what can happen when calibration parameters are not explained but simply fit-
ted for a given. Overall, for all the Global South, considering a 10 years lifetime for cars, the
GCAM underestimates the number of cars that have to be built by around 10 billion (though
the number of cars that need to be built has no impact on the model since it does not consid-
ers stocks and flows, as discussed in the introduction of the present thesis). These 10 billion
cars would also require energy to function during there whole lifetime so the GCAM model
drastically underestimates the greenhouse gas emissions associated with personnal transport.

2.3.5. Conclusion

We have demonstrated that utilizing a single S-curve equation precisely replicates historical
PLDV stocks in every country worldwide, thus enabling accurate predictions of future stock
levels in business-as-usual scenarios. It is essential to physically explain the regional differences
within this equation; failing to do so could yield unreliable results. For instance, it is likely that
theGCAMmodel underestimates the number of cars needing to be built by 2100 in a business-
as-usual scenario by 10 billion.

The S-curve approach is only applicable to business-as-usual scenarios. For alternative sce-
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narios such as the ”sustainability” of SSP1, a different approach is needed. The most logical
appears to involve translating human needs into services and these services into stocks. The
work done by the Odym-RECC team represents a significant advancement in this direction.
However, for scenarios to be truly consistent, stock and flow integration into IAMs is required,
rather than just post-processing.

There also needs to be a feedback loop between GDP assumptions and stock levels. Cur-
rently, GDP is an exogenous parameter in IAMs. If translating SSP1 into stocks necessitates
stock reduction, this will inevitably decrease GDP. Although GDP could grow in other sec-
tors, this would need to be explicitly described in IAMs, which is currently not the case. The
same holds true for material efficiency: producing lighter, more efficient cars will result in less
GDP in that sector. Incorporating this into IAMs necessitates a paradigm shift towards a post-
growth approach, where GDP is a model result rather than a political imperative.
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chapter 3 | Technologicalprogressvs.
thermodynamic limits

IAMs, in their current form, fail to incorporate thermodynamic limits when calculating
technological progress rates. The aim of this chapter is thus to explore this relationship
between technological progress and thermodynamic limits.

• The first paper presents a model that uses ore grade, technology improvement, en-
ergy prices, and thermodynamic limits to predict the long-term costs and prices of
metals. This model has allowed to improve the calculation of raw materials pro-
duction energy consumption inMATER.

• The second paper explores the energy efficiency of the overall economy. We find
that high-income regions usemore energy per unit of final consumption than low-
income ones. To improve themodelling inMATER, energy intensitieswould need
to be calculated as a function of time and be incorporated in amodel similar to that
of the first paper. Doing so would require to add exergy in input-output databases.

Technological progress plays a critical role in determining the cost and feasibility of various
mitigation and adaptation scenarios in Integrated Assessment Models (IAMs). Technological
progress in IAMs can be represented in two principal ways: exogenous and endogenous.

Exogenous technological change assumes that technological progress happens independently
of model dynamics. The rates of technological improvement are provided as inputs to the
model. This approach is less computationally demanding and thus is often employed in large-
scale, aggregate IAMs. However, it fails to capture the feedbackmechanisms between policy in-
centives and technological innovation. This approach is represented in models through (Popp
et al., 2010):

• Hicks-neutral productivity, improving economic productivity but failing to capture en-
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ergy efficiency or carbon reduction potential.

• Autonomous Energy-Efficiency Improvement (AEEI), a straightforward and transparent
method (MacCracken et al., 1999) that presumes annual enhancements in the energy ef-
ficiency of the economy.

• Disaggregated models, which foster energy-saving progress by improving productivity in
a more energy-efficient sector or by introducing a new energy-efficient technology at a
certain time.

• Backstop technologies, which are potential carbon-free energy sources that could come
into play when energy prices, inclusive of carbon policy costs, increase significantly (ad-
vanced solar power, nuclear fusion).

• Econometric models with flexible functional forms, incorporating multiple trends defin-
ing the overall level and direction of technological change.

Endogenous technological change, on the other hand, is a process influenced not only by
time but also by historical prices, policies, and activities. This approach enables the represen-
tation of policy feedback loops, where policy incentives can stimulate technological innovation
and vice versa and is often found in technology-rich IAMs. It posits that the cost function
depends on historical prices and activity levels, encapsulated by the concept of a ”knowledge
stock”. The challenge lies in understanding how this stock accumulates and affects future en-
ergy use and emissions. Endogenous change is typically modelled in three ways (Popp et al.,
2010):

• Direct price-induced change, hypothesizing that shifts in relative prices inspire innovation
to reduce the use of the more expensive input.

• R&D-induced change, suggesting that R&D investment impacts the rate and direction
of technological change.

• Learning-induced change, where the unit cost of a technology decreases with cumulative
experience.

Both exogenous and endogenous technological change models in Integrated Assessment
Models (IAMs)helpunderstand the technological transition required tomitigate climate change.
However, a significant limitation in these approaches is their inability to consider thermody-
namic limits, as thesemodels primarily operate under economic and social assumptionswithout
consideration of physical limits. Thermodynamics provides a physical boundary to the possible
efficiencies of energy conversion and material processing. The first and second laws of thermo-
dynamics dictate that energy cannot be created or destroyed and that the entropy (or disorder)
of an isolated system always increases. This fundamentally means there are limits to the effi-
ciencies achievable in energy transformations and material processes.

IAMs, in their current form, fail to incorporate these thermodynamic limits. They tend to
assume perpetual improvements in energy efficiency or productivity, or an unbounded ability
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to switch to alternative technologies. This overlooks the inherent limits of technological effi-
ciency improvements and fails to consider the increasing energy costs and environmental impact
associated with the extraction and use of less concentrated or lower quality resources.

In the context of raw materials production, this signifies that the extraction and processing
ofmaterials are constrained by the energy requirements, which are, in turn, boundby these laws
of thermodynamics. As ores are depleted, for example, lower-grade ores with less concentrated
resources are exploited, which means that the thermodynamic minimum for extraction and
processing increases over time.

The aim of this chapter is thus to explore this relationship between technological progress
and thermodynamic limits. The first paper of the chapter presents a model that uses ore grade,
technology improvement, energy prices, and thermodynamic limits to predict the long-term
costs and prices of metals. This model accurately reproduces the historical evolution of metal
prices since 1900 and predicts that the trend of declining costs will eventually reverse as produc-
tion energy approaches thermodynamic limits. This has already happened for precious metals
and will occur before the end of the century for other metals. The model built has allowed to
improve the calculation of rawmaterials production energy consumption inMATER. Amod-
ule was added inMATER to calculate the energy per kg of metal as a function of technological
progress (time dependent) and resource quality (inversely proportional to the integral of his-
torical production).

The second paper explores the energy efficiency of the overall economy. Here, we calculate
the energy necessary to produce households and governments’ final consumption in 49 world
regions in 2017. Energy intensities (energy use per dollar of final consumption) are then studied
as a function of affluence. We find that high-income regions use more energy per unit of final
consumption than low-income ones. This result contradicts the common belief that a higher
GDP is correlated with a better efficiency and questions the feasibility of mainstream energy
transition scenarios based on universal GDP growth.

This second studywas performedonly for year 2017. To improve themodelling inMATER,
energy intensities would need to be calculated as a function of time and be incorporated in a
model similar to that of this chapter’s first paper. To do so would require to know the ther-
modynamic minimum of energy intensities. This could be done by using exergy. Exergy is a
measure of the maximum useful work that can be extracted from a system or a flow of matter
or energy as it comes into equilibrium with a reference environment. It is a thermodynamic
property that quantifies the usefulness or quality of energy. However, exergy is not yet incor-
porated into EXIOBASE, the input-output database used in the second paper. Researchers are
currently working on building exergy extensions for EXIOBASE. Building a model of energy
intensity similar to that of paper 1 will therefore soon be possible.
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Spotlights

• Our model describes the competing effects of ore grade decline and technical progress on
the production energy and long-term price of metals

• Technological advancements have offset the increase in production energy resulting from
the decline in ore grade over the past century, but this trend is likely to reverse in the future.

• The technological improvementofmetal production is limitedby thermodynamicbound-
aries

• The future supply of metals will be controlled by the price of metals, which depend on
the price of energy and declining ore grade

Abstract

Global extraction of metallic ores surged by more than 250% between 1970 and 2010 and,
despite increasing recycling, primary resources will remain necessary to meet demand for the
foreseeable future. Historical data show a persistent decline in the ore grade, raising concerns
over the energy costs of extractingmetals. Metal prices are expected to be inversely proportional
to ore content, and prohibitive extraction costs may jeopardize future metal availability. We
describe here the first model that uses ore grade, technology improvement, energy prices, and
thermodynamic limits to predict the long-termcosts andprices ofmetals. Ourmodel accurately
reproduces the historical evolution of metal prices since 1900 and predicts that the trend of
declining costs will eventually reverse as production energy approaches thermodynamic limits.
This has already happened for precious metals and will occur before the end of the century for
other metals.
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3.1.1. Introduction

Mineral commodity prices have risen over the past two decades, driven by the economic
emergence of China (Morrison, 2019) and more recently by the Covid-19 pandemic and the
war in Ukraine. This sustained increase in prices, following a 20-year decline, raises concerns
because itmayportend systemic supply difficulties. Global demand for rawmaterials is expected
to increase until the second half of the century due to the economic emergence of populous
regions such as India, Southeast Asia, and Africa, along with the new demands of the energy
transition (Giurco et al., 2014; McLellan et al., 2016; Tokimatsu et al., 2017; O. Vidal, Goffé,
et al., 2013; Watari et al., 2018; Hund et al., 2020; Kelley et al., 2021; Wang et al., 2022; Jones,
2023).

Can we ensure future access to the raw materials needed for the economic growth of the
Global South and for the energy transition, while avoiding excessive prices resulting from re-
source depletion? To answer this crucial question, we need a model capable of predicting min-
eral commodity prices to the end of the century while reproducing long-term historical trends.
Economists have paid lot of attention to the dynamics of natural resource price since the semi-
nal work of (Hotelling, 1931). They have developed various mathematical models to study the
impact of resources depletion under the assumption that costs depend on cumulated produc-
tion (Levhari et al., 1977; Deverajan et al., 1981), ore grade (Solow1976), and technical progress
(Slade, 1982; Farzin, 1995). Unfortunately, despite the increasing complexity of econometric
models, comparisonwith observed prices getsmixed results (seeOzdemiroglu, 1993; Uri, 1995;
Lee et al., 2006; Ferreira da Cunha et al., 2020).

On the long term,mineral commodity prices are strongly influenced by thework required to
extract a resource, which explains why gold, which is present in ores at parts permillion levels, is
more expensive than lead, which occurs at percent levels. As consumption increases, high-grade
ore deposits are depleted and replaced by less concentrated deposits, which results in a decline
in the average ore grade of the minedmaterial (G.M.Mudd, 2009; G.Mudd et al., 2013). This
should result in an unavoidable increase in the embodied energy of production and the cost
of extraction. Long-term historical data shows, however, that the embodied energies of cop-
per, steel, and aluminum production decreased between 1950 and 2000 at an average rate of
about 1% per year, due to increasing productivity and energy efficiency (Yellishetty et al., 2010;
Gutowski et al., 2013; Birat et al., 2014). This has offset the increase in energy consumption as-
sociated with the decline of ore grade. Similarly, the inflation-adjusted price of most metals has
declined during the same period. Two opposing views on the evolution of production energy
and metals prices are thus found in the literature: one predicts an unaffordable increase due
to the depletion of high-quality non-renewable resources; the other argues that technological
improvements will compensate for the decline in resource quality. To gain a better understand-
ing of these arguments, we propose a formalism based on the physical relationship between the
energy of primary metal production and the ”thermodynamic price” of primary metals which
takes into account variations in ore grade, technology, energy prices, and first-order thermo-
dynamic limits. We then use the model to estimate future trends in energy consumption and
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metal prices. Our findings indicate that technological advancements have offset the increase in
production energy resulting from the decline in ore grade over the past century, and will con-
tinue to do so in the near future, but this trend is likely to reverse as thermodynamic limits are
approached.

3.1.2. Materials andMethods

3.1.2.1. Relationship betweenore grade and production energy

The energy (Ei) consumed to process a mass unit of metal i from its raw form can be di-
vided into three parts: i) the mining, grinding and comminution energy (Eci), ii) the separa-
tion energy (Esi) to extract the ore minerals from the disaggregated rock and iii) the energy of
metallurgical processes (Emi) to extract metal from the ore minerals.

The minimum separation energy of mineral particles from the disaggregated rock can be
approximated as the mixing entropy of an ideal mixture of two components: the mineral j to
be recovered, and the host rock. The minimum energy cost of separation reads:

Esi(J/mol of ore) = −RT (xj ln xj + (1 − xj) ln (1 − xj)) (3.1)

where R is the universal gas constant (8.314 J/mol/K), T the standard state temperature
(298.15 K) and xj the molar fraction of the mineral j carrying the metal i.

The minimum metallurgical energy Emi to extract the metal i from the mineral j is given
by the Gibb’s free energy of formation of the mineral from its constituents:

Emi(J/g of i) =
−∆G◦

f i

Mini

(3.2)

The comminution energy Eci is proportional to the inverse of the concentration Ci (Nor-
gate and Jahanshahi, 2010; Valero et al., 2013 and references therein; Calvo et al., 2016, Table
1):

Eci(J/kg of i) = ai(
1
Ci

)ui (3.3)

where ai andui are parameters describing the hardness of rocks and grain size after grinding.
Emi and Esi are state functions independent on path. They correspond to the minimum

energies assuming ideal conditions and no energy losses. In real-world applications, however,
current energies depend on processing paths and technologies, and Emi and Esi must be cor-
rectedby factors related todifferences between the thermodynamicminimumand the real situa-
tion. Assuming that the energy efficiency is the same for all industrial processes, the production
energy can be written as (assuming ui = 1):

Ei(t, Ci) = ηi(t)(
amin(i)

C
+ Esi − ∆G◦

f i) (3.4)

where ηi is the inverse of efficiency and amin(i) = ai

ηi(t) .
At constant technology, a decrease of the ore grade of exploited deposits should result in
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an exponential increase of both the production energy and price for metals (Eqs 3.3 and 3.4).
However, historical data showopposite trends; the deflated price of copper in 1900 (C= 3wt%)
was higher than in 2000 (C < 1%). The same observation is made for all metals, whose deflated
prices have decreased from 1900 to 2000 due to improvements of productivity and technolo-
gies. This suggests that the efficiency of production η has decreased with time. A perpetual
improvement of energy efficiency (decrease of η in Eq. 3.4) is impossible, however, because the
minimum value is constrained by the Energy at Thermodynamic Limit (ETL). This limit can
only be approached, not attained, because no industrial process can reach 100% efficiency. In
2007, the United States Department of Energy estimated that the Practical Minimum Energy
(PME) of metal production was 30% to 50% of the current value. Assuming that PME is 50%
higher than ETL, the general equation of production energy as a function of the production
energy at reference year tRef reads:

Ei(tRef) = ETechi(tRef) + PMEi(tRef)
= (Ei(tRef) − PMEi(tRef))(1 − τTech)t−tRef + 1.5ET L,i(tRef)

(3.5)

where ETechi
is the part of energy that can be reduced by technological improvement at a

rate τTechi (starting from tRef ) and PMEi the incompressible part stemming from ther-
modynamic limits. In the long run, ETech approaches zero and E asymptotically approaches
PME.

As a result, the production energyE(t) exhibits aU-shaped curve ifC(t)decreases over time
(Fig. 3.1), or remains horizontal if the ore grade remains constant.

Combining equations 3.4 and 3.5, the inverse of the efficiency reads:

ηi(t) = ETechi(t) + PMEi(t)
ET L,i(t)

(3.6)

with

ETech(t) = ( amin(i)
Ci(tRef)

+ Esi − ∆G◦
f i)(ηi(tRef) − 1.5)(1 − τTech)t−tRef (3.7)

and ET L,i
(Ci) = ηi(t)( amin(i)

Ci(tRef)(1−τOGi)(t−tRef) + Esi − ∆Gf ři)
In Eq. 3.7, the rate τOGi represents the annual change in ore grade compared to the grade

in tRef. For metals like copper and nickel, literature data report series of historical E(t) values
at various ore grades, which may differ from the average ore grade of exploited deposits. The
production energy at any time and ore grade can be calculated using Eqs. 3.4 and 3.6, with τTechi

and ηi(t) constrained for each metal using the historical data on production energy.

3.1.2.2. Relationship between production energy and price

The average metal prices at given year are also expected to vary as a power-law of the ore
grade. This relationship suggests that the natural logarithmof themetal price is roughly linearly
proportional to the natural logarithm of production energy:
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Figure 3.1:Relationships between the production energy (E), the practical minimum energy (PME) and the ther-
modynamic limit (ETL) with varying ore grade (C) and technology with time. ETech is the theoretical produc-
tion energy without thermodynamic limit.
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log(P (t)) = log(pi) + w log(Ei(t, Ci)) (3.8)

where pi is a constant in $/MJ. The fraction of price corresponding to the direct energy
consumption FP (%) in 2005 reads:

FP% = Penergy · Ei(t, Ci)
P (t)

= Penergy · Ei(t, Ci)1−w

pi

(3.9)

To estimate the price of metals over long time series, the variation of energy prices over time
must be incorporated into Eq. 3.8. As a first approximation, we assume that the price of energy
follows the trend of crude oil prices (POil), leading to a rearrangement of Eq. 3.8:

Pi(t) = pi · Ei(t)w 1
α

· POil(t)γ

POil(tRef)
(3.10)

where γ is an elasticity coefficient that links the metal price to changes of the oil price.

3.1.3. Results: The evolutionof production energy or price between 1900 and 2100

3.1.3.1. Calibrationoftherelationshipbetweenproductionenergyorpriceasafunctionoforegrade
basedon 2005 data

The total energy of production ofmetals as a function of ore grade was calibrated using data
from the year 2005 3.1. This reference date was chosen because it predates the surge of price
due to rapid growth of Chinese demand.

The values of ηi and amin(i) in Eq. 3.4 depend on parameters such as the type of mine, the
type of ore, the technologies and type of processing route. They also depend on the energy
mix and the energy losses incurred during the conversion of primary energy to its utilized form.
Nonetheless, the mining andmineral processing energies of gold, copper, nickel, zinc, lead and
iron in 2005 can be expressed in a single equation (Eq. 3.3) with ui = 1 and ai = 0.6. (Fig.
3.8). The total energy of primarymetal production estimatedwith Eq. 3.5 are in fair agreement
with the observed energies for average values η̄i(2005) = 3 and āmin(i) = 0.2 (Table 3.1 and
Fig. 3.9). This suggests that, on average, theminimumthermodynamic energy of comminution
represents 30% of the current energy, which is consistent with theoretical analyses suggesting
a two- to threefold possible improvement of the efficiency of comminution (Tromans, 2008).
The values Eci, Esi and Emi, calculated in year 2005 for a series of metals at concentrations
ranging from 3 ppm to 50%, are reported in Table 3.1. The difference between calculated and
observed consumed energy in 2005 is less than 35% for most metals. Since Eq. 3.4 is an over-
simplification of the real industrial processes and given the additional difficulty in definingwith
precision average energies and ore grades for each metal, this difference is surprisingly low. Val-
ues of ηi that perfectly reproduce the observed production energy can be calculated for each
metal. However, this should be done with caution because the values reported in the litera-
ture sometimes include energy contributions that are not included in Eq. 3.4. For example,
the estimated production energy of In and Ga is overestimated because the two elements are
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byproducts of Al and Zn production. For these metals, the observed energy constitutes only a
portion of the estimated energy, because the energy expended in crushing and grinding has al-
ready been supplied to generate the primarymetal. In the case of titanium, the observed energy
reported in Tab. 3.1 is 264 MJ/kg, including 82 MJ/kg for the reductant production (Kroll
process) and the semi-finished shaping. The latter contributions are not considered in Eq. 3.4.
The production energy without reductant production and shaping is 132MJ/kg, in fair agree-
ment with the 117 MJ/kg estimated with Eq. 3.4, such that ηTi is close to the average value
(η̄(2005) = 3).
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Table 3.1:Data used for calculations
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Figure 3.2: Observed and calculated production energy (a) and price (b) in 2005 as a function of the inverse of
average ore grade.

Equation 3.4 offers a logical explanation of the empirical power law relationships between
production energy and ore grade, observed for single metals for ore grades below 1%, where
Ec is the primary contributor to E. At concentrations greater than 1%, the empirical power-
law relationship between energy and dilution is no longer valid because the contribution from
metallurgy is of the same order as Ec. This is exemplified by the big differences in production
energy between the estimates in year 2005 (η̄(2005) = 3) using Eq. 3.4 and those of F. Fizaine
et al., 2015. The slope of the Ei = f(1/C) line for the metals considered by Florian Fizaine
et al., 2015, results in an overestimation of production energies for Zn, Pb, Ni, Cu, Mo, Hg,
Co, andW by a factor of 5 to 10 compared to the values used in our analysis, and anunderesti-
mation of production energies for Au and Pt by a factor of 10. The slope of the Ei = f(1/C)
line obtained using the equation of Steen and Borg (2002) is similar to that of Equation 3.4 at
concentrations below 1%, but their empirical equation underestimates the production energy
of metals at concentrations above 1% by a factor of 10. In contrast, the production energies in
2005 of metals in concentration from 1ppm to 50% in ore deposits can be accurately predicted
using Eq. 3.4 with an average η(2005) of 3 (as shown in Fig. 3.2a).

Detailed analysis of the 2005 data (Tab. 3.1) shows that the relationship between the natural
logarithms of price and energy is not strictly linear because the fraction of price corresponding
to the direct energy consumption decreases with dilution from about 2 at C > 10% to 0.5 at
C < 0.5% (Fig. 3.3a). A correction of this effect leads to the following price-energy relation-
ship:

P2005 = 0.026 · E1.1
2005 · 1

α
(3.11)

with α = (2/C) − 0.2. The fraction of price corresponding to the direct energy consump-
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tion FP (%) in 2005 reads:

FP% =
Penergy · E2005

P2005
= Penergy · E(2005)−0.1 · α

0.026
(3.12)

with Penergy the average price of energy. The deflated prices of metals calculated with Eq.
3.11 are in fair agreement with the values observed in 2005 (Fig. 3.2b).

For Penergy = 81998 US$/GJ, FP decreases with ore grade from 30-40% for steel, Al, Mn,
Mg and Cr to 5%-10% for precious metals (Fig. 3.3). These values are broadly consistent with
the all-in-cost breakdown of iron (30%: Toktarova 2020), Al (34%: Braga et al., 2016, Ag (12%:
Intelligence, 2019a and Au (about 15%: Intelligence, 2019b; Goldcorp, 2015).

3.1.3.2. Application to base and preciousmetals on long time scales

The input data for Eq. 3.4 and 3.11 are the historical evolution of price in constant dollars
(1998US$), and the ore grade and the values of production energy in 2005 (Table 3.1). In ab-
sence of data, we assume that the evolution of α with ore grade, obtained from the analysis of
the 2005 data, remains constant over time. For each metal, the following calculation strategy
was adopted to constrain the technological improvements and evolution of production energy
and price over time:

• The annual rate of average ore grade evolution (τOGi
in Eq. 3.7) is adjusted to reproduce

available historical data

• The annual rates of improvements in technological and productivity τTechi in Eq. 3.5
and 3.7 are adjusted to reproduce the historical production energies and prices calculated
with ηi(2005). The elasticity coefficient γ in Eq. 3.10 is adjusted to reproduce the metal
price variations for the historical changes of POil.

• ηi(t) is estimated for ETechi(t), ET L,i(t) and PMEi(t) calculated with the value of
τTechi derived above.

• Long-term prices are estimated assuming either constant Penergy or an increase of 2%/yr

after 2020, in line with the average growth rate of deflated oil price between 1950 (20
1998US$) and 2015 (60 1998US$).

Ferrous metals at constant ore grade The production energies of steel, Al, Mn, Mg and Cr cal-
culated in 2005 show good agreement with observed values for ηi (2005) = 3. The historical
prices of steel, Mn and Cr are fitted with γ = 0.6 and those of Mg and Al with γ = 0.2, re-
flecting the lower share of oil energy in their primary production. The evolution of production
energies is reproducedwith τT ech = 1.5%/yr for steel, 2.2% forAl and for2.5%Mg. The rates
of technological improvement of Mn and Cr derived from price data are significantly lower, at
0.3%, and 0.6%/yr, respectively.

While our approach provides a good approximation of historicalmetal prices, the agreement
reported in Fig. 3.3 is not perfect due to economic factors that are not considered in our model
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Figure 3.3: Production energies (left column) and prices (right column) of base metals. The red lines show the
practical minimum energy PME (continuous) and the thermodynamic limitET L,i (t) (dashed). The gray lines in
the right column show the observed prices, and the black lines prices calculated for Penergy(t) = Penergy(2015)
or Penergy(2015) + 2%/yr after 2015. The symbols show the historical data.
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Figure 3.4: Energy of copper production (a and c) or price (b and d). The symbols and numbers refer to the
literature data with the corresponding ore grades (a) or date of publication (c). The gray line in (b) and (d) show
the observed prices, and the black lines prices calculated forPenergy(t) = Penergy(2015) + 0, 1 or 2%/yr after 2015.
1) Rötzer and Schmidt. (2020); 2) Rozenkranz(1976); 3) Gaines (1980); 4) Kellogg (1974); 5) Page and Creasey
(1972) ; 6) Norgate and Jahanshahi (2010) ; 7) Marsden (2008) ; 8) Office of Energy Efficiency & Renewable
Energy (2002); 9) Rankin (2011) ; 10) Chapman (1974)

but can control short-term metal prices. The approach is reliable enough, however, to use for
modeling future price evolutions. According to our predictions, the prices of Al, Fe, Mn and
Mg are expected to decrease until 2050-2070. After this period, the practical minimum en-
ergy (PME) is reached, and further technological improvements become impossible, resulting
in constant long-term prices.

Base metals produced from sulfides: Cu, Ni, Zn The average copper ore grade decreased from
≈ 3.5% at 1900 at an average rate (τOG) of 1.25%/yr (Northey et al., 2014). For an average
annual change of τT ech = 1.7%/yr, the copper price decreased from 1998US$7000 in 1900-
1920 to 1998US$3000 in 2005. The assumption of a constant τT ech in our model allows us to
reproduce the abrupt drop in copper prices between 1910 and 1930 that was caused by rapid
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Figure 3.5: Production energy and price of nickel and zinc as a function of time or ore grade. Same legend as in
Fig. 7. 11) Haque and Norgate (2013) ; 12) Fukuzawa (2012) ; 13) Bartzas (2015) ; 14) Wei et al. (2020) ; 15)
Mistry et al (2016) ; 16) Nickel institute (2020) ; 17) Eckelman (2010)
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improvements in energy efficiency linked to the introduction of flotation technology (Fuerste-
nau et al., 2007) and the electrification of mines (Leong et al., 1940). The production energy at
constant ore grade and improving technology (dashed lines in Fig. 3.4a) is in reasonable agree-
ment with literature values for various ore grades between 1963 and 2020 (circled and squared
numbers in Fig. 3.4a). The production energy at constant technology (dashed lines in Fig. 3.4c)
shows an exponential increase with lowering ore grade, and as expected, most literature values
plot between the E(t) at constant technology of 1975 and PME(t). Our estimated value of
copper production energy in 1930 is twice the value estimated by (Rötzer et al., 2020). The
explanation for this discrepancy is unclear because uncertainties and gaps in historical data on
copper production in 1930 preclude further analysis. However, the calculated production en-
ergy decreases between 1930 and 2000, in agreement with the results of (Rötzer et al., 2020).
From2000 onwards,E(t)no longer decreases because it approaches the practicalminimumen-
ergy PME. The energy gain resulting from technological improvements no longer compensates
the additional costs resulting from the decline of ore grade, and E(t) becomes parallel to PME.
However, the increase of production energy after 2000 is much lower than predicted in many
previous studies because these studies neglect improvements in technology. The embodied en-
ergy, calculated in 2100 at C = 0.3%, is about 130MJ/kg, two times lower than the literature
values reported in Fig. 3.4c. Similar results were obtained by (O. Vidal, Rostom, et al., 2019)
using an independent dynamic model linking resource quantity, reserves, annual production,
industrial capital, production costs and prices.

The thermodynamic price, calculated at constant Penergy, is U-shaped and is predicted in
2100 to reach the same value as in 1900 (Fig. 3.4). The price in 2100 is three times higher than
the price in 1900 if energy increases by 2% per year. The average nickel grade of sulfide ores
decreased at a rate of τOG = −1.4%/yr from its 1900 value of ≈ 4%. The evolutions of price
and energy shown in Fig. 5a and b were calculated with τTech = −1.5%/yr, similar to copper,
as are the rates of technological improvement. However, the energy of nickel production from
sulfides is two times that of copper at the same average grade, which suggests a lower production
efficiency of (ηNi(2005) = 7.7 = 2.6.η̄i(2005)). The gap to PMETL is thus larger, and there
is more room for improvement. In the optimistic scenario where breakthrough changes in the
production process allow E(t) to approach PME (Fig. 3.5a), the future long-term price of
nickel is expected to remain stable. However, if these changes are not achieved, the future PME
will be higher and the price and production energy of nickel will increase significantly from
2015 to 2100 (Fig. 3.5b).

As with nickel, the production efficiency of zinc is lower than for copper. In Fig. 3.5c and
d, the estimated price and energy evolutions were based on ηZn(2005) = 2.1η and τOG =
−1.2%/yr.

Precious metals A 1.5% annual decrease was used to fit the historical evolutions of ore grades
of silver, platinum, and gold. A common feature for the precious metals is that E(t) is already
constrained by the proximity of PME (Fig. 3.6). Future production energies and prices are thus
expected to increase more rapidly than for base metals.
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Figure 3.6: Production energy and price of precious metals as a function of time
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Figure 3.7: Calculated copper prices starting from 1920, 1960, 2000 and 2015 (dashed lines) and observed price
in 1998US$ (grey line)

3.1.4. Discussion: Uncertainties on the future energy and price ofmetals

Assessing the uncertainties in estimated future energy and long-term prices is a challenging
task. One approach is to model the system starting from different past dates and comparing
the results to the observed evolution. Figure 3.7 illustrates the calculated evolution of copper
prices assuming a constant price of energy after the initial date andmodeling the system starting
from different observed prices in the years 1920, 1960, 2000, and 2015. Although the starting
values of ore grades, production energies, and prices are different in each case, the evolutions are
similar to those obtainedwhen starting in 2015, with a difference of about +20%. This suggests
that the evolution of production energywas predetermined decades ago, and that the long-term
evolution of copper prices, corrected for fluctuations in energy prices over the last 60 years, was
predictable as early as 1960. Of course, this retroactive modeling is only possible because we
have a century-long record of ore grade reduction. Estimating this rate from historical data in
1960 would be highly uncertain, as it is today for future estimates.

The long-term prices presented in Figures 3.3 to 3.6 were calculated assuming a constant
rate of change in ore grade but its evolution will depend on how consumption changes in the
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future; a higher rate of consumption would increase the decline in average ore grade. For a
future decrease of copper ore grade at -1.4%/yr, the reserves added to the cumulative production
calculated using the ore grade-tonnage relationship of (O. Vidal, Rostom, et al., 2019) would
have to increase from 1.4 billion tonnes in 2015 to 3.5 billion tonnes in 2050, with primary
production increasing from 19Mt/year in 2015 to 37.5 Mt/year in 2050.

3.1.5. Conclusion

Theproposed energy-basedmethod satisfactorily reproduces thehistorical evolutionofmetal
prices since 1900. There is a systematic mismatch between historical and calculated prices for
the period 1950-1970, due mainly to economic drivers that controlled the short-term metal
price.

Our model accurately describes the competing effects of ore grade decline and technical
progress and explains the drop in deflated prices between 1900 and 2000. This pattern is un-
sustainable in the long term, as the production energy approaches the thermodynamic limit.
Our analysis predicts that mineral resource prices will follow a U-shaped curve. It also recon-
ciles two classically opposed views; an unaffordable increase in costs due to depletion of high-
quality non-renewable resources versus a compensation by technological improvements. Low-
quality resources are more abundant than high-quality resources and this creates a false percep-
tion of perpetual abundance. In reality, we are approaching thermodynamic limits when the
energy gain from technological and productivity improvements no longer compensates for the
decrease in resource quality. This will lead to increasing production energy and higher prices
for several metals. To reduce this increase in price, affordable, grinding technologies based on
non-mechanical processeswill have to be found. Another possibility is to reduce the price of en-
ergy. Once the infrastructure of production is built, renewable energies are cheap. If we could
use renewable energy sources at a low and stable price in the future, the increasing weight of
energy price in the cost of metal production would no longer be an issue.
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Figure 3.8:Observed mining + grinding + comminution energy as a function of ore grade (data in Table 1).
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Figure 3.9: Production energy calculated with Eq. 5 and η̄ = 3 as a function of observed values. The error bars
show a +50% variation of the observed energy. The plotted values are listed in Tab. 1.
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Figure 3.10: a. Ratio of prices in 2005 estimated with Eq. 5 divided by observed prices (open circles) and α (filled
circles) calculated with Eq. 8. b. FP(%) calculated with Eq. 11.
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Abstract

Tomaintain perpetual economic growth, most energy transition scenarios bet on a break in
the historical relationship between energy use and gross domestic product (GDP). Practical lim-
its to energy efficiency are overlooked by such scenarios, in particular the fact that high-income
individuals tend to buy goods and services that are more energy intensive. Detailed assessments
of the energy embodied in regional final consumption are needed to better understand the rela-
tionship between energy and GDP. Here, we calculate the energy necessary to produce house-
holds and governments’ final consumption in 49 world regions in 2017. We correct prices at
the sector level and account for the energy embodied in the whole value chain, including capital
goods. We find that high-income regions use more energy per unit of final consumption than
low-income ones. This result contradicts the common belief that a higher GDP is correlated
with a better efficiency and questions the feasibility of mainstream energy transition scenarios
based on universal GDP growth.

Keywords

energy efficiency, input−output, capital, gross domestic product (GDP), purchasing power
parity (PPP)

3.2.1. Introduction

International treaties on climate change aim to hold global average temperature to well be-
low 2°C above pre-industrial levels (UNFCCC, 2015) while taking into account “the need to
maintain strong and sustainable economic growth” (UNFCCC, 1992), eluding the possibility
of these imperatives being contradictory. Meeting climate mitigation targets requires to limit
global energy demand, as the deployment of decarbonization technologies alone is not suffi-
cient to reduce emissions at an adequate rate (Gambhir et al., 2017). To allow continuousGDP
(Gross Domestic Product) growth, scenarios thus rely on important energy intensity (energy
use per unit of GDP) cuts. For the next decade, a yearly decrease of primary energy intensity
from 2.4 to 6.8% is assumed (Gambhir et al., 2017), breaking from historical trends of 1.5% for
the 1990-2017 time period (Ahmad et al., 2020). Not only does this hypothesis raise feasibility
queries (Brockway et al., 2021; Semieniuk et al., 2021), but it also threatens some low-income
regions to lack the energy required to maintain decent living standards (Semieniuk et al., 2021;
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Hickel and Slamersak, 2022). In a context where resources of the global South are drained by
the global North (Hickel, Dorninger, et al., 2022) and environmental impacts are displaced
through trade (Wood, Stadler, et al., 2018), understanding precisely current differences in en-
ergy intensities is essential to assess the risks associated with scenarios.

Energy allows the production and exchange of services or goods. Its consumption increases
together with income, which in turns provides wellbeing (Kalt et al., 2019), within certain lim-
its (Easterlin, 1974). Although the emergence of ecological economics can be traced back to
the 1970’s (Georgescu-Roegen, 1971; Cleveland, 1987), most studies fail to consider energy as
a central factor of production (Wiedenhofer et al., 2020). For example, most research on the
energy-GDP interrelationship still do not account for energy embodied in trade (Wiedenhofer
et al., 2020; Haberl et al., 2020). Many focus on the causality between both factors (Wieden-
hofer et al., 2020) while some advocate that economic value will be decoupled from energy con-
sumption. An edifying example is a study assuming the existence of a Kuznet’s curve between
energy andGDP–an invertedU-shaped curve implying that total energy use tends to zero in an
infinite economy–and predicting a peak of energy demand atUS$107,000 per capita (Bogmans
et al., 2020). Yet, to analyse energy intensities, it is essential to see energy neither as a cause or
consequence of GDP, nor as an indicator independent of GDP, but as a provider of energy ser-
vices (Fell, 2017) which are subsequently estimated through the GDP prism. Energy intensity
must therefore be understood as the ratio of all the energy necessary to produce a good or service
divided by its associated value. This approachmakes it necessary to study sector-level energy in-
tensities as a function of affluence, to better pinpoint how different consumption patterns lead
to unequal energy use (Galvin et al., 2018; Shove et al., 2014; Chen, X.D. Wu, et al., 2019).

So far, only three studies (Chen and X.F.Wu, 2017; Yannick Oswald et al., 2020; Vita et al.,
2021) have carried out multi-sectoral and multi-regional comparisons of footprint energy in-
tensities of goods and services. Yannick Oswald et al., 2020 have calculated sectoral final energy
intensities and concluded that higher-income individuals tend to buy goods that are more en-
ergy intensive. Vita et al., 2021 have established that energy footprints were mostly driven by
durables (goods that are not purchased frequently). Chen and X.F. Wu, 2017 have calculated
energy intensities in 26 sectors of 186 regions and showed that intensities vary greatly between
sectors. All three analyses account for the energy embodied in intermediate consumption but
do not consider the capital goods used in the production process. If the footprint of a straw-
berry pie is thereby calculated, the energy embodied in the flour and in the strawberries will be
accounted for, but not that necessary for the production of the bakery. It is significant because
capital goods have a key role in footprint reallocation (XudongWuet al., 2021), representing up
to two-thirds of the carbon footprint of specific sectors (C.-J. H. Södersten et al., 2018). Fur-
thermore, as factories producing goods bought abroad are not accounted for, the footprints
of regions that have delocalized their production are underestimated. Another limit to these
studies is that they rely on country-level Purchasing Power Parity (PPP) (Yannick Oswald et
al., 2020; Vita et al., 2021) to eliminate national price level differences but not on sector-level
PPP, hindering precise comparisons between product categories as different sectors in a given
country have different PPPs (World Bank, 2020b). For example, the PPP of the clothing sec-
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tor in China is 77% above that of the Chinese average PPP, which in turn is 80% above that
of the health sector (World Bank, 2020b). Using the GDP-level PPP for China would thus
underestimate the energy intensity of the clothing sector and overestimate that of the health
sector. Finally, neither study reports the variations of energy intensity per category of product
as a function of affluence (hereby defined as GDP per capita). This hampers to quantify the
relationship between regional GDP and regional energy-intensity.

This study aims to calculate footprint energy intensities of households and governments’
final consumption over 12 sectors in 49 world regions and compare them to affluence. To do
so, we combine price level indexes with a Multi-Regional Input-Output (MRIO) database in
which we endogenize capital.

3.2.2. Materials andmethods

We calculate energy intensities according to three different definitions: Production-Based
Account (PBA), Consumption-Based Account (CBA) and final consumption account. We
focus on final energy as it is closer to useful energy than primary energy (Haberl et al., 2020;
Mastrucci et al., 2020). In the following, “energy” will thus refer to “final energy”.

The pba energy intensity is the ratio of the energy used in a region by the households (Ehh)
and by the local industries, (Epba) divided by the GDP (Y ) of that region calculated in $PPP:

Ipba =
Ehh + Epba

Y
(3.13)

The cba energy use (Ecba) (Miller et al., 2009; Owen et al., 2017) is defined as the global
energy used by industries to produce the GDP of a given region. The cba energy intensity (Icba)
is a better indicator of efficiency than (Ipba) as it accounts for the offshored energy use:

Icba = Ehh + Ecba

Y
(3.14)

However, two limits are associated with Icba’s calculation convention. First, in the classic
input-output formalism, the energy used to produce capital goods is not imputed to the foot-
print of final consumption but to the gross fixed capital formation (GFCF), a measure of in-
vestment (Fig. 3.11 a). If a factory is built in China to produce goods bought in the United
States, the embodied energy of the factory is allocated to China’s investments and not to the
United-Sates. It follows that the energy necessary to produce the factory is omitted in the US
footprint of final consumption expenditures. Second,Ehh is included in the calculation process
of Icba. However, Ehh is not in the input-output value chain and may have a different dynamic
than Ecba.

To overcome these limits, we define the final consumption energy intensity (IK
fc ) as the ratio

of the energy footprint of final consumption with capital endogenized (EK
fc)–without account-

ing for Ehh– and the final consumption expenditures corrected for PPP (Yfc):

IK
fc = EK

fc

Yfc
(3.15)
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Figure 3.11: Input−output framework. (a) GDP and GFCF decomposition. (b) Input−output framework. Z
is the transaction matrix, Y is the final demand matrix, fnva is the net value-added vector, fcfc is the CFC vector
and ffinal is the final energy extension. (c) Input−output with capital endogenized. The CFC (fcfc) is transformed
into matrix K and added to matrix Z . Yfc is the final consumption by households and governments, and Yr is the
residual final demand.
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The superscript K means that capital is endogenized. Capital endogenization consists in
adding the consumptionoffixed capital (CFC)–investments to replace end-of-life capital goods–
to the input-output framework (Fig.3.11 b,c), thereby allocating the energy necessary to pro-
duce infrastructures to final consumption.

As a case example, results for these three types of energy intensities are compared for the two
regions with extreme levels of affluence in EXIOBASE (Luxembourg and “Rest of Africa”,
defined as the African continent without South Africa and Egypt). The choice to include or
excludeEhh in the calculation is then discussed based on regressions ofEhh per capita as a func-
tion of affluence and the share of Ehh in Icba as a function of affluence.

As a case example, results for these three types of energy intensities are compared for the two
regions with extreme levels of affluence in EXIOBASE (Luxembourg and “Rest of Africa”,
defined as the African continent without South Africa and Egypt). The choice to include or
excludeEhh in the calculation is then discussed based on regressions ofEhh per capita as a func-
tion of affluence and the share of Ehh in Icba as a function of affluence.

We then test the results for correlations between energy intensities and affluence at an ag-
gregated level (GDP level for Ipba and aggregated final consumption for IK

fc ). If there is a corre-
lation, it can be explained either by a sector-level energy intensity and affluence correlation or
by a change in final consumption composition with affluence. We evaluate how much each of
the 12 sectors studied contribute to the change in energy intensity by calculating elasticities. Fi-
nally, we combine the dynamics of Ehh and IK

fc as a function of affluence to estimate howmuch
energy is associated with 1% of economic growth in each of the 49 regions.

3.2.2.1. Input-output

Input-output modelling allows to calculate the total industrial output (x) necessary to pro-
duce final demand Y . Z is the transaction matrix, representing the inter-industry transactions
between sectors and regions (for a detailed explanation of how Z is compiled, see Miller et al.,
2009 and supplementary information of Stadler et al., 2018). Z can be subdivided into 49*49
submatrices of dimensions 200*200 representing the flows of intermediate products between
each pair of regions (Fig. 3.11 b). Y contains vectors of final demand for each region. This final
demand is disaggregated by sector and region of origin. The sum of a row of Z and Y gives the
total output for a given sector in a given region. x thus writes:

x = Ze + Y e (3.16)

with e a summation vector of appropriate dimension. The direct requirement matrix A is
defined as:

A = Zx̂−1 (3.17)

with x̂−1 meaning that the vector is diagonalized. We therefore have:

x = Ax + Y e (3.18)
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The Leontief inverse (L) is the inverse of matrix (I − A), obtained when solving for x:

x = LY e (3.19)

The production-based factors of production are given by matrix F . A row of F , called an
extension, represents a given environmental or social impact associated with production. EX-
IOBASE3 provides several types of energy extensions. We build a final energy extension (ffinal)
by subtracting the extension ”Energy Carrier Net LOSS” to the extension “Energy Carrier Net
Total”. For a discussion of the implications of different energy extension choices, see Owen et
al., 2017. The regional aggregation of ffinal gives us Epba.

The associated coefficients of production are given by:

sfinal = ffinalx̂
−1 (3.20)

To obtain a region’s consumption-based energy use (E(cba,region)), we trace the total output
associated to that region’sGDP (Yregion) andmultiply it by the coefficients of production. From
the last two equations:

E(cba,region) = sfinalLYregione (3.21)

3.2.2.2. Capital endogenization

EK
fc must be calculated using an input-output table with capital endogenized. Capital endo-

genization consists in allocating a share of the production of capital goods to final consumption
expenditures. This share must be representative of how much capital goods are depreciated a
given year due to the production of intermediate consumption. To do so, we choose to endoge-
nize the consumption of fixed capital (CFC), defined as the decline in value of the capital stock
due to normal wear and tear and obsolescence or normal accident damage (Glossary, 2022).

C.-J. Södersten et al., 2020 built a capital transaction matrix K15 with the same dimensions
as Z , from the vector fcfc of year 2015 (C.-J. Södersten, 2020). Once added to Z , this matrix
allows to consider CFC not as a sub-share of Ygfcf (Fig. 3.11) but as intermediate consumption.
A column total of K15 equals CFC15. To nowcast K15 to 2017 using CFC17, we transform it
into a matrix of coefficients K

′

15 with:

k′
i,j,15 = k̄i,j,15∑

i k̄i,j,15
(3.22)

where i is a row index and j a column index. K15 is obtained by multiplying K
′

15 by the
fcfc vector of year 2017 (f(cfc,17)). EXIOBASE provides this extension. However, as pointed
out by C.-J. Södersten et al., 2020, inconsistencies exist between EXIOBASE and World Bank
data for the ratio fcfc/Ygfcf. TheWorld Bank gives an aggregate value per region of CFC (cfcWB)
andGFCF (gfcfWB) which is deemedmore reliable than EXIOBASEdata (C.-J. Södersten et al.,
2020). We therefore scale up f(cfc,17) by a scalar β for every region so that:



3.2. ENERGY INTENSITYOF FINAL CONSUMPTION: THE RICHER, THE POORER THE EFFICIENCY 129

∑
products Ygfcf, region

βregion
∑

products fcfc, region
=

gfcfWB
region

cfcWB
region

(3.23)

We thus obtain K17 is the from coefficients k̄17,i,j :

k̄17,i,j = k′15,i,jβjfcfc,17,j (3.24)

Themean ofβ values obtained is 0.99 but regional values range from0.31 to 2.2, confirming
the inconsistencies between both sources. K is added to Z to have a total transaction matrix
with capital endogenized. The direct requirementmatrixwith capital endogenized (AK) is thus:

AK = (Z + Kx̂−1) (3.25)

And the Leontief inverse with capital endogenized becomes:

LK = (I − AK)−1 (3.26)

The total energy necessary to produce final consumption in a given region is thus:

EK
fc = sfinalL

KYfc (3.27)

3.2.2.3. Purchasing power parities

Energy intensities are calculated using Epba, Ecba, EK
fc and economic data corrected for pur-

chasing power parity. As Ipba and Icba are calculated at an aggregated regional-level and not at
the sector level, we directly use GDP data fromWorld Bank, 2020b. For the EXIOBASE rest of
the world regions, country-level data is aggregated using the pythonmodule country_converter
(Stadler, 2017).

However, IK
fc is calculated at the sector level. We aggregate the 200 EXIOBASE products

into the 12 sectors of the Classification of Individual Consumption According to Purpose
(COICOP) as they are the ones used by the ICP. To do so, we modified the table of concor-
dance built in Castellani et al., 2019 in order to include all 200 EXIOBASE products. As dif-
ferences exist between data in current dollars from EXIOBASE and ICP, we do not directly use
ICP data in constant dollars but apply ICP price index to the EXIOBASE data. This prevents
outliers to appear due to different sector allocations between EXIOBASE and ICP.

3.2.2.4. Elasticities

Elasticity is defined as the percentage change of a variable due to a percentage change of
another variable. It can be calculated as the slope of a log-log regression, see Yannick Oswald et
al., 2020 for proof. We consider an elasticity only if the coefficient of regression is higher than
0.2. In this section we give the equations used to calculate the contribution of each of the 12
sectors studied to the change in IK

fc , both due to the change of IK
sect (IK

fc for a given sector) and to
the change of this sector’s share in final consumption expenditures (θsect).
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Let ϵI
sect be the elasticity of IK

sect as a function of affluence. It is obtained by the following
regression, with a constant:

log
(
IK
sect

)
= εI

sect log
(

Y

pop

)
+ a (3.28)

A variation of IK
sect implies a variation of IK

fc . We define ηI
sect as the percentage change of IK

fc

resulting from the variation of IK
sect due to an increase of 1% of affluence. By definition of ϵI

sect

and θsect:

ηI
sect = εI

sectI
K
sectθsect

IK
fc

(3.29)

Let εθ
sect be the elasticity of θsect as a function of affluence. It is obtained by the following

regression, with b constant:

log (θsect ) = εθ
sect log

(
Y

pop

)
+ b (3.30)

A variation of θsect also implies a variation of IK
fc . We define ηθ

sect as the percentage change
of IK

fc resulting from the variation of θsect due to an increase of 1% of affluence. By definition of
εθ
sect and θsect:

ηθ
sect =

εθ
sectθsect

(
IK

sect − IK
fc

)
IK

fc
(3.31)

Changes in IK
sect for the 12 ICP sectors could be explained by changes of consumptionpatters

in sub-sectors or changes in energy intensities in sub-sectors. To find out is such is the case, we
apply the consumer price indexes to the 255 sub-sectors of the ICP sectors (some of the 200 EX-
IOBASE sectors are disaggregated between several ICP sectors). We then look for correlations
between sub sectors’ share of expenditures and energy intensities as a function of GDP.

3.2.2.5. Energy associatedwith economic growth

Energyper capita (Ecap) is obtainedby combining the regressions ofEhh and IK
fc as a function

of affluence multiplied by final consumption expenditures per capita:

Ecap = exp
(

a log Y

pop
+ b

)
+ Yfc

pop

(
c

Y

pop
+ d

)
(3.32)

With a, b, c and d, the coefficients obtained from the regressions. To calculate the impact
of economic growth, we modify the intercepts of the regressions of the previous equation for
each region. Otherwise, the results would not account for the dispersion of the data around
the regression line. For each given region, we define b

′ and d
′ the modified intercepts of the

regressions of Ehh and IK
fc so that the lines with slopes a and c pass by that region’s data point.

Solving for the increase of Ecap due to 1% increase of Y and Yfc gives:
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∆Ecap = (1.01a − 1)eb′
(

Y

pop

)a

+ 0.01 Yfc

pop

(
2.01c

Y

pop
+ d′

)
(3.33)

3.2.2.6. Data

Ourcalculations are basedonEXIOBASEv3.8.2 (Stadler et al., 2018), anopen-accessMRIO
database which represents the world economy divided between 200 products in 44 countries
and 5 rest of the world regions. It contains many environmental extensions, including primary
energy and energy loss, which allows to calculate a final energy environmental extension. As
of this version, the energy data for year 2017 is a nowcast based on 2015 International Energy
Agency (IEA) world energy balances (IEA, 2022). The trade and macroeconomic data for year
2017 has been estimated by EXIOBASE authors based on the original EXIOBASE3 data series
for year 2011 andUnitedNationsmacroeconomic data for year 2017 (Stadler et al., 2018). The
data for capital endogenization is based onmatrixes built by Södersten and colleagues (C.-J. H.
Södersten et al., 2018) for year 2015 and was nowcasted to year 2017 using World Bank data
(World Bank, 2022). The sectoral PPPs come from the International Comparison Panel (ICP)
2017 cycle (World Bank, 2020c).

3.2.2.7. Limitations

Themain limitations to this study are those inherent to input-output calculation (Rodrigues
et al., 2018). We chose EXIOBASE3 for this study in order to endogenize capital using existing
matrixes. Existing input-output databases have been extensively compared and differ in their
methodology, thus yielding differences in the results (Owen, 2017). However, these differences
are limited–1-3% of difference formost regions and up to 20% for outlier countries–when com-
paring carbon emission accounts for the same base year (Wood,Moran, et al., 2019). Uncertain-
ties are also associated with the year of reference of our data. ICP data is compiled for year 2017
but EXIOBASE tables were compiled for year 2011 and updated using macro-economic data
for year 2017. The reference year for the inter-industry capital requirementmatrix is 2015 (C.-J.
Södersten, 2020) and we updated it usingWorld Bank and EXIOBASE data for year 2017. Im-
portant differences existed between EXIOBASE andWorld Bank CFC data (β values). Energy
data is a now-cast from 2015 IEA data (IEA, 2022). Uncertainties are also associated with sec-
tor aggregation in input-output (Steen-Olsen et al., 2014; Koning et al., 2015). However, we
aggregate sectors only after calculating the footprint somatrixL is not impacted. Uncertainties
do exist due to the conversion of EXIOBASE sectors to COICOP sectors as it is not possible
to have an exact correspondence.
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Figure 3.12: Energy intensity scopes. (a) Production-based energy intensity (Ipba). (b) Consumption-based en-
ergy intensity (Icba). (c) Final consumption energy intensity with capital endogenized (IK

fc ). (a-c), Comparisons
between richest and poorest EXIOBASE regions. ”Rest of Africa” is the African continent less South Africa and
Egypt. Open access pictograms from svgrepo.com.

3.2.3. Results anddiscussion

3.2.3.1. Choosing the right indicator

Differences in energy intensities calculation methods are illustrated in Figure 3.12 for the
two EXIOBASE regions with extreme levels of affluence: Luxembourg and “Rest of Africa”
(Africa excluding Egypt and South Africa). Ipba (Fig. 3.12 a), Icba (Fig. 3.12 b) and IK

fc (Fig.
3.12 c) have respective values of 2.3, 2.4 and 4.4 MJ/US$ppp in Luxembourg and 4.3, 4.9 and
1.4MJ/US$ppp in “Rest ofAfrica”. For these regions, the consumption-based andproduction-
based approaches yield similar results, with the energy intensity of “Rest of Africa” being twice
higher than that of Luxembourg. However, IK

fc is two times higher than Icba in Luxembourg
and three times lower than Icba in “Rest of Africa”. This difference is mostly due to Ehh which
is accounted for in Icba but not in IK

fc–another difference being the share of final consumption in
GDP–. Ehh represents 65% of Icba in “Rest of Africa” but only 17% in Luxembourg, although
Ehh per capita is four times lower in “Rest of Africa” than in Luxembourg.

This finding can be generalized to all EXIOBASE regions. Even though Ehh increases with
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Figure 3.13:Households direct energy use (Ehh). (a) Households direct energy use per capita (Ehh per capita). (b)
Share of households’ direct energy use in consumption-based footprint (Ehh/(Ehh+Ecba )). (a-b) Richer regions
have higher per capita Ehh but the share of Ehh in the footprint decreases with affluence.

affluence (Fig. 3.13 a), its share in the total footprint of regions decreases with affluence (Fig.
3.13b). This change is due to the fact that even at very low levels of affluence (thus very low levels
of final consumption energy footprint), direct energy is still used by individuals for survival or
every day needs.

We argue that Ehh must be calculated separately from the energy intensity of GDP because
it has a different dynamic. Oswald and colleagues (Yannick Oswald et al., 2020) also found
that “Heat and electricity”, the direct energy sector with the highest energy intensity, behaved
fundamentally differently from others. Including Ehh in energy intensity calculation biases the
results by inflating the energy intensity of poor regions more than that of wealthy ones. Energy
intensities should therefore be analysedusing IK

fc andnot Icba. Using Icba insteadof IK
fc could lead

to major misinterpretations, such as concluding that Luxembourg is two times more efficient
than “Rest of Africa” (Fig. 3.12 b) whereas it is actually 3 times less efficient (Fig. 3.12 c).

3.2.3.2. International Energy IntensityDisparities

Regional values of Ipba are scattered but no trend is observed as a function of affluence
(R2 < 0.2) (Figure 3.14 a, d). In contrast, IK

fc is higher in wealthier regions, with an elastic-
ity of 0.27 (IK

fc increases by 0.27% for every 1% increase of affluence) (Figure 3.14 c, e). Ipba and
IK
fc are disaggregated for regions with extreme levels of affluence on Figure 3.14 b. Ipba is made
of household direct energy use (in orange) and domestic production energy (in blue), whereas
IK
fc is only made of the footprint of final consumption (in gray).
Our results show that when calculating the energy intensity with capital endogenized, the

energy intensity is higher in richer regions, while Oswald and colleagues (YannickOswald et al.,
2020) found that it decreases slightly in richer regions. Three factors explain these differences:
we consider the footprint of capital goods and of government final consumption expenditures,
we do not consider households direct energy use, and we study year 2017 and not 2011. Our
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Figure 3.14: Energy intensity disparities. (a) Production-based account energy intensity (Ipba) as a function of
affluence. The dashed gray line represents the world value. Regional data (scattered dots) do not fit affluence
(R2 < 0.2). (b) Energy intensity examples (Ipba and IK

fc ). (c) Final consumption energy intensity with capital
endogenized (IK

fc ) as a function of affluence. The dashed gray line represents the world value and the black line the
linear fit. An elasticity (ϵ) of 0.27 is calculated. (d) Log difference of Ipba to the world mean. (e) Log difference of
IK
fc to the world mean. 20 of the 49 regions switch colors between the two maps.
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IKsect θsect
World value R2 εI

sect ηI
sect World value R2 εI

sect ηI
sect

CPI: 01 - Food and non-Alcoholic beverages 4 0.02 0.14 0.02 0.07 0.02 -0.16 -0.01
CPI: 02 - Alcoholic beverages, tobacco and narcotics 6.4 0.05 -0.15 0 0.01 0.01 -0.19 0
CPI: 03 - Clothing and footwear 5.2 0.08 0.19 0.01 0.02 0 -0.19 -0.01
CPI: 04 - Housing, water, electricity, gas and other fuels 1.8 0.46 0.48 0.08 0.19 0.17 -0.17 0.01
CPI: 05 - Furnishings, household equipment and routine household maintenance 4.6 0.18 0.17 0.01 0.02 0.04 -0.01 0
CPI: 06 - Health 1.5 0.25 0.3 0.02 0.07 0.07 0.15 0
CPI: 07 - Transport 4.6 0.02 0.27 0.04 0.07 0.36 0.34 0.02
CPI: 08 - Communication 1.4 0.01 -0.02 0 0.04 0.08 0.41 -0.01
CPI: 09 - Recreation and culture 3.1 0.04 0.09 0.01 0.06 0.01 0.1 0
CPI: 10 - Education 0.7 0.26 0.47 0.02 0.15 0.11 -0.12 0.01
CPI: 11 - Restaurants and hotels 1.3 0.02 0.15 0.01 0.06 0 -0.53 0.01
CPI: 12 - Miscellaneous goods and services 2 0.04 0.15 0.03 0.25 0.04 0.14 0

Table 3.2: Elasticities. R2 refers to the coefficient of regression of IK
sect and θsect as a function of affluence. The

associated ε and η are used in the paper only if R2 > 0.2 (colored lines).

results challenge the belief that richer regions are more efficient. One explanation is that econo-
mywide rebound effects can cut half of the gains from improved energy efficiency (Brockway et
al., 2021). Another explanation could be that the energy efficiency gains in a region affects other
regions in a globalizedworld economy. Indeed, if technologies are transferred, they can improve
energy intensity of all regions at the same time and not only that of the wealthy ones. This is
consistent with the fact that absolute decoupling of energy consumption and GDP (growth
of GDP and degrowth of energy consumption) though experienced in a limited number of re-
gions has been observed in regions with extremely low human development index and not only
in high-income regions (Akizu-Gardoki et al., 2018). Vita et al., 2021 also found that over the
period 1995−2011, energy efficiency was observed in 47 out of 49 studied regions with very
different affluence levels.

3.2.3.3. Sector-Level Energy Intensities

The fact that IK
fc scales with affluence can either be explained by increases of sector-level en-

ergy intensities IK
sect with affluence or by a change of composition of final consumption across

regions. Only the housing, education, and health sectors representing, respectively, 19, 15 and
7% of world final consumption show a correlation between IK

sect and affluence (R2 > 0.2) (Ta-
ble 3.2, Figure 3.15). Their elasticities, ϵI

sect, defined as the percentage change of IK
fc due to a

change of IK
fsect resulting from an increase of affluence by 1%, are 0.08, 0.02, and 0.02%. The

increase in the energy intensity of these three sectors thus explains 45% of the total elasticity of
IK
fc , equal to 0.27% (Figure 3.14 c).
The transport sector’s share in the final consumption (θtransport) is the only one correlated

with affluence (R2 > 0.2) (Extended Data Table 3.2, Figure 3.16). For each 1% increase of
affluence, θtransport increases by 0.34%. As the energy intensity of the transport sector is higher
than that of the world mean (Table 3.2, Figure 3.14 e), an increase in θtransport translates by an
increase of IK

fc . The increase of IK
fc due to an increase of θtransport resulting from an increase of

1% of affluence is of 0.02%. This value represents 8% of the total elasticity of IK
fc . The four dy-

namics above-mentioned are significant as they explain 53% of the total elasticity, the 20 other
dynamics (Table 3.2) explaining the other 47% but with R2 under 0.2. Four sectors play a spe-
cific role in this energy intensity evolution. The first contribution comes from the transport
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Figure 3.15: Sector-level energy intensities. (a) Housing, water, electricity, gas, and other fuel sectors. (b) Health
sector. (c) Education sector. (a−c) The black lines represent linear fits. The nine other sectors are not displayed as
we obtained R2 < 0.2.

sector, whose share in final consumption expenditures increases with affluence. As the energy
intensity of this sector is twice higher than that of total final consumption, a higher share of
transport sector implies a higher energy intensity. The energy intensity elasticities of housing,
education, and health sectors are positive, meaning that richer regions use more energy per dol-
lar of final consumption. However, the contribution to the increase of IK

fc due to the housing
sector is 4 times higher than that of the education and health sectors.

These sectors can be further disaggregated into EXIOBASE subsectors. Out of 255 possible
EXIOBASE subsectors, only 12had their expenditure shares of theCPI sector totalwhichfitted
as a function of GDP with R2 > 0.2. Among these, none represented more than 4% of a CPI
sector’s total expenditures. Moreover, 40 subsectors had their energy intensity which fitted as
a function of GDP with R2 > 0.2. Among these, only 7 represented more than 4% of a CPI
sector’s total expenditures, all fitting positively as a functionofGDP.These included vegetables,
fruit, nuts (14% ofCPI 01), wearing apparel, furs (18% ofCPI 03 total), real estate services (55%
ofCPI 04 total), public administration and defense services, compulsory social security services
(15%ofCPI 06 total), air transport services (7%ofCPI 07 total), education services (65%ofCPI
10 total), and retail trade services, except of motor vehicles and motorcycles and repair services
of personal and household goods (15% of CPI 10 total).

3.2.3.4. Total Energy Footprint

The total footprint energy per capita (Figure 3.17) is obtained by combining the regression
ofEhh per capita (Figure 3.13 a) and the regression of IK

fc (Figure 3.14 c),multiplied by final con-
sumption per capita. The black line of Figure 3.17 is not linear because regions have a different
share of final consumption in their GDP. Together, these two dynamics explain the differences
in the total footprint per capita between regions with a R2 of 0.88 (Figure 3.17).

Economic growth is sometimes considered useful to reduce energy use as it could drive tech-
nological progress, thereby reducing overall energy use (Bogmans et al., 2020). However, the
first consequence of economic growth is to produce more goods and services. We quantify the
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Figure3.16: Share of transport sector in final consumption expenditures versus affluence. Theblack line represents
the linear fit. The 11 other sectors are not displayed as we obtained R2 < 0.2.

Figure 3.17: Total energy footprint per capita. Total energy footprint per capita scales with affluence (R2 = 0.88).
The black line is obtained by summing Ehh per capita from the regression of Figure 3.14 a and EK

fc from the re-
gression of Figure 3.14 e multiplied by the final consumption expenditure per capita.
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Figure 3.18: Energy per capita associated with 1% of economic growth. Bars represent the increase of energy foot-
print per capita if a region’s GDP increases by 1% for year 2017, that is, without technological progress associated
with time.

regional increase in energy footprint per capita due to 1%of economic growth for the year 2017,
independently of technological progress (Figure 3.18). In 2017, 9.2% of global population still
lived in extreme poverty (World Bank, 2020a). We show that the energy associated with 1% of
economic growth is 27 times higher in the richest region studied than in the poorest, meaning
that supplementary energy usewould havemuchmore impact if used for theGlobal South than
for the Global North. This corroborates similar work on carbon emissions which has shown
that eradicatingworld povertywould increase global carbon emissions by less than 2.1% (Bruck-
ner et al., 2022) or that a recomposition of consumption could reduce by 16% overall emissions
while allowing a rise in consumption for those earning the less (Millward-Hopkins et al., 2020).
Equity in energy use would reduce poverty and shift energy use from luxury and transport to
subsistence and necessities (Y. Oswald et al., 2021).

3.2.3.5. Implications for Energy Transition Scenarios

Conceptually, the energy intensity of final consumption calculated by using sectoral PPPs
and considering capital goods is the most interesting definition of energy intensity as it is the
closest to the thermodynamicmeaning of embodied energy. This indicator increases withGDP
per capita, meaning that richer regions are less efficient than poorer ones. This contradicts the
common belief that a higher GDP is correlated with a better efficiency and corroborates the
existing research questioning the plausibility of a break in the historical energy intensity trend
(Brockway et al., 2021; Semieniuk et al., 2021; Andrieu et al., 2022). Though the potential
of improvement is still considerable (Nakićenović et al., 1996; Cullen et al., 2011), economy-
wide rebound effects (Sorrell et al., 2008; Brockway et al., 2021), costly investments (Fowlie
et al., 2018; Gillingham et al., 2018), and adaptation to climate change (Ruijven et al., 2019)
may limit our ability to reduce energy intensity as fast as it is planned in reference scenarios
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(Semieniuk et al., 2021).
We call for the authoritative scenario makers to stop speculating on energy intensity reduc-

tion and to produce prudential scenarios in which environmental and social targets are met, no
matter the energy intensity. Mathematically, it means that some regions must be prepared to
limit their economic growth. Energy scenarios must focus on sufficiency (Millward-Hopkins
et al., 2020) in order tomeet everyone’s basic needs (Grubler et al., 2016; Rao et al., 2019), even
if this implies limiting the luxury consumption of a richminority (YannickOswald et al., 2020).
The choice of the regionswhose economic growthmust be limited should take place in the con-
text of common but differentiated responsibilities to tackle climate change (UNFCCC, 1992)
and within a specific framework of energy justice (Sovacool et al., 2016). A solution could be
to achieve absolute convergence betweenGlobal South andGlobal North energy use per capita
(Hickel, Dorninger, et al., 2022). We go even further and argue that the Global South must
temporarily have more access to energy per capita to build the infrastructure already built in
the Global North (Olivier Vidal et al., 2021). If there is a break in the historical data due to
breakthrough technologies, then growth in every region could become an option again but cli-
mate action would not have been jeopardized by exogenously fixed economic growth.
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chapter 4 | Regionalizingimpactsusing
input-output

In the first version of MATER, we considered that there were no exchanges in between
regions, which is an obvious limitation. Thefirst part of this chapter presents how input-
output databases can be used to analyze economic and ecological exchanges in between
regions. The secondpart of this chapter explains how an input-output databasewas used
to regionalize impacts in MATER.

• Sankey diagrams are a type of flow diagramwhere the thickness of a flow is propor-
tional to its value. They are powerful visual representation tools that would allow
to shed light on the various ways to calculate carbon footprints and on the im-
plications of choosing one method over another. Although several multi-regional
input-output databases allow for the calculation of footprints, none of them has
been systematically represented as Sankey diagrams. To fill this gap, we build an
open access web application to represent carbon footprints for 49 world regions
between 1995 and 2019 based on EXIOBASE data.

• Based on the insights and the experience gained by building these sankey diagrams,
we use EXIOBASE data to regionalize impacts in MATER.
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4.1. Mapping global greenhouse gases emissions

Authors Baptiste Andrieu, Hugo Le Boulzec, Louis Delannoy, François Verzier, Guillaume
Winter, Olivier Vidal

Abstract

Consumption-based carbon assessments are essential for evaluating climate change respon-
sibility. However, the results vary greatly depending on the calculation perimeter chosen, mak-
ing them confusing to non-expert readers and hindering their use for policymaking. Sankey
diagrams are a type of flow diagram where the thickness of a flow is proportional to its value.
They are powerful visual representation tools thatwould allow to shed light on the variousways
to calculate carbon footprints and on the implications of choosing one method over another.
Although several multi-regional input-output databases allow for the calculation of footprints,
none of them has been systematically represented as Sankey diagrams. To fill this gap, we build
an open access web application to represent carbon footprints for 49 world regions between
1995 and 2019 based on EXIOBASE data. We include production-based, consumption-based
and consumption-based with capital endogenized accounts. We then provide examples of the
insights gained with such diagrams.

4.1.1. Introduction

International climate negotiations rely on the concept of common but differentiated re-
sponsibility (UNFCCC, 1992). Currently, these negotiations are mostly based on territorial
greenhouse gases (GHG) emissions. As emissions in one country can enable the consumption
of goods and services in another (Hertwich et al., 2009), a fair distribution of responsibility
for emissions is essential to halt climate change. The development of global multi-regional
input-output databases, tracking global economic exchanges, has made it possible to include
offshored emissions in what is known as the Consumption-Based (CB) account, as opposed to
the Production-Based (PB) account which is limited to local emissions (Miller et al., 2009). CB
accounting is not sufficient to assess responsibilities (Kander et al., 2015; Dietzenbacher et al.,
2020) but provides a useful complementarymetricwhich could be used in climate negotiations.

In theCB approach, emissions associatedwith the production of capital goods remain in the
country where the infrastructure was built (C.-J. Södersten et al., 2020). For example, if a car
is manufactured in China but purchased in Europe, the emissions during the car’s production
process will be imputed to Europe but the car factory’s production footprint will be imputed
to China. An emerging body of literature addresses this problem by endogenizing capital in
input-output databases (C.-J. H. Södersten et al., 2018a). With this approach, for each car sold
by a Chinese factory to a European consumer, part of the factory’s footprint is imputed to the
European consumer. This method brings footprint calculations closer to life cycle assessments
and therebymakes themmore accurate. However, the task is complex and calculating footprints
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with endogenous capital is not yet as straightforward as calculating traditional CB footprint.
Including capital in footprint calculations may change the results dramatically. For example,
the GHG footprint of final consumption in some regions can increase by asmuch as 57%when
capital goods are added to the value chain (C.-J. H. Södersten et al., 2018a). The way capital
is accounted for also affects temporal responsibility (Chen et al., 2018): a factory built today is
expected to produce goods for the next 50 years.

Footprint results are usually given in tons of CO2 equivalent per person. However, the
perimeter of the studies is rarely specified and a certain level of expertise is needed to under-
stand the implications of the different choices (Heinonen, Ottelin, Ala-Mantila, et al., 2020).
The study may stop at final household consumption, or add government expenditures in ad-
dition, or add capital creation either directly or by endogenizing it (Heinonen, Ottelin, Ala-
Mantila, et al., 2020). In the end, depending on the perimeter chosen, the results can vary by
up to a factor of 4 (Heinonen, Ottelin, Ala-Mantila, et al., 2020). This can lead to confusion
about the different rankings between countries and the mitigation measures to be taken.

A visual representation of the differences in input-output results depending on the perime-
ter chosenwould thus be useful for policymakers commissioning studies or newusers of input-
output tables. Sankey diagrams –a type of flow diagram where the thickness of the flows is
proportional to the flow’s value– are an appropriate visualisation tool for this as they allow to
follow every step of the calculation. Sankey diagrams have been used to represent the world’s
GHG emissions in 2009 (Chen et al., 2018), but not for several regions and years at the same
time.

Here, we develop a methodology to visually represent several possible perimeters for cal-
culating GHG footprints as Sankey diagrams. These diagrams are constructed based on EX-
IOBASE data for 49 regions of the world over period 1995-2019 and are accessible on a web
application.

4.1.2. Steps

We use EXIOBASE3 (Stadler et al., 2018) –a global multi-regional input-output database–
to calculate GHG footprints using the PB approach, the CB approach and the CB approach
with capital endogenized (CBk). Each approach can be disaggregated in several visualisation
‘steps’. For example, the PB account can be disaggregated between production sectors and pro-
duction regions. In a trade-off between completeness and readability, we choose to represent
10 steps, shown as vertical dotted lines on Figure 4.1 (the Sankey diagram of France in 2019).
These 10 steps are described thereafter. Diagrams for all other regions and years are available at
https://sankey.theshiftproject.org.

The first step allows the reader to seewhichGHGs are being studied, namely carbon dioxide
(CO2),methane (CH4), nitrous oxide (N2O) and sulfur hexafluoride (SF6). It is the sumof the
GHGs involved in all three approaches, ie. territorial emissions plus imports. It is therefore not
specific to a single approach but can be interpreted as all the GHGs over which a given region
has direct or indirect responsibilities.

https://sankey.theshiftproject.org
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Steps 2, 3 and 4 correspond to PB accounts disaggregated between: regions (step 2), territo-
rial or import (step 3) and emission sector (step 4). In step 2, the 431Mt of French territorial
emissions correspond to the node “France (431)”. The 48 other EXIOBASE regions are aggre-
gated in Africa, Asia, Europe, Middle East, North America, Oceania and South America. Step
3 is similar to step 2 but facilitates readability by aggregating all imports together. Step 4 disag-
gregates PB emissions by sector. A first sector corresponds to direct emissions by households,
governments and Non-Profit Institutions Serving Households (NPISHS) (mainly in personal
transport and heating). Then, the 200 EXIOBASE sectors are disaggregated into six major in-
dustrial categories: agriculture-food, energy industry, heavy industry, manufacturing industry,
services and transport services. The colours in the overall diagramcorrespond to the sevendiffer-
ent sectors of step 4. For example, any blue flow on the diagram corresponds to GHGs emitted
by the agriculture and food industries.

Step 5 corresponds to the CB account disaggregated across final demand categories (who
buys final goods, services and infrastructure): households, governments, NPISHS and Gross
Capital Formation (GCF).Direct emissions in the region studied is disaggregatedbetweenhouse-
holds, governments andNPISHS. The transition from step 4 to step 5 thus corresponds to the
classical use of input-output tables to transition from PB accounting to CB accounting.

GCF is made up of expenditures for the acquisition of fixed assets in the economy, plus net
changes in the level of inventories (Glossary, 2022). It is a measure of investments in the infras-
tructure used to produce goods and services. In an approach aiming to assess the responsibility
of final consumption, GCF should not be treated as a separate category but rather incorporated
in the footprint of other sectors. However, not all GCF should be attributed to other sectors.
For example, if a region’s investments grow rapidly over a short period of time, attributing all
of these investments to that period would lead to an overestimation of the footprint of final
consumption (C.-J. H. Södersten et al., 2018b). On the other hand, a region experiencing an
economic crisismay be underinvesting but still benefit from the infrastructure built in previous
years. To overcome these issues, we follow Södersten’s methodology (C.-J. H. Södersten et al.,
2018b) to endogenize (ie. add capital to the input-output framework so that its emissions are
imputed to final consumption) only the Consumption of Fixed Capital (CFC). The CFC rep-
resents the replacement value of capital used up in the process of production and is deemed to
be a better proxy for the capital currently used by industries thanGCF (C.-J.H. Södersten et al.,
2018b). This choice implies that only the capital which reaches its end of life during the study
year is considered. Net Capital Formation (NCF) is the difference between GCF and CFC. If
NCF is positive (GCF superior to CFC), it corresponds to investments which will be used in
subsequent years. If it is negative, it means that not all end-of-life capital goods are replaced by
new ones.

To ensure continuity of the flows in the Sankey diagrams, it is necessary to distinguish be-
tween caseswhereNCF is positive andnegative. WhenNCF is positive,GCF is dividedbetween
CFC (step 5 to step 6) and a node called ‘Positive capital formation’ (step 5 to 8). The node ‘Pos-
itive capital formation’ corresponds to the expansion of capital stock and is not included in the
footprintwith capital endogenized (the flows stop at step 8). WhenNCF is negative, CFC is the
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sum of the flows fromGCF (step 5 to step 6) and the flows from a node called ‘Negative capital
formation’ (step 5 to step 6). The node ‘Negative capital formation’ corresponds to the use of
stocks from previous years that have not been replaced. It is possible for NCF to be positive for
some sectors and negative for others. In some diagrams (such as Figure 4.1), the node ‘Positive
capital formation’ and ‘Negative capital formation’ both appear. In that case, NCF is equal to
the positive node minus the negative node.
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Figure 4.1: Sankey diagram of French greenhouse gas emissions in 2019. RoW stands for Rest of the World.
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To summarize, GCF is disaggregated into CFC (steps 5 to 6) and positive capital formation
(steps 5 to 8). Negative capital formation is added to CFC (steps 5 to 6). CFC is then endoge-
nized (steps 6 to 7). The endogenized capital is added to final consumption (steps 7 to 8).

Step 8 presents the same disaggregation as step 5, but this time with endogenized capital.
The “Households”, “Government” and “NPISHS” nodes are thus larger at step 8 than at step 5
while theGCF node does not appear on step 8. The “Positive capital formation” node is added,
corresponding to the increase in capital stock. The footprint with endogenous capital is then
disaggregated by service (Fell, 2017) on step 10: mobility, shelter, food, clothing, education,
health and other goods and services. The emissions all along the value chain ultimately enable
the realization of these services. Exports are aggregated on step 8 and disaggregated on steps 9
and 10, respectively by service and region of destination.

The three calculation methods -production based, consumption based and consumption
based with capital endogenized- are represented by black horizontal arrows on figure 4.1. The
sankey diagrams allow to easily understand the differences between them. They also allow to see
that for a given calculationmethod, several disaggregations exist. For example, theCB footprint
can be disaggregated by type of consumer (step 8) or by service (step 9).

In a recent reviewof consumption-based carbonassesments,Heinonen andcolleagues showed
that for a selected location, carbon footprint estimates variedwidely (between 10 and 28 tons of
CO2eq per capita in theUnited-States, between 1.8 and 7.6 tons inChina, and between 6.7 and
13 tons in the EuropeanUnion) (Heinonen, Ottelin, Ala-Mantila, et al., 2020). When compar-
ing regional results from different studies, the Sankey diagrams built here may help understand
where the differences come from. Any group of nodes on any step of Figure 4.1 could repre-
sent a calculation perimeter. Some perimeters are included in others (e.g., the CB footprint of
households’ final consumption is part of the total CB footprint) so choosing one over the other
will increase the footprint for every region. The same is true when capital endogenization is
added to households, government and NPISHS.

However, the relative differences between regions can change greatly depending on the cal-
culation hypothesis, even when choosing the same perimeter. For example, in 2019, the per
capita footprint of the United-States was 2.1 times higher than that of China under the PB
approach, 2.5 times higher under the CB approach and 4.4 times higher in the CB approach
with capital endogenized. Choosing one perimeter rather than another significantly impacts
the responsibilities in emissions.

Regional rankings can also change depending on the calculation perimeter. For example,
out of the 49 regions studied, Japan is the 20th region with the highest per capita PB footprint,
the 19th highest per capita CB footprint but the 5th highest per capita CB footprint with en-
dogenous capital. On the other hand, China is the 22nd region with the highest per capita PB
footprint, the 32ndwhen usingCB accounting and the 42ndwhen usingCBwith endogenous
capital.
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4.1.3. Detecting regional differences

Exploring the sankey diagrams on the application allows to understand easilywhy footprints
differ between regions. Comparing the size of the ‘Territorial’ (step 3), ‘Imports’ (step 3), ‘Ex-
ports’ (step 8) and ‘Footprint’ (step 10) nodes is the simplest way to understand the overall
structure of a region’s imports and exports. The reader can then dive into the details, such as
the regions from where the imports come from (step 2), the regions where the exports go to
(step 10) or the production (step 4) or consumption sectors (step 9).

The colours of the flows correspond to the production-based sector (step 4). All the direct
emissions by households, governments andNPISHS correspond to dark blue. The production-
based emissions in the agriculture-food, energy industry, heavy industry, manufacturing indus-
try, services and transport services sectors correspond respectively to the blue, light blue, light
yellow, yellow, light orange and orange colours. Three diagrams for which a colour is predomi-
nant are given as examples in figures 4.2 to 4.5. The light blue colour of the diagramofAustralia
in 2019 (Figure 4.2) shows that an important part of its PB emissions come from the energy in-
dustry. Following these light-blue flows show that over a third of that sector’s emissions are
exported (in part corresponding to the exports of Australian coal). Second, the blue colour of
the diagram of Brazil in 2019 (Figure 4.4) shows that the agriculture-food sector is responsible
for over 50% of Brazilian emissions. Tracing back this blue colour shows that most of these
emissions are CH4 emissions (second node of step 1). Third, the diagram of Cyprus in 2019
is mostly orange, showing that over 50% of its PB emissions are related to the transport sector
(Figure 4.4). It is important to note that the flows appear smaller on Fig. 4.2 than on Fig. 4.4
even though the total is higher in Australia than in Brazil in 2019. This is due to the fact that
the flow sizes are normalized as a function of time and not in between regions so that one can
see their size change with time for every region on the web application. Another colour code
could have been chosen (ie. by making the colours correspond to any other step than step 4).
Allowing the user to choose the colour code is thus a possible improvement for the next versions
of the application.
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Figure 4.2: Sankey diagram of per capita greenhouse gases emissions in Australia in 2019.



156
REGION

ALIZIN
G
IM

PACTSUSIN
G
IN
PUT-OUTPUT

CFC (0.33)

RoW - CFC (0.24)

Negative capital formation (0.01)
RoW - Negative capital formation (0.0)

CFC imports re-exported (0.0)

CH4 (2.57)

CO2 (2.74)

N2O (0.93)

SF6 (0.09)

Africa  (0.05)

Asia  (0.35)

Europe  (0.09)

Middle East  (0.06)

North America  (0.13)

Oceania  (0.01)

South America  (0.16)

Brazil  (5.47)

Imports (0.86)

Territorial (5.47)

RoW - Agriculture-food (0.12)

RoW - Energy industry (0.39)

RoW - Heavy industry (0.25)

RoW - Manufacturing industry (0.04)
RoW - Services (0.02)
RoW - Transport services (0.05)

Agriculture-food (2.78)

Energy industry (0.72)

Heavy industry (1.2)

Manufacturing industry (0.05)
Services (0.08)

Transport services (0.21)

Households direct    (0.43)

RoW - GCF (0.43)

GCF (0.89)

Government (0.17)

Households (3.34)

NPISHS (0.02)

RoW - Government (0.12)

RoW - Households (0.88)

RoW - NPISHS (0.05)

Households direct (0.43)

CFCk (0.35)

RoW - CFCk (0.22)

Government  (0.21)

Households  (3.59)

NPISHS  (0.03)

Exports (1.46)

Positive capital formation  (0.63)

Households direct  (0.43)

Clothing (0.12)

Education (0.05)

Food (1.94)

Health (0.1)

Mobility (0.68)

Other (0.56)

Shelter (0.82)

RoW - Clothing (0.03)
RoW - Education (0.03)

RoW - Food (0.62)

RoW - Health (0.08)

RoW - Mobility (0.1)

RoW - Other (0.28)

RoW - Shelter (0.09)

RoW - Pos. CF (0.22)

Footprint (4.27)

Africa (0.05)

Asia (0.65)

Europe (0.14)

Middle East (0.26)

North America (0.17)
Oceania (0.0)

South America (0.18)

Figure 4.3: Sankey diagram of per capita greenhouse gases emissions in Brazil in 2019.
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Figure 4.4: Sankey diagram of per capita greenhouse gases emissions in Cyprus in 2019.
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4.1.4. Capital dynamics: the examples of Russia andChina

The sensitivity of results to capital endogenization is particularly important in times of crisis
or strong economic growth. Following the collapse of the Soviet Union, Russia suffered from
a total lack of investments (Bracho et al., 2005). Its gross fixed capital formation was divided by
4 between 1990 and 1995 (Bracho et al., 2005). In 1995, Russia’s consumption of fixed capital
was estimated at 188 billion US$, over two times above that years’ gross fixed capital formation
level, estimated at 83 billion US$ (World Bank, 2022). It means that the existing capital stock
was deprecated at a faster rate than it was replaced. In other words, one can consider Russia in
1995 as a net “importer” of 105 billionUS$ of capital fromprevious years, equivalent to 27% of
the 1995 GDP. The red box of Figure 4.5 highlights the associated imports of 895 Mt CO2eq
from previous years. It represents 56% of the traditional CB footprint. The CB footprint with
capital endogenized yields a result 32% above the traditional CB footprint.

On the other hand, China’s consumption of fixed capital in 1995was only of 83 billionUS$
while its creation of fixed capital was of 238 billion US$. Net capital formation was thus of 155
billion US$ which corresponded to 21% of its GDP. The box of Figure 4.6 shows that 1565
tons of GHG have been emitted in 1995 for the capital that will be deprecated in the future.
It represents 39% of the traditional CB footprint. The CB footprint with capital endogenized
yields a result 40% lower than the traditional CB footprint.

Whenneither in crisis nor in important growthphase, economies have a constant share ofnet
capital formation in their gross fixed capital formation and a constant share of gross fixed capital
formation in their GDP. In 2019, the consumption of fixed capital represented respectively
77% and 82% of the United-States and France’s gross fixed capital formation. As a share of
gross fixed capital formation in GDP, it respectively represented 21% and 23%. The emissions
associated with the net capital formation (positive capital formation, minus negative capital
formation) represent respectively 6 and 10%of the traditionalCB footprint in theUnited States
and France. In a steady state economy, there would be a balance between capital deprecation
and construction, and GHG emissions associated net capital formation would be at zero.
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Figure 4.5: Sankey diagram of Russian greenhouse gases emissions in 1995
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Figure 4.6: Sankey diagram of Chinese greenhouse gases emissions in 1995



4.1. MAPPINGGLOBAL GREENHOUSEGASES EMISSIONS 161

4.1.5. Conclusion

To easily understand the implications of choosing a production-based, consumption-based
or consumption-based with endogenized capital approach when calculating carbon footprints,
we built a web application containing 1225 sankey diagrams of regional carbon footprints us-
ing EXIOBASE v3.8.2. The diagrams provide first order explanations of regional variations in
carbon footprints. They will be useful to policymakers and to scholars interested in learning
input-output analysis.

4.1.6. Methods

4.1.6.1. Input output

Weuse the product by product version of EXIOBASEv3.8.2 to calculate emission accounts.
The production-based account is obtained by adding the direct emissions of region i (fdirect)
to the factor of production emissions of region i.

The consumption-based account of region i for a given gas andfinal demandcategory (fd,cat)
is obtained by multiplying the factor of production coefficients (sgas) by the Leontief inverse
(L) itself multiplied by a vector of final demand (yi

fd,cat):

di,gas
cba,fd,cat = sgasLyi

fd,cat (4.1)

With L = (I − A)−1, I being the identity and A the direct requirement matrix. The total
consumption-based account footprint is thus obtained by summing over the gases and final
demand categories, and adding the direct emissions by households:

di,ghg
cba =

∑
gas

 ∑
fd,cat

sgas Lyi
fd,cat + f gas

direct

 (4.2)

We adopt C.-J. H. Södersten et al., 2018a methodology for capital endogenization. The
capital endogenization process consists inmodifying the direct requirementsmatrix to consider
theCFC as intermediate production and not as a final demand category. MatrixK is the capital
transaction matrix, such that the sum of its lines (i) equals cfc:

∑
i

ki,j = cfc (4.3)

One line of K provides the information of what the CFC of a given sector in a given region
is used for. A column of K corresponds to the CFC needed from all sectors and all regions
to produce a given product in a given region. We use the K matrices built by C.-J. Södersten,
2020 for years 1995-2015. These matrices have been updated by Wood et al., 2021 for years
2016-2019 but they appear to use a different methodology, as the totals seem not to have been
rescaled to WorldBank data as done in the original study by C.-J. Södersten, 2020. We thus
choose to now-cast the matrix of year 2015, using WorldBank and EXIOBASE data for years
2016-2019, as done by Andrieu et al., 2022 for year 2017.
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The direct requirement matrix with capital endogenized writes:

AK = (Z + K)x̂−1 (4.4)

with Z the transaction matrix and x̂−1 the diagonalized and inverted total industry output
x.

The associated Leontief inverse is thus:

LK = (I − AK)−1 (4.5)

The consumption-based account footprint with capital endogenized is calculated by sum-
ming over the gases and final demand categories apart from GCF (fd, k, cat):

di,ghg
cba,K =

∑
gas

 ∑
fd,k,cat

sgasLKyi
fd,k,cat + f gas

hh,i

 (4.6)

4.1.6.2. Flows per diagram

The strategy for constructing the Sankey diagram consists of (i) calculating the footprints
with all possible methods (ii) selecting only the relevant flows for the region under consider-
ation, without duplicates (iii) assigning to each flow a node of passage to the different stages
(iv) color coding the flows and aggregating them so that the diagram is readable (v) plotting the
diagram. The different steps are developed below and are available in the source code provided
with the paper.

To select the relevant flows for a region (France for example), we start by taking the CB foot-
print of France (partly from France, partly from other regions), we add the emissions in France
which are allocated to the CB footprint of other regions (allowing to build the export nodes
and to complete the part of the CB footprint of France). We then add the imports and exports
related to the endogenization of capital. In particular, some of the flows imported to create
GFCF in France are re-exported during capital endogenization, which includes the additional
node ”re-exported imports”.

Once all theflowshavebeen selected, they are grouped in a tablewhere eachflowcorresponds
to a rowand each column to thedifferent steps. The information contained indi,gas

cba, fd_cat is used
to complete levels 1 to 5 (Fig. 4.1). The main difficulty appears at the junction between levels
6 and 7 (Fig. 4.1) because input-output formalism allows to go from PB to CB or from PB to
CBk but not from CB to CBk. In particular, net fixed capital formation can be negative. We
therefore start by adding these negative emissions - considering them as imports from previous
years - in order to ensure the continuity of the flows throughout the diagram (there cannot
be any negative flows). The transition between levels 6 and 7 is then made by an algorithm that
ensures the continuity of flows and colors despite a lack of information to trace exactly the flows
fromCB to CBk. From level 8 to level 10, the definition of the different crossing points simply
depends on that of sgasLKyi

fd_k_cat.
EXIOBASEdoes not provide enduses of direct household emissions. To split thembetween
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housing and mobility, we use the IPCC data available for 36 regions (UNFCCC, 2022). For
the remaining regions, housing and mobility are each assumed to represent 50% of the total, in
line with what is observed for countries with data. 14 of the 900 values obtained in the IPCC
database are incompatible with EXIOBASE (residential emissions represent more than 90% of
total direct household emissions). We therefore saturate these values at 90%.

The column corresponding to level 4 of the created table allows to define a color code so
that the color of each flow corresponds to its emission sector in the PB approach. The flows are
then aggregated by color to avoid duplicating flows of the same color between the same nodes.
The diagram is then built with the python plotly library. The code to build and put online the
application to visualize the results is available with this article.

4.1.6.3. Limitations

The sankeydiagramsbuilt here allow tovisually represent theproduction-based, consumption-
based and consumption-based with endogenized capital accounts but several other responsibil-
ity allocation schemes exist. Examples include the downstream responsibility (in which the
responsibility of emissions is enabled by purchases and not sales) (Lenzen et al., 2020), income-
based responsibility (thedownstreamemissions enabledbyprimary inputs of individual nations
or sectors) (Liang et al., 2017), the labor and capital based footprint (the emissions that indi-
viduals enable by providing labor and capital to companies) (Pottier et al., 2023), the emission
responsibility allotment (a regional metric which credits actions contributing to reduce global
emissions and penalizes actions increasing them) (Dietzenbacher et al., 2020), the value-added
based responsibility (which allocates emissions responsibility according to the share of value-
added they generate) (Piñero et al., 2019), or mixes of the above (Tukker et al., 2020; Steininger
et al., 2016).

Input-output calculations can allocate emissions based on either the place of consumption
(territory principle) or the place of residence of consumers (residential principle) (Heinonen,
Ottelin,Guddisardottir, et al., 2022). EXIOBASE3 is built using the residence principle (Owen
et al., 2016;Heinonen,Ottelin, Ala-Mantila, et al., 2020). Another limitation of these diagrams
is that they do nor represent the differences between the residential or territory principle.

As for the method used to endogenize capital, its main limit is that it is not dynamic. It con-
siders that the capital depreciated a given year was built using the technologies of this same year
whereas it actually stems from different age cohorts. Södersten and colleagues carried out sen-
sitivity analysis about this steady state assumption and showed that the results for some regions
could change substantially if environmental extensions from previous years were used rather
than that of the current year (C.-J. H. Södersten et al., 2018a).

4.1.6.4. Data availability

All the sankeydiagrams are available on anopen-accesswebapplication: sankey.theshiftproject.org.
EXIOBASE3 is available at EXIOBASE 3 - Zenodo. The capital use matrices are available at
Capital use matrices - Zenodo. Population data is available at Population, total - Data (world-

https://sankey.theshiftproject.org
https://zenodo.org/record/5589597#.Y6Qg-FGZM2w
https://zenodo.org/record/3874309#.Y6QhbFGZM2w
https://data.worldbank.org/indicator/SP.POP.TOTL
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bank.org). WorldBank CFC and GFCF data are available at Gross fixed capital formation (cur-
rent US$) - Data (worldbank.org)..

4.1.6.5. Code availability

Thecodeused to calculate the footprints is available ongithub: https://github.com/baptiste-
an/Mapping-global-ghg-emissions. The code to build the application is available on github:
https://github.com/baptiste-an/Application-mapping-GHG.

https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/NE.GDI.FTOT.CD
https://data.worldbank.org/indicator/NE.GDI.FTOT.CD
https://github.com/baptiste-an/Mapping-global-ghg-emissions
https://github.com/baptiste-an/Mapping-global-ghg-emissions
https://github.com/baptiste-an/Application-mapping-GHG
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4.2. Regionalizing impacts inMATER

In the first version of MATER, we considered that there were no exchanges in between re-
gions (ie. that metals were extracted, transformed into a final product and consumed in a given
region). This is obviously a limitation. Away to improve this is to use input-output data to add
flows in between regions.

4.2.1. MRIO and IAMcouplings

Researchers from both the IAM and the MRIO fields have leveraged findings from each
other (Budzinski et al., 2023).

First, IAM assumptions and results have been used to supportMRIO analyses, as shown by
studies fromWiebe et al., 2018 andDeKoning et al., 2016. These studies incorporated external
scenarios into the MRIOs to adjust final demand structures and use coefficients. The findings
indicate that substantial changes in consumptionpatterns andpotential environmental impacts
from new low carbon technologies are to be expected.

Secondly, MRIO results have been used to enhance IAM assessments. For example, Daly
et al., 2015 investigated indirect emissions of a national energy system by coupling IAMs with
MRIOmodels. Other studies have determined environmental stressors using LCA-IOmodels
to include additional impact categories in integrated assessment modelling.

Budzinski and colleagues tried to go beyond this by building a method to merge an IAM
with an MRIO based on the Make and Use framework. This approach aims to enhance both
MRIO and IAMmodels simultaneously. It also aspires to include changing consumption pat-
terns (degrowth scenarios) in future climate change mitigation scenario studies. Their method
utilizes the energy system model of MESSAGEix-GLOBIOM and EXIOBASE (Budzinski et
al., 2023). Such a strong coupling presents many advantages but is not possible inMATER for
two reasons.

The first reason is that to use the Make and Use framework, both systems need to be repre-
sented inmonetary units but there are no prices inMATER.The second reason is thatMATER
is a stock-driven model and not a flow-driven model. This means that we need an iterative pro-
cess to calculate stocks (for example the number of cars, then the number of wind turbines to
produce the energy to produce the cars, etc.), which cannot be done in an input-output frame-
work which is only based on flows.

We therefore choose to useMRIO results to improveMATER rather than carrying a strong
coupling between the two.

4.2.2. EXIOBASEdata inMATER

The accounting part (construction phase) ofMATER starts with a reference stock of goods,
which canbeused todimension aflowof goods tobeproduced (’goods in-flow (gd/yr)’) (Fig 4.7
to control sequence). This makes it possible to dimension a manufacturing industry. Material
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intensity data are then used to dimension a flowof rawmaterials entering themanufacturing in-
dustry (’Materials demand (ton/yr)’). These rawmaterials come from amarket (’Rawmaterials
aggregatedmarket (ton)’), itself fed by a flowof recycled rawmaterials and a flowof primary raw
materials from the ’Primary RM industry’. This ’Primary RM industry’ extracts the ’Primary
minerals supply (ton/yr)’ flow from the environment (the cloud in figure 4.7).

A simplification of figure 4.7 is shown in figure 4.8, which depicts the chain used to produce
the cars needed to build and maintain the fleet in France. In the non-regionalized version of
MATER, the chain leading to the constructionof these cars is linear and assumed tobe inFrance
all along: iron ore extraction, steel industry, steel market, manufacturing industry and in-use
cars (figure 4.8).

The blue arrows in Figure 4.8 represent flows, and therefore run from left to right. However,
the logical link between variables runs from right to left: it is the flow of cars that determines
the flow of steel, which in turn determines the flow of iron ore. To regionalize the model, we
need to go from right to left.

The first step is thus to regionalize the manufacturing industry. To do this, we use EX-
IOBASE’s inverse Leontief matrix. A concordance table is constructed between MATER’s
’goods’ and EXIOBASE’s 200 products. For example, cars inMATER correspond to the ’Mo-
tor vehicles, trailers and semi-trailers (34)’ sector in EXIOBASE. EXIOBASEmakes it possible
to trace what had to be produced along the entire value chain (i.e. in each of the 200 sectors
of each of the 49 regions) to in the end produce the cars bought in France. But it’s not this
total we’re interested in, as it would imply double counting (for example, steel shouldn’t be
counted at this stage, as it will be counted via material intensity in the next step). We therefore
select only the footprint associated with the manufacturing industry (here we also use ’Motor
vehicles, trailers and semi-trailers (34)’, but for other goods it may be a combination of sectors).

We use the energy footprint rather than the euro footprint, as this is more easily comparable
between countries (euros are not at purchasing power parity in EXIOBASE). This footprint is
then transformed into percentages to retain only the relative values, since the absolute values of
energy consumptionbymanufacturing industry are calculateddirectly inMATER.Anexample
with three regions (France, China, and Rest of theWorld (RoW)) is shown in figure 4.9 for car
demand in France. Using EXIOBASE’s Leontiefmatrix (onlymock data on the figure), 20% of
the energy used to manufacture cars purchased in France is used in China, 50% in France and
30% in the rest of the world.

The second regionalization step is the regionalization of the rawmaterials industry. To do so
we use the transactionmatrix Z of EXIOBASE, which represents the direct exchanges between
sectors and regions. Here we do not use the Leontief inverse because we want to know where
the rawmaterials used by amanufacturing industry in a given region come from, nomatterwho
buys the goods in the end. This is represented in figure 4.10 (with mock data). The steel used
inChina comes at 80% fromChina, 1% from France and 19% from the rest of the world. Other
rates are obtained for the steel used in France (blue lines) and in the rest of the world (green
lines).

The third step consists in doing the same calculations as for the second step, but this time
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at the mine level rather than at the raw materials industry level. We use the transaction matrix
Z to find out where the iron ore used by the steel industry in a given region comes from. This
is illustrated in Figure 4.11 by the red, blue and green lines between the iron ore mines and the
steel industries (using mock data again).

4.2.3. Scenarios for the future

MATERunderwent a calibrationprocess utilizingdata fromEXIOBASE spanning the years
1995 to 2015. This enabled us to align the model with historical trade dynamics and economic
activities. Looking towards long-term scenario analysis, we can adjust theproportions of import
and export components at every stage to suit the conditions under investigation.

This opens the possibility to construct a variety of scenarios such as ’Business as Usual,’
where current trends continue unabated, ’Delocalization,’ which explores the effects of in-
creased offshoring and outsourcing, and ’Relocalization,’ that considers the impacts of bringing
production processes closer to the point of consumption.

The adaptability of MATER in accommodating these various scenario constructions pro-
vides an exciting avenue for future research, whichwill enhance our understanding of how these
different future trajectories could influence sustainability.
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chapter 5 | Health-environementnexus

This chapter presents two studies that advance the understanding of the health-
environment nexus:

• The first article advances existing research by assessing over 1000 environmental
and social impacts of healthcare systems, across the whole value chain, including
infrastructures.

• The second article explores the relationship between energy footprint per capita
(a variable considered to be representative of an individual’s lifestyle) and the in-
cidence, Years Lived with Disability (YLDs) and Years of Life Lost (YLLs) of 293
diseases in 176 countries over the period 1990-2019.

These studies pave the way for future integration of the healthcare sector in MATER.

The MATER model, presented in chapter 2, allows to map the dynamics of resource use
across different sectors of the economy. It is, however, important to note that the modeling
process can vary significantly in its complexity, depending on the sector under scrutiny.

Sectors such as transport and building are easier to model due to the relatively straightfor-
ward nature of their supply and demand dynamics. For instance, in the transportation sector,
the demand for cars can be associated directly with factors like population growth, urbaniza-
tion, and income levels. Likewise, the infrastructure stock (e.g., cars, roads) and the associ-
ated flows (e.g., fuel consumption, emissions) can be quantified relatively easily. Similarly, in
the building sector, the demand for housing and associated infrastructure stocks (e.g., build-
ings) and flows (e.g., energy use, waste generation) can be directly linked to socio-economic
indicators such as population, income, and urbanization rate. However, the healthcare sector
presents a considerably more complex modelling challenge due to the inherent complexities
of the health systems and their multitude of feedback loops and indirect effects. Healthcare
systems are multi-faceted, integrating a vast array of services, technologies, and human inter-
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actions. These can range from primary care consultations to complex surgical interventions,
all of which require diverse inputs and generate different types of outputs. Moreover, the de-
mand for healthcare is influenced not only by demographic and economic factors but also by
health status, health behaviours, and policies, among other things. This makes the prediction
of demand and the associated resource flows considerably more challenging.

The objective of this chapter is therefore to explore the nexus between health and the envi-
ronment, through two studies, to pave the way for future integration of the healthcare sector
in MATER.

Only two studies assessed the rawmaterials footprints of healthcare sectors. The healthcare
sector was found to be responsible for 13% and 5% of the national material extraction footprint
for the Netherlands and Germany, respectively(Steenmeijer et al., 2022; Ostertag et al., 2021).
No study has thus far estimated the resource footprint of healthcare systems at a multi-regional
level, apart from scarce water use. To fill this gap, the first study of this chapter advances ex-
isting research by assessing over 1000 environmental and social impacts of healthcare systems,
across the whole value chain, including infrastructures. We find that an exponential link exists
between healthcare systems’ resources footprint and their healthcare access and quality (HAQ)
index. Both prevention and efficiency measures will be needed to change this relationship. If
it is not enough, high-income countries will have to choose between further reducing the re-
source consumption of their healthcare systems or shifting the efforts to other sectors, health
being considered an incompressible need. We call for the creation of a “HAQE” (healthcare
access, quality, and efficiency) index that would add resource efficiency to access and quality
when ranking healthcare systems.

This first study shows the impacts of healthcare sectors on the environment. The second
study takes a completely different point of view to examine the relationship between the en-
ergy footprint per capita (EFC) (which measures the amount of energy required to sustain an
individual’s lifestyle) and diseases. We find that high EFC is correlated to low rates of enteric
infections, maternal and neonatal disorders, nutritional deficiencies and sexually transmissible
infections. However, high EFC is also correlated to high rates of substance use disorders, neo-
plasms, neurological, mental and musculoskeletal disorders, and diabetes and kidney diseases.
These are only correlations and causality is of course not implied. Nevertheless, the fact that
high EFC is not correlated to low rates of non-communicable diseases shows that there is no
causality between high EFC and low rates of non-communicable diseases. This questions the
mainstreamnarrative that economic growth and technological innovation (which are the source
of increased energy use) inherently contribute positively to health. It suggests that while they
may provide solutions to certain health problems, they might simultaneously introduce new
health challenges, directly or indirectly, through changes in lifestyle and environmental degra-
dation.

Though these two articles provide useful insights to understand the health-environment
nexus, they are not yet sufficient to model properly the healthcare sector using the stock-flow
approach of MATER. More research is needed using systems thinking to model the dynamics
of healthcare.
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5.1. Theexponentialrelationshipbetweenhealthcaresys-
tems’ resource footprints and their access and qual-
ity: a studyof 49 regions between 1995 and 2015

Authors Baptiste Andrieu, LaurieMarrauld, Olivier Vidal, Mathis Egnell, Laurent Boyer, and
Guillaume Fond

Abstract

Background Strategies to reduce the environmental impact of healthcare are often limited to
greenhouse gases emissions. To broaden their scope, our aimwas to determine the evolution of
the resource footprints, dependency and efficiency of healthcare systems and to determine the
relationship between this evolution and their Healthcare Access and Quality (HAQ) index.

Methods We carried out an input-output analysis of 49 healthcare systems from 1995 to 2015.

Findings Healthcare systems’ footprint increased over the last two decades, reaching 7% of
global non-metallic minerals footprint, 4% of global metal ores footprint and 5% of global fossil
fuels footprint in 2013. This increase was mostly due to China, rising from 7% of the non-
metallic minerals footprint in 1995 to 45% in 2013. 80% of the healthcare systems studied were
dependent at more than 50% on fossil fuel imports. The energy footprint per capita was cor-
related exponentially with the HAQ index but some countries performed much better than
others at a given energy footprint. Healthcare systems have not becomemore efficient between
2002 and 2015. We measured over 1000 other impacts, available with this paper.

Interpretation Healthcare systems’ resources footprint are exponentially linked to their HAQ.
Both prevention and efficiency measures will be needed to change this relationship. If it is not
enough, high-income countries will have to choose between further reducing the resource con-
sumption of their healthcare systems or shifting the efforts to other sectors, health being consid-
ered an incompressible need. We call for the creation of a “HAQE” (healthcare access, quality,
and efficiency) index that would add resource efficiency to access and quality when ranking
healthcare systems.

Funding The Shift Project.

Research in context

Evidence before this study Healthcare, as any economic sector, relies on physical stocks and
flows. The carbon emissions associated with healthcare have been assessed both at the regional
and the global scale. The PubMed database was explored from inception to June 1st 2022, for
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studies in English, using the keywords “healthcare” or “health care” with either “energy foot-
print”, “raw materials”, “environmental footprint” or “resource footprint”. After reviewing
the titles, a single study assessed the scarce water use associated with healthcare globally, to-
gether with other environmental impacts. Two studies have assessed the resource footprint of
the healthcare sector in the Netherlands and Germany, respectively. To the best of our knowl-
edge, no study has thus far estimated the resource footprint of healthcare systems at a multi-
regional level, apart from scarce water use.

Added value of this study This study advances existing research by assessing over 1000 environ-
mental and social impacts of healthcare systems, across the whole value chain, including infras-
tructures. The added value of ourmethods compared to previouswork is (1) the harmonisation
of the expenditure data with World Health Organization reference data, (2) the endogeniza-
tion of capital in input-output calculations (3) the correction of purchasing power parity for
the analysis of intensities and (4) the comparison of the results with healthcare access and qual-
ity indexes. Among the impacts studied, resource footprints (divided in non-metallic minerals,
metal ores, and fossil fuels) and dependencies were assessed for the first time. Energy footprint
was used as an indicator representative of all resource footprints. Global North countries and
China were responsible for the majority of global healthcare resource footprint. We found an
exponential relationship between resource footprint and healthcare access and quality.

Implications of all the available evidence Countries of theGlobal Southnot only have lowerHAQ
indexes compared to theGlobalNorth, but also suffer from some of the impacts associatedwith
the high HAQ indexes of rich countries. In a world with limited access to low-carbon energy
sources, it is crucial to limit the growth of the global healthcare energy demand. The most
effective compromise would be to target the reduction of healthcare footprint in high-income
countries to insure a fair access to high-quality healthcare systems in the Global South. This
objective could be reached by a combination of sociotechnical interventions and prevention.

5.1.1. Introduction

Healthcare systems currently represent one to five percent of the global emissions of green-
house gas, particulate matter, air pollutants, reactive nitrogen in water and scarce water use
(Lenzen, Malik, et al., 2020). These environmental impacts induce negative health effects that
further increase the need for healthcare. Individuals shouldnot have to take such considerations
into account, which must be addressed by public health policies. However, for policy makers
to implement the right strategy, a thorough understanding of the interactions between health-
care and the environment is needed. Healthcare systems’ impacts on climate change have been
studied both at the country (Weisz et al., 2020; Nansai et al., 2020; Eckelman and J. Sherman,
2016; Tennison et al., 2021; Eckelman, J. D. Sherman, et al., 2018; Malik et al., 2018; R. Wu,
2019) and multi-regional level (Lenzen, Malik, et al., 2020; Pichler et al., 2019; Harm, 2019),
leading over 50 countries to sign the UN commitment to a resilient, low-carbon health sys-
tem at theGlasgowCOP26 (Organisation, 2022). Resource footprints–defined as all resources
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used directly and indirectly by an economic sector–are responsible for over 90% of global bio-
diversity loss and water stress impacts, as well as half of global greenhouse gas emissions (Panel,
2018). Healthcare’s resource footprints include non-metallic minerals (use for the construc-
tion of buildings, such as hospitals), metal ores (used for the production of buildings and ma-
chines) or fossil fuels (used for example to produce drugs, build hospitals or power ambulances).
Though they are good proxies of environmental damage (Steinmann et al., 2017), we lack data
on these footprints which were therefore missing from the Glasgow agreements. So far, only
two studies assessed the raw materials footprints of healthcare sectors. The healthcare sector
was found to be responsible for 13% and 5% of the national material extraction footprint for
the Netherlands and Germany, respectively (Steenmeijer et al., 2022; Ostertag et al., 2021).

A further concern relates to the inherent reliance of healthcare systems on imported re-
sources, a factor which endows the healthcare sector with a high degree of vulnerability to crises
(Hess et al., 2011). For example, if the energy transition is not fast enough, the risks of energy
crisis due to decreasing fossil fuels quality –and thus available quantity– may threaten health-
care with shortages (Delannoy et al., 2021; Hess et al., 2011). Furthermore, the Global North
countries andChina are together responsible for 92%of the global resource use in excess of equi-
table and sustainable boundaries (Hickel, O’Neill, et al., 2022). Such levels of consumption in
high-income countries have been allowed by resource imports from the Global South (Hickel,
Dorninger, et al., 2022). To stay within safe and just earth system boundaries (Rockström et
al., 2023), it is urgent to examine and repair the structural discriminations that drive resource
footprints (Deivanayagam et al., 2023).

Strategies differ on how to address the problem, ranging from green growth to degrowth
or post-growth approaches (Wiedenhofer et al., 2020). For green growth to work, decoupling
would need to be absolute (ie. growth in GDP and degrowth in impacts) and of adequate mag-
nitude. A recent systematic review showed that a rapid reduction in resource use could not
be achieved with the existing decoupling rate (Haberl et al., 2020). Data on the quantity of re-
sources used per unit of health expenditures would help understandwhether past technological
progress has contributed to a reduction in the footprint of healthcare. Since health expenditures
is not an end in itself but a means for citizens to access good quality healthcare, comparing the
multi-regional resource footprints of healthcare systems as a function of time and healthcare
quality would also help understand possible pathways to achieve both Sustainable Develop-
ment Goals 3 (good health and well-being) and 13-15 (environmental targets).

Our aim was first to determine the evolution of healthcare systems’ resource footprints (in
tons) at a multi-regional level –divided between non-metallic minerals, metal ores and fossil
fuels– between 1995 and 2013 as well as their resource dependency. Our secondary objectives
were (i) to calculate an aggregated energy footprint indicator (in joules of final energy) between
1995 and 2015, representative of all the resources used, (ii) to determine the relationship be-
tween this indicator and the evolution of healthcare access and quality, and (iii) to disaggregate
the energy footprint along the value chain to better understand variations across countries.
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5.1.2. Method

5.1.2.1. Studydesign

We carried out an input-output analysis of regional healthcare systems using EXIOBASE3
for 44 countries and 5 “rest of the world” regions from 1995 to 2015. EXIOBASE3 is an
open-access multi-regional input-output database (Stadler, Wood, Bulavskaya, C.-J. Södersten,
Simas, S. Schmidt, Usubiaga, Acosta-Fernández, Kuenen, Bruckner, Giljum, Lutter, Merciai,
Jannick H. Schmidt, et al., 2018). Input-output analysis is a top-down approach to trace the
worldwide industrial output necessary to produce the final consumption of a given product
in a given region (Ronald E Miller et al., 2009a). Environmental extensions link the factors of
production, such as resource footprint or environmental impacts, to the industrial output. It
is thereby possible to trace the resource footprint of a specific sector of final consumption, such
as health. Resource footprints in a given region can be disaggregated by region of production
to calculate a share of resource imports.

To have a common and trustworthy source for health expenditure data, we used the World
HealthOrganisation’s (WHO)GlobalHealthExpenditure (GHE)database (Organization, 2022)
and completed it with OECD’s health expenditure database (OECD, 2022). Health expendi-
tures were mapped to 6 Exiobase sectors (Supplementary Table 5.2): ‘Health and social work
services (85)’, ‘Chemicals nec’, ‘Retail trade services, except of motor vehicles and motorcycles;
repair services of personal and household goods (52)’, ‘Insurance and pension funding services,
except compulsory social security services (66)’, ‘Public administration and defence services;
compulsory social security services (75)’ and ‘Private households with employed persons (95)’
(see Appendix for supplementary method).

A limit of classic input-output databases is that capital formation (investments) is reported
as final consumption and not as intermediate consumption. For example, the cement and steel
required to build a hospital is not accounted for in “Health and social work services” but in
“Construction work”. The GHE database provides capital health expenditure for some years
and some regions but data are neither complete nor disaggregated in capital sub-sectors (Orga-
nization, 2022). To overcome this limit, we have endogenized capital use in EXIOBASE3 using
capital use matrixes (C.-J. H. Södersten et al., 2018a; C.-J. Södersten et al., 2018). Part of the
investments was thereby considered as intermediate consumption.

5.1.2.2. Resource footprints anddependency

Once EXIOBASE3 was modified to account for capital use, we calculated resource foot-
prints, measured in tons and tons per capita. Non-metallic minerals, metal ores and fossil fuels
were distinguished because they are associated with different environmental impacts and sup-
ply risks. Tracing footprints also allowed us to assess resources dependencies, defined as the
percentage of imported resources. Resources data ended in 2013 (Stadler, Wood, Bulavskaya,
C.-J. Södersten, Simas, S. Schmidt, Usubiaga, Acosta-Fernández, Kuenen, Bruckner, Giljum,
Lutter, Merciai, Jannick H Schmidt, et al., 2021). Within the three resource categories, only
fossil fuel (Delannoy et al., 2021) and somemetallic ores (Graedel et al., 2015) are critical, while
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other metallic ores and non-metallic minerals are not. The dependencies are still calculated for
each category, as it also gives insights towhere resources are produced and thus to the offshoring
of the associated impacts.

5.1.2.3. Relationship between total energy footprint andhealthcare access andquality

The materiality of healthcare can be expressed by its total energy footprint, in joules. Re-
sources need energy to be produced. For example, metals require energy to extract and crush
the rocks, then to separate the ore from the rock, and separate the metal from the ore (Vidal
et al., 2022). Resources can also be energy sources themselves, such as fossil fuels, but energy
is also required to extract them (Delannoy et al., 2021). A total energy footprint across all the
value chain includes all of the energy needed to produce the resources, but also the energy to
transform these resources into machines or infrastructures and then to make these machines
work. For example, energy is required to extract iron ore (the resource), to transform this iron
into steel, to transform the steel into a medical equipment and to power the medical equip-
ment. All of these steps are accounted for in the total energy footprint. Energy footprints in
EXIOBASE3 cover the 1995-2015 period and are expressed in joules of final energy (Stadler,
Wood, Bulavskaya, C.-J. Södersten, Simas, S. Schmidt, Usubiaga, Acosta-Fernández, Kuenen,
Bruckner, Giljum, Lutter, Merciai, Jannick H. Schmidt, et al., 2018).

Energy is not used for its own sake but to provide energy services (Fell, 2017). In the present
study, the energy service is to provide access to quality healthcare. The Healthcare Access and
Quality (HAQ) index has been developed to measure this access to quality healthcare (Barber
et al., 2017). The HAQ index is built for 195 countries for six reference years between 1990
and 2015 (Barber et al., 2017). This index takes into account 32 factors that may cause death
but would not do so if people had access to a quality health system. Each year, every country
is assigned a score per factor on a scale of 0 (1% worst performing countries) to 100 (1% best
performing) over the 1990-2015 period. The final index is a score from 0 to 100 per country
per year, constructed from the 32 causes studied (Barber et al., 2017). For the four rest of the
world EXIOBASE3 regions, we have aggregated this index using population-weighted means.

We performed a panel data analysis to understand the relationship between HAQ and en-
ergy footprint per capita of healthcare systems. Panel data analysis allows to study data that is
measured for the same objects (here regions) at different points in time. We chose the natural
logarithm of the energy footprint per capita as the dependent variable and the HAQ index as
the independent variable. We carried out a preliminary Hausmann test to choose the regres-
sion model. The result, giving a p-value of 0.0004 proved that the individual characteristics
were correlated with the regressor and that the fixed-effect model was more appropriate than
the random-effect. It makes sense as there are reasons to think that cultural or political charac-
teristics of the various regions affect the HAQ index. We used the python statsmodel module
to carry out the analysis.

As we found significant differences in energy footprints for countries with a similar HAQ
index, we disaggregated the energy footprint of the ten countries with the highest HAQ in-
dex. We compared the energy used directly by healthcare sectors with that used for chemicals
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production, other rawmaterials production, transport, equipment, construction, food, energy
production and “other” for all other EXIOBASE sectors.

5.1.2.4. Healthcare systems efficiency

Energy efficiency is defined as the inverse of energy intensity (energy use per unit of expendi-
ture). To compare intensities between regions and across time, expenditures must be corrected
to account for purchasing power parity (PPP) and inflation. OneUS$PPPbuys the same basket
of goods in any region, whereas oneUS$ buys goods according tomarket exchange rates. How-
ever, $PPP data do not account for inflation. Consumer Price Indexes (CPI) account for infla-
tion across time in a given country. We used expenditure data in $PPP from the GHE database
and corrected them using United-States healthcare CPI for the years 2002-2015, previous years
not being available (Eurostat - Data Explorer 2022).

Changes in the obtained energy intensity can be explained by actual efficiency gains (using
less energy to perform the same task) but also by changes in the input structure of the sector, for
example of the cost of employment, which corresponds to zero energy input. To analyse this,
we calculated the share of the cost of employment in the total inputs of the sector (the sum of
intermediate consumption and value added).

5.1.2.5. Role of the funding source

The funder of this study had no role in study design; in the collection, analysis, and inter-
pretation of data; in the writing of the report; and in the decision to submit the paper for pub-
lication. All authors had full access to all the data in the study and had the final responsibility
for the decision to submit for publication.

5.1.3. Results

5.1.3.1. Evolutionofhealthcare systems’ resources footprints between 1995 and 2013

The non-metallic minerals footprint of the world healthcare system has been multiplied by
3 over the 1995-2013 period to reach 2·8 Gt for 2013. This increase was mostly due to China,
which represents 7% of the footprint in 1995 but 45% in 2013. An increase of healthcare sys-
tems’ share in theworld non-metallicminerals footprint is observed over the period, rising from
5% in 1995 to 7% in 2013 (figure 5.1a). In 2013, a North American individual had a non-
metallic minerals footprint 96 times higher than an Indian one (1·7 t/capita vs. 0·018 t/capita).

The metal ores footprint (figure 5.1c) increased from 198 Mt in 1995 to 328 Mt in 2013.
However, healthcare systems’ share in the global footprint decreased from 5 to 4% over the pe-
riod. In 2013, an Australian individual had a metal ores footprint 131 times higher than an
Indian one (0·35 t/capita vs. 0·0027 t/capita).

Fossil fuels footprint (figure 5.1e) reached 662 Mt in 2013. Healthcare represents 4% of
global fossil fuel use in 1995 but 5% in 2013. In 2013, a North American individual had a fossil
fuels footprint 72 times higher than an Indian one (0·59 t/capita vs. 0·0081 t/capita).
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Figure 5.1: Evolution of resource footprints of healthcare systems between 1995 and 2013. (a) Non-metallic min-
erals footprint. (b) Non-metallic minerals footprint per capita. (c) Metal ores footprint. (d) Metal ores footprint
per capita. (e) Fossil fuels footprint. (f) Fossil fuels footprint per capita. Data for ”USA and Canada” have been
smoothed over 3 years to avoid sawtooths. See SupplementaryTable 5.3 for the per capita data used in figures b-d-f.
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In 2013, the footprint associated with capital goods and services (obtained via capital en-
dogenization) represented respectively 35, 44 and 21% of the global footprint of non-metallic
minerals, metal ores and final energy. Important variations exist in between countries on the
share of the footprint due to capital expenditures. These differences could partly explain the
differences in country rankings in Fig 5.1-b-d-f (supplementary table 5.3).

5.1.3.2. Healthcare systems’ dependency to resources in 2013

In2013, 26 (53%)healthcare systemsdepended atmore than50%on imports ofnon-metallic
minerals and 6 (12%) at more than 80% (figure 5.2a). This dependence was greater for metal
ores, for which 43 (88%) systems relied at more than 50% on imports and 35 (71%) at more
than 80% on imports (figure 5.2b). Finally, 39 (80%) relied at more than 50% on fossil fuels im-
ports and 28 (57%) atmore than 80% (figure 5.2c). This dependency takes into account exports
re-imported. For example, the Middle East relies at 67% on fossil fuel imports (supplementary
table 5.8) even though it produces an important share of the fossil fuel usedbyhealthcare sectors
globally (supplementary figure 5.12).

Table 5.1: Regression results between the HAQ index (independent variable) and the natural logarithm of the
energy footprint (dependent variable) with region-fixed effects (FE). Data in parenthesis represent 95% CI.

R-squared (Between) R-squared (Within) R-squared (Overall) Log-likelihood P-value slope origin
FE regression results 0.726 0.360 0.692 -36.8 0.0000 0.0513 (0.0416 0.0610) -2.73 (-4.45 -2.02)

5.1.3.3. Relationship between the energy footprint andaccess andquality (HAQ index)

Healthcare systems’ energy footprint per capita follows a power law of healthcare access and
quality between regions (but not within regions) (Figure 5.3). Though the power law is visually
clear for the cross-sectional data, the time-series data of some countries do not follow a power
law. This is confirmed by the panel data analysis, for which the R2-between regions (0.73) is
twice higher than theR2-within regions (0.36) (Table 5.1). Some countries, such as theUnited-
States or Switzerland, under-performed while others, such as Spain or Croatia, over-performed
(see the estimated regional fixed effects in Supplementary Table 5.10). During the 1995-2015
period, theHAQindexes increased in all 49EXIOBASE3 regions. However, five regions–India,
“Rest of the world Africa”, Indonesia, South Africa and “Rest of the world Asia and Pacific”–,
representing half of world population, still had HAQ indexes below 55 in 2015.

Countries of the Global South not only have lower HAQ indexes than countries of the
GlobalNorth but also suffer from someof the impacts associatedwith the highHAQ indexes of
rich countries. For example, 64% of the impacts associated with healthcare-related non-ferrous
metal ores extraction take place inGlobal SouthwithoutChina, though this region’s consump-
tion is responsible for only 19% of the impacts (Appendix Table 5.6).

In 2015, ten countries had anHAQ index between 88.7 and 91.8, but the per capita energy
footprint of their health sector varied by more than four times, from 3.5 GJ per capita in Spain
to 15.3 GJ per capita in Switzerland (Figure 5.4a). These differences are partly explained by the
amount of per capita spending onhealth care, which is twice higher in Switzerland than in Spain
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Figure 5.2: Healthcare systems’ resource dependency in 2013 (a) Non-metallic minerals import dependency. (b)
Metal ores import dependency. (c) Fossil fuels import dependency. See Appendix Figures 5.6-5.14 and Tables 5.5-
5.9 for details.
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(black crosses of Figure 5.4a). Important differences remain: for example, Sweden’s footprint is
55% lower than Finland’s, while its per capita health expenditure is 29% higher. Disaggregating
the footprint by sector also reveals differences. Direct energy use (blue bars in Figure 5.4a) is
almost always the largest energy use sector, ranging from 13.2% of energy use in Switzerland
to 47.5% in Japan (Figure 5.4b). The next largest energy use sectors are chemicals, other raw
materials and transport which, together with direct energy use, account for 80% of the total
footprint. The remaining 20% includes equipment, construction, food, energy production and
”other”. The low share of the energy production sector is due to the fact that final energy and
not primary energy is studied here.

5.1.3.4. Energy efficiency

Future variations in energy efficiency could also modify energy demand. When calculated
in current US$, energy intensities (the inverse of efficiency) decreased as a function of expendi-
tures (figure 5.5a) and time (figure 5.5b). When calculated in constant 2015US$ppp, no global
trend was seen as a function of expenditures (figure 5.5c) or time (figure 5.5d). China was the
only country whose energy intensity in constant 2015US$ppp clearly increased, both as a func-
tion of time and expenditures (figure 5.5 c-d). This could be partly explained by the changes
in the input structure of the sector. Over the 2002-2015 period, an increase in the cost of em-
ployment in the total inputs of the sector was correlated to a decrease of energy intensity (Sup-
plementary Figure 5.16). For China, the cost of employment in total inputs dropped by 25%
(Supplementary Table 5.13) while the energy intensity in constant 2015US$ppp increased by
49% (Supplementary Table 5.14). However, as the cost of employment is linked to inflation,
and that we corrected expenditure data for inflation, the exact role of the cost of employment
in the energy intensity remains unclear.

5.1.4. Discussion

Healthcare’s resource footprints increased over the last two decades, reaching 7% of global
non-metallic minerals, 4% of global metal ores and 5% of global fossil fuels use. In 2013, 80%
of the healthcare systems relied at more than 50% on fossil fuels imports and 88% at more than
50% on metal ores imports. We found that the per capita energy footprint of healthcare scales
exponentially with the HAQ index between regions (but not within regions). Moreover, the
reference of the HAQ index being relative to the best reference region, the energy footprint for
a given index could grow evenmore if healthcare systems keep shifting towards energy-intensive
treatments. Energy footprint should therefore be taken into account in any new treatment or
innovation in healthcare systems. Important differences exist between countries with a compa-
rable HAQ index, showing that the exponential relationship could be changed. Direct energy
use together with chemicals production represent around 50% of all the energy footprint. Fi-
nally, energy efficiency has not improved significantly between 2002 and 2015.

As no other study has assessed the global energy footprint of healthcare systems, we compare
our greenhouse gas emissions results with previous studies. Our results for CO2 emissions in
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Figure 5.4: Energy footprint disaggregation for regions with HAQ indexes ranging from 88.7 to 91.8. (a) The
stacked bars represent the energy footprint per capita of healthcare sectors, units are on the left-y-axis and colours
correspond to sectors. The black crosses represent the health expenditures per capita; units are read on the right-
y-axis. (b) Percentage disaggregation over the value chain of healthcare’s energy footprint. (a and b) ES: Spain,
IT: Italy, FI: Finland, JP: Japan, AU: Australia, NL: Netherlands, SE: Sweden, NO: Norway, CH: Switzerland.
Results for all countries are available in supplementary Tables 5.11 and 5.12.



5.1. THE EXPONENTIAL RELATIONSHIP BETWEENHEALTHCARE SYSTEMS’ RESOURCE FOOTPRINTS ANDTHEIR ACCESS ANDQUALITY: A STUDY
OF 49 REGIONS BETWEEN 1995 AND 2015 189

102 103 104

Health expenditures (US$)

2

4

6

8

10

12

14

16

E
n

er
gy

in
te

n
si

ty
(M

J/
U

S
$)

a

2002 2004 2006 2008 2010 2012 2014

Year

2

4

6

8

10

12

14

16

E
n

er
gy

in
te

n
si

ty
(M

J/
U

S
$)

b

102 103 104

Health expenditures (US$ppp2015)

2

4

6

8

10

12

14

16

E
n

er
gy

in
te

n
si

ty
(M

J/
U

S
$p

p
p

20
15

)

c

Europe

Australia

Latin America

USA and Canada

China

Rest of Asia

India

Japan and Korea

Africa

Middle East

World mean

2002 2004 2006 2008 2010 2012 2014

Year

2

4

6

8

10

12

14

16

E
n

er
gy

in
te

n
si

ty
(M

J/
U

S
$p

p
p

20
15

)

d

Europe

Australia

Latin America

USA and Canada

China

Rest of Asia

India

Japan and Korea

Africa

Middle East

World mean

Figure 5.5: Evolution of healthcare systems’ energy intensities (inverse of efficiency) between 2002 and 2015. (a)
Energy intensity in current dollars as a function of health expenditures. (b) Energy intensity in current dollars as a
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more recent the years.
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2014 were similar to the previous multi-regional estimates using the Eora EE-MRIO database
(Pichler et al., 2019) (Appendix Figure 5.17). Our results were also close to the values reported
for 2015 in the Health Care Without Harm (Harm, 2019), which used the GTAP database to
assess healthcare systems’ climate footprint in 43 countries (Appendix Figure 5.18). In con-
trast, our results for greenhouse gases in 2015 differed significantly from those of Lenzen and
colleagues (Lenzen, Malik, et al., 2020) (Appendix Figure 5.19). Unlike the other two multi-
regional studies, they used the healthcare-related sectors directly from Eora, without harmon-
ising the expenses with WHO’s NHA database. This has the advantage of providing the best
possible disaggregation of regional footprints but limits international comparisons due to dif-
ferent healthcare definitions. Furthermore, we account for the consumption of capital, which
is not the case for Lenzen and colleagues.

Only top-down data were available for the present study, contrary to national studies that
may have included bottom-up or hybrid approaches. The footprints of Austria (Weisz et al.,
2020), Netherlands (Steenmeijer et al., 2022), Canada (Eckelman, J. D. Sherman, et al., 2018),
and Australia (Malik et al., 2018) may have therefore been underestimated respectively by 27,
25, 12, and 11%while those of Japan (Nansai et al., 2020), China (X.Wu et al., 2021), England
(Tennison et al., 2021), and the United-States (Eckelman and J. Sherman, 2016), and may have
been overestimated respectively by 41, 36, 13 and 6%. Discrepancies can be explained by vari-
ous definitions of healthcare systems along with more precise data available for single-country
analysis due to the bottom-up or hybrid approaches used. For example, the top-down approach
used in the present study does not include emissions by personal vehicles of patients, staff and
visitors.

The exponential relationship between energy footprint and healthcare access and quality
(Figure 5.4) can be explained by the fact that the disease burden–measured as disability-adjusted
life years (DALYs) per 100,000 individuals–does not decrease linearly with health expendi-
tures per capita.(Sterck et al., 2018) At low levels of expenditures, DALYs per 100,000 de-
crease exponentially but this steep decrease stops at around 500US$ health expenditures per
capita.(Roser et al., 2021)DALYs decrease slightly or not at all between 500US$ and 9,500US$.
The steep decline corresponds to the drastic decrease of communicable diseases.(Roser et al.,
2021) However, once DALYs due to communicable diseases are low, avoiding DALYs due to
non-communicable diseases is much harder.

We found that energy efficiencies of healthcare systems have not changed significantly be-
tween 2002 and 2015. A previous study (Lenzen, Malik, et al., 2020) had shown that environ-
mental intensities (impact per unit of expenditures) of a number of environmental indicators
were steeply decreasing. However, these intensities were calculated using expenditures in cur-
rent US$ and not in constant US$ppp, which accounts both for inflation and for differences
in purchasing power. Energy transition scenarios rely heavily on energy intensity reduction
to reach climate targets. An inter-comparison of three models has shown that a reduction of
energy intensity from 2·4 to 6·8% per year for the next decade is necessary to reach the 2°C
goal.(Gambhir et al., 2017) Our results show that the healthcare sector is not on such trend.

Our analysis shows that the environmental impacts of healthcare are not limited to green-
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house gas emissions but rely on important resources use. The extraction and processing of these
resources in turn impact human health and the environment.(Farjana et al., 2019) The IPBES
states that “mining has had significant negative impacts on biodiversity, emissions of highly
toxic pollutants, water quality and water distribution, and human health”.(Watson et al., n.d.)
Most of the resources used by healthcare sectors in the Global North comes from the Global
South, which has a lower HAQ index. Focusing on the decarbonization of energy systems will
therefore not be enough for a transition towards just and sustainable healthcare and to navigate
back into planetary boundaries.(Steffen et al., 2015)

Reducing healthcare systems’ resource footprints is an imperative, especially in the Global
North. In an analysis ofGermany’s healthcare sector’s rawmaterials footprint combiningquan-
titative data with desk research, interviews and a written survey, four priority areas were identi-
fied for resource efficiency: pharmaceuticals, medical devices, construction and supply of food
and beverages.(Ostertag et al., 2021) Detailed strategies were elaborated for each of these areas
and will be of great help for any health organization wishing to reduce its footprint.(Ostertag
et al., 2021)

There are ethical reasons to argue that the reduction of healthcare’s environmental footprint
should not be patient-facing.(Katz, 2022)Here, we develop two parallel strategies that could be
followed to reduce healthcare systems’ footprint with neutral or positive impacts on health.
The first strategy consists in engineering and sociotechnical interventions. These interventions
could reduce byup to 40% the energy use of theEngland’sNationalHealth System (Tennison et
al., 2021). All healthcare stakeholders should carry out material flow analysis on top of carbon
footprints assessments. For example, surgical interventions are material intensive and unsus-
tainable (Thiel, Schehlein, et al., 2017) but assessments that include resource and energy foot-
prints for surgery are scarce (Drew et al., 2021). The use of appropriate auditing tools would
help identify opportunities to reduce the footprint of surgical interventions (Thiel, Cassels-
Brown, et al., 2020). Resource footprints would also be reduced by better designs of medical
products and increased recycling.(Kane et al., 2018) Healthcare is also vulnerable to oil supply
crises (Hess et al., 2011). For example, changes in energy prices affect ambulance systems’ per-
formance and safety characteristics.(Brown et al., 2013) To protect public health from future
crises, energy scarcity must be anticipated and prepared, by reducing the demand and adapting
systems (Frumkin et al., 2007). Some petroleum use consist in wasteful practices and can be
simply reduced, such as using less single use plastics. Others are lifesaving, such as ambulances.
Thermic ambulances could be replaced by electric ones as the electric mix shifts towards renew-
ables. Though they would still rely on important resource consumptions, electric ambulances
would be more resilient to oil crises and have a smaller climate impact. Other options to limit
energy and resource consumption include developing telemedicine, limiting distances travelled
for training and conferences, reducing food waste and systematically offering vegetarian meals
sourced locally and in season.

The second strategy is based on the prevention of lifestyle-related non-communicable dis-
eases. These diseases are currently responsible for the increased demand of healthcare systems.
Reducing their prevalence would therefore reduce energy demand. For example, cardiovascu-
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lar diseases, cancer and depressive disorders are three major causes of quality adjusted life years
loss in Western countries.(Vos et al., 2020) The increasing prevalence of depressive disorders
(Torre et al., 2021) has been associated with multiple environmental factors associated with
the Western lifestyle relying on environmental degradation (e.g. impaired food quality (Marx
et al., 2021), air pollution (Borroni et al., 2022), tobacco smoking (Wootton et al., 2020), a
productivity-based society inducing burnout and professional bullying at the workplace (Alli-
son et al., 2017)). Addressing these risk factors would help improve both the risk of depressive
and cardiovascular disorders and reduce their associated costs, reducing demand for healthcare
systems. Diet is a good example: Western diet includes high proportions of red meat and ultra-
processed food that have high energy costs for their production. Red meat consumption has
been associatedwith increased risk of colon cancer and the consumptionof ultra-processed food
with increased risk of obesity. Promoting the Mediterranean diet (including reduced meat and
fish consumption and increased organic legumes, fruits and vegetables) has a low environmen-
tal impact and is effective in the prevention of noncommunicable diseases (Lassale et al., 2019).
Similarly, cycling and walking may help reduce transport energy cost and at the same time pre-
ventnon-communicable diseases inducedby sedentary lifestyle (Woodcock et al., 2009). Pricing
that favours prevention and health promotion, not just fee-for-service could encourage profes-
sionals to change their model more quickly.

This should take place in the broader planetary health care framework whose principles are
(1) to reduce demand for health services, (2) to ensure appropriate care and avoid unneces-
sary investigations and treatments, and (3) to reduce impacts from the supply of health services
(MacNeill et al., 2021). If these strategies combined are not enough to reduce healthcare’s foot-
print to a sustainable level, an option would be to shift the remaining burden from healthcare
to other sectors. However, that would require planning and explicit prioritisation of healthcare
over other economic sectors.

Health care systems have a duty to set an example and act as ambassadors. Healthcare pro-
fessionals would therefore have to be trained to respond to these issues properly. According to
a recent study carried out in France among 3384 health students, only 60 (31%) of their 193
institutions integrated training over environmental issues.(Sarfati et al., 2022)When provided,
these programs represent in average only 0.4% of the total training duration and a systematic
approach and general strategy are often missing.(Orhan et al., 2021)) Moreover, courses on the
environment are often optional, withnodirect link to themanagement of institutions, financial
profitability or resilience in the event of crises.

5.1.4.1. Limits

The main limits are those inherent to input-output modelling, in particular to the raw data
used to build environmental extensions. EXIOBASE3 does not provide measurement errors
so it was not possible to propagate the uncertainties as can be done with other input-output
databases. However, a previous study on the environmental footprints of healthcare systems
(Lenzen, Malik, et al., 2020) used Monte-Carlo techniques to assess the uncertainty of their
results from the standard deviations provided by the Eora database. They found final standard
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deviations of less than 5%.(Lenzen, Malik, et al., 2020)

5.1.5. Conclusion

When comparing regions, we found that exponential amounts of resources were required to
support the development of health access and quality systems. As the environmental impacts
associated with these resources are responsible for an increase in some non-communicable dis-
eases, health systemsfind themselves in themidst of a vicious cycle. Tonavigate back inside plan-
etary boundaries, healthcare environmental strategies must be broader than greenhouse gases
and include objectives in terms of resources use. As the exponential relationship exists between
regions but not within regions, it seems possible to break the trend. We therefore call for the
creation of aHealthcareAccess, Quality and Efficiency (HAQE) index that would include both
access/quality and resource/energy footprints in its calculation. This would encourage policy
makers to act promptly to limit the environmental damage caused by health care systems.
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5.1.6. Supplementary Information

5.1.6.1. SupplementaryMethods

Data collection Footprint calculations over the whole period with available energy or resources
data (1995-2015) are limited by data the World Health Organization’ Global Health Expendi-
tures database (GHE), which starts in 2000.(World Health Organization, n.d.) We have com-
pleted GHE data using the OECD health expenditure database for years 1995-1999.(OECD,
n.d.) For the regions missing from the OECD database, we have made the hypothesis that
the global health expenditures were proportional to EXIOBASE3 expenditures in the sector
“Health and social work services”, using the proportionality factor of year 2000. This resulted
in aggregated health expenditures for all EXIOBASE regions between 1995 and 2015. These ex-
penditures then had to be disaggregated into EXIOBASE sectors. We have used OECD health
expenditure data to build a concordance matrix between aggregated health expenditures and
EXIOBASE3 sectors (Table 5.2). OECD data is disaggregated into 9 provider categories and
23 sub-categories.(OECD, n.d.) Among these sub categories, seven correspond to sectors other
than “Health and social work services”. The database provides 2621 out of 7203 possible data
points (49 EXIOBASE regions, 21 years and seven sectors), all others are extrapolated or inter-
polated. If a region is not in the database at all, shares for these seven sub categories are consid-
ered equal to the weighted mean of all available data points.

Table 5.2:OECD-EXIOBASE3 concordance table

OECD provider name Corresponding EXIOBASE3 sec-
tor

Hospitals
General hospitals Health and social work

services (85)
Mental health hospitals Health and social work

services (85)
Specialised hospitals (other thanmen-
tal health hospitals)

Health and social work
services (85)

Residential long-termcare facil-
ities

Long-term nursing care facilities Health and social work
services (85)

Mental health and substance abuse fa-
cilities

Health and social work
services (85)

Other residential long-term care facil-
ities

Health and social work
services (85)
Continued on next page
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Table 5.2 – continued from previous page
OECD provider name Corresponding EXIOBASE3 sec-

tor
Providers of ambulatory health
care

Medical practices Health and social work
services (85)

Dental practices Health and social work
services (85)

Other health care practitioners Health and social work
services (85)

Ambulatory health care centres Health and social work
services (85)

Providers of home health care services Health and social work
services (85)

Providers of ancillary services
Providers of patient transportation
and emergency rescue

Health and social work
services (85)

Medical and diagnostic laboratories Health and social work
services (85)

Other providers of ancillary services Health and social work
services (85)

Retailers and other providers of
medical goods

Pharmacies Chemicals nec
Retail sellers and other suppliers of
durable medical goods and medical
appliances

Retail trade services, ex-
cept of motor vehicles
and motorcycles; repair
services of personal and
household goods (52)

All other miscellaneous sellers and
other suppliers of pharmaceuticals
and medical goods

Health and social work
services (85)

Providers of preventive care Health and social work services (85)
Providers of health care system
administration and financing

Government health administration
agencies

Public administration
and defence services;
compulsory social secu-
rity services (75)
Continued on next page
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Table 5.2 – continued from previous page
OECD provider name Corresponding EXIOBASE3 sec-

tor
Social health insurance agencies Insurance and pension

funding services, except
compulsory social secu-
rity services (66)

Private health insurance administra-
tion agencies

Insurance and pension
funding services, except
compulsory social secu-
rity services (66)

Other administration agencies Public administration
and defence services;
compulsory social secu-
rity services (75)

Rest of the economy
Households as providers of home
health care

Private households with
employed persons (95)

All other industries as secondary
providers of health care

Health and social work
services (85)

Rest of the world
Providers unknown Health and social work services (85)

Data analysis Calculations weremade with the pythonmodule pymrio (Stadler, 2015). Matrix
Z represents the inter-industries flows andY the final consumptionmatrix. The total industrial
output is given by

x = Z · e + Y · e (5.1)

where e is a summation vector. Capital endogenization consists in adding to Z a matrix
K̄ representing the inter-industries flows of capital (C.-J. H. Södersten et al., 2018b). We have
chosen to endogenize the consumption of fixed capital as itmeasures only the decline in value of
fixed assets due to the production process a given year and does not include further investments
that will allow future production. Following input-output formalism, the direct requirement
matrix AK with capital endogenized is

AK = (Z + K̄) · x−1 (5.2)

And the Leontief inverse
LK = (I − AK)−1 (5.3)

Energy and resources footprints are calculated using their associated environmental exten-
sions f . The consumption-based account footprint Dcba of a vector of final consumption y
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writes:
Dcba = f · LK · y (5.4)

Extensions All the energy data in the paper refers to final energy. It was calculated by sub-
tracting the EXIOBASE extension “Energy Carrier Net LOSS” to the EXIOBASE extension
“Energy Carrier Net Total”, which refers to primary energy (Stadler, Wood, Bulavskaya, C.-J.
Södersten, Simas, S. Schmidt,Usubiaga, Acosta-Fernández, Kuenen, Bruckner, Giljum, Lutter,
Merciai, Jannick H. Schmidt, et al., 2018). The main data source for the construction of the
energy extensions is the International Energy Agency’s (IEA) extended energy balances. The
uncertainties associated with the extensions are those of the IEA data itself, combined with the
uncertainty of conversion from the residence to the territory principle (Usubiaga et al., 2018).
The EXIOBASE authors argue that these extensions are a good basis for calculating footprints
at a macro-level, which is the case for the present study (we are not providing results with the
value chain disaggregated at the meso level). For an extensive description and discussion on the
energy extensions, see the following supplementary information from the EXIOBASE paper
(Stadler, Wood, Bulavskaya, C.-J. Södersten, Simas, S. Schmidt, Usubiaga, Acosta-Fernández,
Kuenen, Bruckner, Giljum, Lutter, Merciai, Jannick H. Schmidt, et al., 2018): EXIOBASE
Supplementary Material 2 As for the minerals extensions, many data sources are used (BGS,
WMD, USGS, and official statistics). The procedure to compile the extensions are detailed in
a supplementary information but the uncertainties are not discussed in it(Giljum et al., 2018):
EXIOBASE Supplementary Material 5

Taiwan data Taiwanwas not in theGlobalHealth ExpenditureDatabase.(WorldHealthOrga-
nization, n.d.) We calculated expenditures for Taiwan assuming that they were proportional to
Chinese expenditures, using the ratio of proportionality for EXIOBASE’s sector “Health and
social work services (85)”.

5.1.6.2. Supplementary results

Evolution of resource footprints of healthcare systems between 1995 and 2013

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12715&file=jiec12715-sup-0002-SuppMat-2.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12715&file=jiec12715-sup-0002-SuppMat-2.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12715&file=jiec12715-sup-0005-SuppMat-5.pdf
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region 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Fossil fuel Africa 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Australia 0.26 0.32 0.28 0.4 0.32 0.35 0.4 0.42 0.48 0.49 0.38 0.47 0.48 0.44 0.55 0.43 0.43 0.51 0.45
China 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.04 0.06 0.08 0.08 0.13 0.12 0.12 0.16
Europe 0.1 0.14 0.14 0.13 0.13 0.13 0.16 0.16 0.16 0.17 0.18 0.18 0.17 0.19 0.2 0.18 0.18 0.19 0.17
India 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Japan and Korea 0.14 0.18 0.19 0.15 0.17 0.2 0.16 0.19 0.2 0.22 0.21 0.17 0.21 0.19 0.2 0.21 0.28 0.28 0.27
Latin America 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Middle East 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Rest of Asia 0.07 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
USA and Canada 0.34 0.42 0.42 0.42 0.44 0.47 0.47 0.47 0.47 0.57 0.51 0.52 0.45 0.43 0.41 0.45 0.45 0.52 0.59

Metal ores Africa 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Australia 0.21 0.22 0.25 0.35 0.31 0.29 0.43 0.54 0.5 0.44 0.35 0.3 0.33 0.3 0.44 0.34 0.35 0.37 0.36
China 0 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.05 0.06 0.06
Europe 0.04 0.06 0.06 0.07 0.08 0.07 0.08 0.09 0.09 0.08 0.08 0.09 0.08 0.09 0.09 0.09 0.08 0.09 0.08
India 0 0 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0
Japan and Korea 0.11 0.12 0.12 0.1 0.12 0.14 0.13 0.13 0.14 0.14 0.14 0.13 0.16 0.13 0.15 0.17 0.22 0.2 0.18
Latin America 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Middle East 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.03
Rest of Asia 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
USA and Canada 0.36 0.45 0.45 0.45 0.41 0.41 0.42 0.42 0.43 0.5 0.45 0.47 0.42 0.47 0.45 0.4 0.29 0.26 0.29

Non-metalic minerals Africa 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.06
Australia 0.23 0.27 0.25 0.28 0.28 0.28 0.31 0.39 0.4 0.43 0.44 0.38 0.43 0.44 0.56 0.47 0.6 0.65 0.61
China 0.05 0.04 0.07 0.09 0.1 0.13 0.13 0.16 0.18 0.18 0.22 0.09 0.26 0.39 0.45 0.68 0.66 0.79 0.9
Europe 0.37 0.37 0.4 0.43 0.44 0.44 0.5 0.5 0.52 0.55 0.6 0.59 0.61 0.59 0.6 0.58 0.62 0.64 0.6
India 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.05 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02
Japan and Korea 0.29 0.34 0.4 0.32 0.37 0.43 0.37 0.44 0.44 0.45 0.44 0.42 0.49 0.42 0.48 0.52 0.72 0.68 0.67
Latin America 0.09 0.09 0.1 0.09 0.12 0.11 0.1 0.09 0.1 0.1 0.11 0.11 0.13 0.14 0.15 0.14 0.16 0.16 0.17
Middle East 0.1 0.1 0.1 0.1 0.13 0.12 0.11 0.14 0.14 0.12 0.12 0.14 0.2 0.18 0.23 0.34 0.26 0.44 0.45
Rest of Asia 0.14 0.09 0.16 0.09 0.08 0.06 0.05 0.06 0.06 0.07 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.07
USA and Canada 0.87 1.02 1.02 1.05 1.09 1.13 1.19 1.23 1.28 1.5 1.41 1.44 1.26 1.23 1.2 1.37 1.37 1.55 1.71

Table 5.3: Figure 5.1 b-d-f data, per capita footprints
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Non-metalic minerals Metal ores Fossil fuel Final energy
World 35.3 44.0 21.0 18.5
AT 62.0 52.2 22.6 17.5
AU 43.1 35.7 27.0 15.9
BE 39.9 39.0 21.0 18.7
BG 30.0 36.5 11.8 16.4
BR 42.4 44.3 20.5 19.4
CA 61.5 19.3 26.3 16.7
CH 59.2 37.3 43.5 30.6
CN 14.8 40.8 16.2 14.2
CY 33.7 43.6 16.7 16.3
CZ 49.2 39.4 16.4 16.5
DE 53.2 50.8 33.7 20.2
DK 63.6 58.8 34.8 12.9
EE 51.4 35.6 25.6 15.3
ES 41.3 37.8 18.6 21.0
FI 52.3 40.6 23.1 12.9
FR 71.0 69.5 43.6 33.6
GB 35.6 35.8 15.7 13.6
GR 75.6 57.2 22.4 17.6
HR 27.6 38.0 21.0 15.7
HU 25.6 45.6 14.6 16.4
”ID” 69.0 77.1 25.6 18.5
IE 58.9 59.7 36.9 24.8
IN 25.5 40.6 26.9 17.5
IT 65.8 55.8 18.9 21.4
JP 46.6 50.9 23.1 16.9
KR 53.3 59.8 24.7 19.0
LT 14.9 31.9 6.9 13.3
LU 23.4 29.8 15.3 14.5
LV 72.7 48.9 30.9 22.5
MT 11.6 16.6 9.9 11.8
MX 63.4 34.8 12.6 19.7
NL 66.1 56.3 31.6 31.0
NO 51.2 43.1 30.6 22.0
PL 62.6 43.9 12.7 5.8
PT 51.7 41.3 21.6 15.1
RO 66.0 50.7 26.8 20.6
RU 64.4 38.9 17.3 15.5
SE 66.6 51.4 39.9 24.6
SI 48.8 43.2 15.5 16.9
SK 52.5 38.7 19.9 11.6
TR 18.5 35.5 14.4 5.7
TW 56.0 44.4 13.8 8.9
US 61.8 47.6 22.7 20.5
WA 47.3 55.4 26.4 22.4
WE 37.6 29.5 10.6 9.6
WF 40.2 22.3 23.4 26.1
WL 42.4 29.5 17.1 16.6
WM 27.6 40.2 31.5 25.0
ZA 53.3 30.2 20.4 24.9

Table 5.4: Share of the total footprint due to the endogenization of capital, in %. See Table 5.15 for region names
abbreaviations.
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Healthcare systems’ dependency to resources in 2013 Weassessed the flows of resources in between
regions to find out if some regions produced more resources than what they used, taking into
account only the resources used by healthcare systems.
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Africa (85 Mt)
Australia (5 Mt)

China (1365 Mt)

Europe (245 Mt)

India (185 Mt)

Japan and Korea (52 Mt)

Latin America (96 Mt)

Middle East (152 Mt)

Rest of Asia (155 Mt)

USA and Canada (419 Mt)
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India (22 Mt)
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Rest of Asia (106 Mt)

USA and Canada (601 Mt)

Figure 5.6:Healthcare non-metallic minerals sankey diagram for 2013
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Figure 5.7:Healthcare non-metallic minerals production and consumption in 2013

Non-metallic minerals Production (%) Consumption (%) Population (%)
Global North 27 40 18
China 49 44 19
Rest of Global South 24 16 63

Table 5.5:Non-metallic minerals shares
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Figure 5.8:Healthcare non-ferous metal ores sankey diagram for 2013
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Figure 5.9:Healthcare non-ferous metal ores production and consumption in 2013

Non-ferous metal ores Production (%) Consumption (%) Population (%)
Global North 29 62 18
China 7 19 19
Rest of Global South 64 19 63

Table 5.6:Non-ferous metal ores shares
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Figure 5.10:Healthcare iron ore sankey diagram for 2013
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Figure 5.11:Healthcare iron ore production and consumption in 2013

Iron ore Production (%) Consumption (%) Population (%)
Global North 32 44 18
China 38 38 19
Rest of Global South 30 18 63

Table 5.7: Iron ore shares
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Figure 5.12:Healthcare fossil fuels sankey diagram in 2013
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Figure 5.13:Healthcare fossil fuels production and consumption diagram for 2013

Fossil fuels Production (%) Consumption (%) Population (%)
Global North 31 56 18
China 30 32 19
Rest of Global South 39 12 63

Table 5.8: Fossil fuel shares

These flows allowed to produce themaps of figure 5.2 in the paper. The detailed percentages
of imports are given in figure 5.14 and table 5.9.
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Figure 5.14: Regional import dependencies
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Non-metalic minerals Metal ores Fossil fuels
Austria 38% 86% 99%
Australia 80% 37% 43%
Belgium 83% 100% 100%
Bulgaria 46% 90% 39%
Brazil 37% 58% 73%
Canada 43% 81% 56%
Switzerland 66% 100% 100%
China 10% 60% 27%
Cyprus 70% 100% 100%
Czech Republic 51% 92% 67%
Germany 49% 100% 60%
Denmark 49% 100% 92%
Estonia 60% 100% 97%
Spain 73% 99% 97%
Finland 66% 93% 98%
France 43% 100% 99%
Great Britain 80% 100% 92%
Greece 53% 97% 44%
Croatia 70% 100% 97%
Hungary 38% 99% 99%
Indonesia 42% 21% 50%
Ireland 91% 100% 95%
India 66% 76% 63%
Italy 39% 100% 99%
Japan 66% 100% 99%
South Korea 67% 100% 100%
Lithuania 57% 100% 100%
Luxembourg 100% 100% 100%
Latvia 38% 100% 100%
Malta 98% 100% 100%
Mexico 42% 35% 56%
Netherlands 58% 100% 99%
Norway 67% 99% 76%
Poland 21% 34% 33%
Portugal 46% 100% 100%
Romania 19% 89% 47%
Russia 24% 71% 19%
Sweden 46% 60% 99%
Slovenia 63% 100% 58%
Slovakia 40% 100% 100%
Turkey 54% 96% 86%
Taiwan 75% 100% 100%
United States 37% 68% 44%
RoWAsia and Pacific 55% 91% 88%
RoW Europe 79% 71% 50%
RoWAfrica 23% 34% 85%
RoWAmerica 44% 50% 69%
RoWMiddle East 67% 89% 67%
South Africa 45% 19% 43%

Table 5.9: Regional import dependencies

Some regions show surprisingly high levels of import dependency. Though theMiddle East
produces 74 Mt of fossil fuels for healthcare systems and consumes only 9 Mt, it is dependent
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Figure5.15: Energy footprint of healthcare systems including Luxembourg Identical to Figure 5.3 in the paper but
including Luxembourg

at 67% on fossil fuel imports. This comes from the fossil fuels embodied in the goods imported
in the Middle East. For example, if the Middle East imports drugs from the United States and
that these drugs were produced using fossil fuels that did not come from theMiddle East.

Relationship between the energy footprint and access and quality (HAQ index) As Luxembourg is
an outlier, it was cut out of Figure 5.3 in the paper to increase its readability. Figure 5.15 corre-
sponds to Figure 5.3 in the paper, including Luxembourg.
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region Estimated effect
WF -1.5
RO -1.34
ID -0.87
IN -0.81
WA -0.72
TR -0.72
HR -0.64
MX -0.61
WL -0.54
CN -0.53
CY -0.53
WE -0.5
BG -0.43
WM -0.4
ES -0.26
GR -0.2
PL -0.16
SE -0.13
LT -0.07
IT -0.07
EE -0.03
AU -0.01
KR -0.01
TW 0.01
IE 0.01
HU 0.07
CZ 0.07
PT 0.08
BR 0.08
FR 0.13
MT 0.15
GB 0.23
NL 0.28
LV 0.36
RU 0.4
SK 0.42
SI 0.42
DE 0.44
NO 0.46
JP 0.47
CA 0.54
AT 0.55
ZA 0.59
FI 0.61
BE 0.61
CH 0.85
DK 0.92
LU 0.94
US 1.39

Table 5.10:Regional fixed effects results. See Table 5.15 for region names abbreaviations.
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Chemicals ConstructionDirect
energy
use

Energy
produc-
tion

Equipment Food Other Other
raw ma-
terials

Transport

AT 0.59 0.35 4.70 0.11 0.30 0.24 0.55 1.06 0.85
AU 1.24 0.16 2.95 0.10 0.57 0.90 0.70 1.83 1.05
BE 3.78 0.29 2.46 0.31 0.54 0.74 0.81 1.83 1.20
BG 0.27 0.05 0.49 0.05 0.09 0.06 0.32 0.30 0.15
BR 0.36 0.02 0.35 0.05 0.04 0.04 0.17 0.43 0.11
CA 1.54 0.34 3.38 0.44 0.29 0.11 0.54 1.18 1.32
CH 2.99 0.45 2.02 0.54 0.91 0.77 1.75 2.73 3.18
CN 1.51 0.02 0.49 0.06 0.10 0.08 0.09 0.48 0.16
CY 1.37 0.05 0.91 0.08 0.06 0.23 0.15 0.37 0.36
CZ 1.46 0.34 1.93 0.23 0.14 0.13 0.29 0.62 0.55
DE 0.61 0.31 4.05 0.35 0.33 0.37 0.63 0.93 0.70
DK 0.56 0.16 3.05 0.24 0.25 0.30 0.41 0.86 5.42
EE 1.84 0.13 1.09 0.13 0.14 0.19 0.15 0.58 0.29
ES 0.77 0.13 1.00 0.09 0.15 0.11 0.29 0.57 0.37
FI 2.25 0.25 2.62 0.39 0.28 0.23 0.67 1.82 1.80
FR 0.67 0.21 1.16 0.09 0.27 0.21 0.48 0.85 0.70
GB 1.63 0.14 1.92 0.11 0.29 0.22 0.40 0.79 0.71
GR 0.23 0.19 1.26 0.03 0.17 0.06 0.36 0.50 2.03
HR 0.17 0.06 0.74 0.09 0.24 0.03 0.15 0.32 0.19
HU 0.39 0.11 1.01 0.12 0.13 0.12 0.18 0.34 0.19
”ID” 0.05 0.01 0.17 0.01 0.01 0.03 0.03 0.03 0.05
IE 0.72 0.27 2.14 0.16 0.51 0.14 0.57 0.90 0.63
IN 0.05 0.01 0.03 0.00 0.01 0.05 0.01 0.04 0.02
IT 0.54 0.22 1.92 0.19 0.20 0.10 0.39 0.63 0.48
JP 2.23 0.20 4.54 0.10 0.23 0.11 0.47 1.11 0.57
KR 1.78 0.17 1.57 0.36 0.22 0.41 0.40 0.92 0.83
LT 0.17 0.08 0.40 0.16 0.09 0.05 0.11 0.17 0.11
LU 14.35 0.67 1.42 0.50 0.89 1.96 1.24 4.59 2.51
LV 1.03 0.17 1.04 0.11 0.08 0.08 0.15 0.41 0.31
MT 7.70 0.28 1.61 0.44 0.26 0.70 0.48 1.57 1.48
MX 0.15 0.03 0.11 0.02 0.03 0.02 0.08 0.18 0.07
NL 1.83 0.60 1.71 0.22 0.34 0.39 0.52 1.06 0.70
NO 1.08 0.49 3.84 0.22 0.66 0.23 0.74 1.34 1.19
PL 0.40 0.10 3.09 0.09 0.08 0.04 0.11 0.28 0.12
PT 0.21 0.12 2.09 0.09 0.08 0.15 0.17 0.50 0.20
RO 0.07 0.03 0.15 0.02 0.02 0.04 0.05 0.12 0.09
RU 0.08 0.05 0.59 0.04 0.03 0.06 0.23 0.20 0.14
SE 0.55 0.31 1.77 0.35 0.34 0.19 0.36 1.11 0.72
SI 2.72 0.26 2.39 0.20 0.28 0.24 0.48 1.10 0.51
SK 0.34 0.15 1.97 0.10 0.13 0.06 0.18 0.45 0.26
TR 0.24 0.03 0.80 0.06 0.02 0.08 0.11 0.28 0.29
TW 1.09 0.03 0.95 0.03 0.06 0.03 0.07 0.25 0.13
US 1.98 0.73 4.17 0.14 0.61 0.81 1.35 1.92 1.94
WA 0.10 0.05 0.15 0.00 0.01 0.01 0.02 0.06 0.04
WE 0.18 0.05 0.52 0.03 0.03 0.05 0.07 0.17 0.09
WF 0.02 0.02 0.05 0.01 0.01 0.01 0.01 0.04 0.01
WL 0.33 0.04 0.23 0.03 0.06 0.07 0.09 0.27 0.12
WM 0.24 0.12 0.37 0.03 0.05 0.05 0.17 0.29 0.25
ZA 0.29 0.07 0.11 0.07 0.05 0.05 0.20 0.63 0.16

Table 5.11: Footprint by scope (in GJ per capita). See Table 5.15 for region names abbreaviations.
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Chemicals ConstructionDirect
energy
use

Energy
produc-
tion

Equipment Food Other Other
raw ma-
terials

Transport

AT 6.7 4 53.7 1.3 3.5 2.7 6.2 12.1 9.7
AU 13.1 1.7 31.1 1.1 5.9 9.4 7.4 19.3 11
BE 31.6 2.4 20.5 2.6 4.5 6.2 6.8 15.3 10
BG 15.1 2.7 27.2 2.8 5.3 3.5 18.1 16.8 8.5
BR 22.8 1.4 22.4 3.2 2.5 2.4 10.7 27.4 7.3
CA 16.8 3.7 37 4.8 3.2 1.2 5.9 12.9 14.5
CH 19.5 3 13.2 3.5 5.9 5 11.4 17.8 20.7
CN 50.3 0.8 16.3 2 3.3 2.8 2.9 16.1 5.5
CY 38.1 1.3 25.5 2.4 1.8 6.3 4.2 10.5 10
CZ 25.6 6 33.8 4.1 2.5 2.3 5.1 10.9 9.7
DE 7.3 3.7 49 4.2 4 4.5 7.6 11.2 8.5
DK 5 1.5 27.1 2.2 2.2 2.6 3.6 7.6 48.2
EE 40.7 2.9 23.9 2.8 3 4.2 3.2 12.8 6.4
ES 22 3.8 28.7 2.6 4.4 3.1 8.4 16.3 10.6
FI 21.9 2.4 25.4 3.8 2.7 2.2 6.5 17.7 17.5
FR 14.4 4.4 25 1.9 5.9 4.5 10.3 18.4 15.1
GB 26.2 2.3 30.9 1.8 4.7 3.5 6.5 12.8 11.4
GR 4.9 3.8 26.1 0.6 3.6 1.3 7.4 10.4 42
HR 8.7 3 37.1 4.5 12 1.5 7.8 15.9 9.5
HU 15.1 4.2 38.9 4.6 5 4.5 7 13.2 7.5
”ID” 12.5 1.3 43.9 1.9 3.1 8.2 8.6 8.5 11.8
IE 11.9 4.5 35.5 2.6 8.4 2.3 9.5 14.8 10.4
IN 21.8 4.3 16 2 3.5 21.7 5.4 17 8.4
IT 11.7 4.7 41.2 4 4.3 2.2 8.3 13.4 10.3
JP 23.3 2.1 47.5 1.1 2.4 1.1 5 11.6 5.9
KR 26.7 2.6 23.6 5.4 3.3 6.1 5.9 13.9 12.4
LT 12.9 5.8 29.9 11.7 6.6 3.7 8.5 12.7 8.2
LU 51 2.4 5 1.8 3.2 7 4.4 16.3 8.9
LV 30.5 5.1 30.8 3.3 2.3 2.5 4.5 12.1 9.1
MT 53 1.9 11.1 3 1.8 4.8 3.3 10.8 10.2
MX 22.4 4.2 16.5 2.2 4.7 3 11 25.8 10.2
NL 24.8 8.2 23.1 3 4.6 5.3 7 14.4 9.5
NO 11 5 39.2 2.3 6.8 2.4 7.5 13.7 12.2
PL 9.3 2.4 71.6 2 1.9 1 2.6 6.5 2.8
PT 5.8 3.3 58.1 2.6 2.3 4.1 4.7 13.8 5.4
RO 11.5 4.6 25 3.8 4 6.9 8.9 20.6 14.7
RU 5.8 3.2 41.3 3 2.3 4.5 16 14.1 9.7
SE 9.6 5.4 31.1 6.1 5.9 3.3 6.4 19.5 12.7
SI 33.2 3.2 29.2 2.4 3.4 3 5.9 13.5 6.2
SK 9.3 4.2 54 2.7 3.4 1.7 4.9 12.4 7.2
TR 12.5 1.5 41.7 3.3 1.1 4.1 5.8 14.8 15.2
TW 41.4 1 36.2 1.1 2.1 1.3 2.5 9.6 4.8
US 14.5 5.3 30.5 1 4.4 5.9 9.9 14.1 14.2
WA 22.2 12 32.3 1 2.6 2.7 4.7 14 8.4
WE 14.8 4.2 43.4 2.5 2.5 4.3 6.3 14.4 7.6
WF 11.4 10.1 28.9 5.3 4.5 5.7 6.9 20.3 6.9
WL 26.8 3.5 18.8 2.1 4.5 5.4 7.2 21.6 10.1
WM 15 7.5 23.5 2 3.5 3.4 10.9 18.1 16.1
ZA 18 4.5 6.5 4.2 3.1 3 12.1 38.6 10.1

Table 5.12: Footprint by scope (in %). See Table 5.15 for region names abbreaviations.
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Energy footprint disaggregation

region 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
AT 57% 59% 58% 59% 59% 60% 56% 57% 58% 58% 56% 57% 56% 56%
AU 64% 63% 65% 63% 65% 65% 66% 57% 59% 58% 57% 56% 56% 54%
BE 48% 48% 45% 51% 49% 48% 46% 48% 45% 45% 44% 44% 45% 45%
BG 32% 47% 49% 54% 51% 51% 46% 37% 41% 47% 43% 44% 40% 39%
BR 38% 37% 35% 35% 38% 38% 42% 41% 46% 46% 46% 47% 48% 49%
CA 57% 55% 53% 2% 2% 54% 2% 53% 50% 53% 50% 54% 50% 54%
CH 5% 50% 5% 4% 5% 52% 5% 53% 5% 5% 53% 6% 53% 5%
CN 33% 30% 30% 26% 36% 23% 0% 36% 0% 29% 31% 28% 28% 25%
CY 41% 44% 40% 45% 44% 43% 41% 44% 47% 48% 47% 45% 43% 40%
CZ 46% 48% 44% 48% 46% 44% 48% 46% 49% 48% 48% 48% 47% 46%
DE 48% 49% 48% 44% 44% 43% 44% 45% 46% 45% 44% 45% 46% 46%
DK 63% 64% 64% 64% 63% 61% 60% 62% 61% 61% 63% 62% 59% 62%
EE 65% 56% 65% 60% 59% 70% 72% 73% 71% 73% 65% 65% 64% 61%
ES 53% 54% 53% 53% 56% 55% 54% 57% 57% 55% 55% 59% 57% 60%
FI 62% 62% 64% 63% 61% 62% 67% 60% 56% 59% 55% 55% 57% 54%
FR 51% 52% 52% 52% 56% 53% 53% 54% 53% 54% 53% 53% 53% 54%
GB 49% 48% 49% 48% 46% 44% 44% 45% 48% 46% 43% 43% 43% 45%
GR 40% 38% 47% 49% 45% 40% 41% 43% 36% 37% 36% 39% 37% 36%
HR 67% 67% 68% 65% 67% 72% 68% 75% 73% 64% 65% 69% 73% 69%
HU 54% 53% 56% 56% 55% 56% 59% 52% 46% 45% 49% 54% 52% 51%
”ID” 20% 15% 16% 13% 11% 15% 13% 4% 4% 4% 3% 5% 3% 7%
IE 49% 57% 54% 56% 59% 67% 65% 70% 61% 69% 67% 67% 68% 67%
IN 0% 41% 46% 46% 47% 48% 43% 45% 47% 47% 45% 50% 50% 52%
IT 54% 54% 53% 53% 53% 53% 53% 51% 51% 52% 51% 51% 53% 52%
JP 45% 45% 44% 46% 49% 41% 49% 41% 41% 39% 39% 35% 39% 40%
KR 41% 41% 41% 51% 44% 42% 44% 43% 41% 42% 42% 42% 0% 35%
LT 68% 63% 63% 62% 64% 68% 67% 70% 68% 69% 70% 71% 68% 69%
LU 58% 66% 59% 57% 54% 55% 55% 53% 54% 49% 47% 46% 38% 28%
LV 65% 62% 56% 61% 59% 65% 58% 55% 52% 60% 64% 65% 64% 64%
MT 59% 60% 67% 57% 55% 38% 57% 46% 45% 59% 58% 0% 0% 0%
MX 38% 38% 40% 42% 45% 43% 43% 43% 42% 42% 47% 42% 40% 46%
NL 53% 55% 55% 55% 56% 55% 56% 57% 54% 54% 53% 56% 55% 54%
NO 68% 69% 69% 70% 69% 71% 70% 70% 72% 70% 70% 73% 76% 72%
PL 51% 47% 43% 42% 44% 44% 48% 42% 43% 44% 41% 43% 41% 42%
PT 48% 47% 46% 48% 44% 50% 52% 53% 51% 53% 51% 52% 55% 55%
RO 43% 39% 43% 44% 47% 54% 53% 61% 51% 59% 54% 54% 53% 56%
RU 51% 55% 5% 55% 55% 54% 70% 71% 60% 78% 69% 74% 72% 73%
SE 72% 70% 69% 68% 68% 69% 65% 64% 66% 65% 64% 65% 65% 65%
SI 61% 57% 56% 53% 52% 58% 60% 59% 63% 61% 59% 60% 57% 3%
SK 59% 55% 44% 44% 55% 49% 54% 46% 47% 48% 49% 44% 45% 45%
TR 28% 30% 30% 33% 33% 33% 34% 28% 48% 23% 33% 27% 23% 25%
TW 0% 53% 52% 0% 0% 44% 0% 42% 0% 63% 55% 51% 55% 49%
US 48% 4% 48% 4% 48% 48% 48% 50% 48% 4% 48% 4% 4% 47%
WA 41% 43% 42% 2% 40% 39% 40% 41% 40% 40% 40% 42% 43% 47%
WE 50% 50% 46% 46% 49% 45% 43% 47% 46% 45% 46% 48% 48% 48%
WF 36% 38% 37% 37% 37% 37% 37% 37% 36% 36% 36% 35% 36% 37%
WL 49% 51% 51% 51% 50% 49% 49% 50% 50% 50% 50% 50% 50% 50%
WM 39% 39% 40% 40% 38% 38% 38% 39% 39% 38% 39% 38% 40% 39%
ZA 26% 21% 19% 19% 18% 19% 19% 18% 15% 15% 13% 14% 11% 13%

Table 5.13: Cost of employment (in % of total inputs). See Table 5.15 for region names abbreaviations.
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region 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
AT 2.2 2.2 2.2 2.5 2.3 2.1 2.3 2.1 2.1 2.0 2.0 1.9 1.8 1.7
AU 1.4 1.5 1.5 1.5 1.4 1.4 1.5 1.8 1.5 2.3 2.5 2.1 2.3 2.2
BE 2.4 2.6 3.0 2.2 2.4 2.4 3.0 2.8 3.1 2.7 2.8 2.6 2.6 2.5
BG 2.1 1.9 1.8 1.9 1.8 1.7 1.5 1.7 1.3 1.4 1.4 1.3 1.3 1.3
BR 1.4 1.5 1.6 1.7 1.4 1.6 1.5 1.5 1.3 1.4 1.3 1.3 1.3 1.2
CA 2.3 2.1 2.2 2.8 2.7 2.7 3.5 2.2 2.2 3.0 2.3 2.2 2.1 1.9
CH 2.8 2.0 2.9 3.0 2.8 1.6 2.4 1.6 2.4 2.7 1.6 1.9 1.4 2.1
CN 3.2 2.9 3.0 3.6 2.2 3.6 4.4 3.4 5.1 4.2 4.3 4.4 4.5 4.7
CY 1.7 1.7 1.9 1.4 1.5 1.6 3.2 1.5 1.9 1.8 1.9 1.6 1.9 2.3
CZ 2.1 2.1 2.3 2.2 2.3 2.3 2.1 2.1 2.1 2.2 2.5 2.4 2.4 2.3
DE 1.5 2.1 1.6 1.9 1.7 1.9 1.9 1.9 1.9 1.8 1.9 1.6 1.5 1.6
DK 2.7 2.8 3.0 2.5 3.2 3.0 3.6 2.9 3.1 3.1 2.8 2.8 2.5 2.2
EE 2.5 2.5 2.7 3.9 3.7 1.9 1.9 1.6 1.9 1.8 2.0 2.1 3.1 2.4
ES 1.6 1.8 1.9 1.8 1.3 1.8 1.8 1.6 1.7 1.7 1.8 1.5 1.5 1.1
FI 4.1 3.8 2.3 2.4 3.3 2.3 1.9 2.0 3.0 2.3 2.9 2.9 2.3 2.5
FR 1.5 1.6 1.5 1.4 1.4 1.3 1.2 0.9 1.1 1.0 1.1 1.0 1.0 1.0
GB 2.0 1.7 2.1 2.3 2.3 2.4 2.1 1.9 1.7 1.7 2.1 2.0 1.8 1.5
GR 2.2 1.7 1.5 1.2 1.3 1.4 1.3 1.3 2.2 2.4 2.2 1.9 2.3 2.2
HR 1.4 1.6 1.2 1.7 1.6 1.5 1.5 1.2 1.5 1.9 1.9 1.5 1.1 1.3
HU 2.2 2.5 2.5 2.5 2.3 2.0 1.6 1.8 2.2 2.1 1.8 1.3 1.4 1.4
”ID” 1.4 1.4 1.5 1.5 1.3 1.3 1.3 1.2 1.2 1.1 1.1 1.2 1.3 1.3
IE 2.0 1.8 1.9 1.8 1.9 1.1 1.2 1.1 1.4 1.1 1.4 1.4 1.5 1.2
IN 1.8 1.1 1.0 1.0 1.0 1.0 1.3 1.2 1.2 1.2 1.2 1.0 1.0 1.1
IT 1.8 1.6 1.9 1.9 1.9 1.6 1.7 1.9 1.7 1.7 1.6 1.6 1.4 1.4
JP 3.0 3.1 3.0 2.8 2.6 2.7 2.4 2.4 2.6 2.6 2.6 2.6 2.1 2.2
KR 3.1 3.3 3.0 2.0 2.4 2.6 2.3 2.3 2.5 2.6 2.5 2.4 2.8 2.6
LT 2.7 2.8 2.4 2.8 2.5 2.2 1.7 0.9 1.5 0.8 0.9 0.7 0.7 0.7
LU 2.1 2.0 2.5 2.7 3.0 2.0 2.5 2.5 2.7 2.8 3.2 3.2 3.8 5.1
LV 4.1 4.2 3.9 3.5 3.6 2.4 3.8 3.6 3.5 2.8 2.3 2.7 2.7 2.4
MT 2.1 1.9 1.9 2.3 1.6 3.2 1.7 2.2 3.2 1.9 1.9 5.3 6.0 4.4
MX 1.1 0.9 1.0 0.9 0.8 0.9 0.9 0.8 1.0 1.0 0.8 1.0 1.0 0.7
NL 1.9 2.0 1.8 1.9 1.7 1.7 1.7 1.2 1.9 1.8 1.8 1.3 1.7 1.4
NO 2.3 1.9 1.8 1.7 1.6 1.7 1.6 1.6 1.6 1.9 1.8 1.7 1.4 1.6
PL 1.9 2.1 2.1 2.3 2.4 2.3 2.2 2.3 2.7 2.5 2.8 2.6 2.6 2.5
PT 2.0 1.9 1.9 2.0 1.8 1.8 1.6 1.5 1.7 1.5 1.6 1.5 1.3 1.3
RO 1.2 1.4 1.3 1.5 2.1 1.4 1.1 0.7 0.7 0.7 0.6 0.7 0.6 0.6
RU 2.8 2.4 4.2 2.8 2.7 2.6 2.5 2.1 1.8 1.1 1.3 1.1 1.1 1.1
SE 1.4 1.4 1.4 1.5 1.4 1.3 1.3 1.2 1.2 1.2 1.2 1.2 1.2 1.1
SI 2.2 2.8 2.4 2.5 2.3 1.6 1.9 1.7 1.6 2.0 1.8 1.8 1.8 3.0
SK 2.6 2.4 3.3 3.7 2.6 1.9 2.2 3.7 2.7 3.1 2.2 2.2 1.8 1.8
TR 1.5 1.9 1.9 1.9 1.9 1.8 2.0 1.6 1.3 2.0 2.3 2.2 2.2 1.8
US 1.8 2.5 1.7 2.4 1.6 1.6 1.7 1.5 1.5 2.4 1.6 2.3 2.3 1.5
WA 1.7 1.8 1.8 2.4 1.6 1.8 1.6 1.5 1.7 1.7 1.7 1.6 1.5 1.5
WE 2.1 2.1 2.2 2.0 1.9 2.0 2.0 1.6 2.1 2.0 1.8 1.7 1.5 1.4
WF 0.8 0.7 0.8 0.9 0.8 0.8 0.9 0.9 1.0 1.1 1.2 1.3 1.1 1.1
WL 1.0 0.9 1.0 1.0 1.0 1.0 1.1 1.0 1.1 1.2 1.2 1.2 1.1 1.1
WM 1.3 1.2 1.2 1.2 1.4 1.4 1.5 1.4 1.4 1.5 1.5 1.7 1.6 1.6
ZA 1.6 1.8 1.7 1.3 1.2 1.2 1.2 1.5 1.6 1.5 1.6 1.4 1.6 1.5

Table 5.14: Energy intensity (in MJ/US$2015ppp). See Table 5.15 for region names abbreaviations.
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Figure 5.16: Variation in energy intensity as a function of variation in employment cost over period 2002-2015.
Based on Supplementary Tables 5.12 and 5.13.

Energy efficiency

5.1.6.3. Supplementarydiscussion

Our results for CO2 emissions in 2014 were similar to the previousmulti-regional estimates
using the Eora EE-MRIO database (Pichler et al., 2019) (Figure 5.17). Apart from Luxem-
bourg andMalta, our results were also close to the values reported for 2015 in the Health Care
Without Harm, which used the GTAP database to assess healthcare systems’ climate footprint
in 43 countries (Harm, 2019) (Figure 5.18). Both studies used expenditure data from World
Health Organization’s National Health Expenditures database and included capital (invest-
ments) goods and infrastructures. The fact that using EXIOBASE3 yields similar results than
Eora and GTAP confirms the similarity of input-output databases.

However, our results differ from those of Lenzen and colleagues (Lenzen,Malik, et al., 2020)
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(Figure 5.19) who used the healthcare-related sectors directly from Eora, without harmonising
the expenses with WHO’s NHA database and accounting for capital expenditures. This high-
lights the importance of expenditure data when calculating footprints. For footprints to be
compared in between regions, expenditure data must come from a common source and have
the same scope. Using Eora’s sectors has the advantage of providing the best possible disaggre-
gation of regional footprints but limits international comparisons due to different healthcare
definitions.
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Figure 5.17:Healthcare carbon footprint in 2014, comparison with Pichler et al. See Table 5.15 for region names
abbreaviations.
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Figure 5.18: Healthcare carbon footprint in 2014, comparison with Health Care Without Harm. See Table 5.15
for region names abbreaviations.
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Figure 5.19:Healthcare carbon footprint in 2015, comparison with Lenzen et al. See Table 5.15 for region names
abbreaviations.
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EXIOBASE region full name
AT Austria
BE Belgium
BG Bulgaria
CY Cyprus
CZ Czech Republic
DE Germany
DK Denmark
EE Estonia
ES Spain
FI Finland
FR France
GR Greece
HR Croatia
HU Hungary
IE Ireland
IT Italy
LT Lithuania
LU Luxembourg
LV Latvia
MT Malta
NL Netherlands
PL Poland
PT Portugal
RO Romania
SE Sweden
SI Slovenia
SK Slovakia
GB Great Britain
US United States
JP Japan
CN China
CA Canada
KR South Korea
BR Brazil
IN India
MX Mexico
RU Russia
AU Australia
CH Switzerland
TR Turkey
TW Taiwan
NO Norway
ID Indonesia
ZA South Africa
WA RoWAsia and Pacific
WL RoWAmerica
WE RoW Europe
WF RoWAfrica
WM RoWMiddle East

Table 5.15:Region names
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5.2. Associations between regional energy footprint and
the occurrence of diseases

Authors Baptiste Andrieu, Laurie Marrauld, Guillaume Chevance, Olivier Vidal, Mathis Eg-
nell, Laurent Boyer, and Guillaume Fond

Abstract

The Energy Footprint per Capita (EFC) measures the amount of energy required to sus-
tain an individual’s lifestyle. Previous research has shown that the human development in-
dex is positively correlated to EFC. However, the relationship between EFC and diseases re-
mains unknown. To address this gap, we compared regional EFC data with the incidence, Years
Lived with Disability (YLDs) and Years of Life Lost (YLLs) of 293 diseases in 176 countries
over the period 1990-2019. High EFC is correlated to low rates of enteric infections, maternal
and neonatal disorders, nutritional deficiencies and sexually transmissible infections. However,
high EFC is also correlated to high rates of substance use disorders, neoplasms, neurological,
mental andmusculoskeletal disorders, and diabetes and kidney diseases. These results could be
explained by both positive outcomes (access to vaccination, hygiene, education and prevention)
and negative outcomes (specific immune dysfunctions induced by an energy-intensive lifestyle)
of energy use.

5.2.1. Introduction

The availability and increasing extraction of fossil energy since the industrial revolution has
shaped every aspects of our modern societies (Smil, n.d.). Whenever an action takes place, en-
ergy is involved: to move from one place to another, to change the temperature or lighting
of a place, to transform raw materials into everyday objects, to perform a chemical reaction
for the synthesis of drugs or fertilizers etc. If the action is performed directly by the human
body, for example by riding a bike, the energy comes from the food we eat. If the action is per-
formed by machines, the energy can come from fossil, nuclear or renewable sources, but is still
mainly based on fossil fuels (Smil, n.d.; “Statistical Review ofWorld Energy 2022” 2022). This
poses two problems: climate change on the one hand, and the risks of supply shortages on the
other (Delannoy et al., 2021). These risks may be geopolitical (e.g., Nord Stream (“Borders and
pipelines” 2022)) or physical, if production can no longer meet demand (e.g., peak oil (Delan-
noy et al., 2021)). In theory, a transition to renewable energy sources can avoid these two risks.
However, there are practical limits to the speed of deployment of renewable energy and it is es-
sential to activate energy sufficiency levers in parallel. This raises the question of the potential
impacts on health of reducing energy consumption.

Energy has the potential to improve health (Rahman et al., 2021), through the construc-
tion of clean water systems (reducing fecal peril) (Shobande, 2020), the production of refrig-
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erators (reducing the risk of infection and stomach cancers related to the salting of meat (Yan
et al., 2018)), the reduction of malnutrition, the production of vaccines to prevent infectious
diseases, the provision of means to prevent communicable diseases, the increase of the general
standard of living of the population who thus gain access to more education on hygiene and
health promoting behaviors, as well as access to expensive medical care, drugs, or interventions
(Youssef et al., 2016). Overall, the human development index, which accounts for health and
socio-economic indicators, is positively correlated to the energy footprint per capita (Arto et al.,
2016). It could be argued that the above improvements are related to gross domestic product
and not energy. As both metrics quantify the same transformations (energy allows products
to be transformed, thereby increasing their value added), they are positively correlated (Stern,
2019) and could thus be interchangeable. We choose to study energy and not gross domestic
product because there are physical risks associated with energy consumption (climate change
and supply shortages). Focusing on energy sheds light on the trade-offs by distinguishing be-
tween energy uses that have positive health effects from those that have negatives effects.

Using a lot of energy is an ambivalent action. The Human Development Index growth sat-
urates when the energy footprint is high and could even reach a turning point where energy
consumption ends up having a negative effect on well-being (Akizu-Gardoki et al., 2020). The
energy footprint per capita (EFC) expresses the total energy consumption attributed to an indi-
vidual. It includes energy consumed directly (e.g., to heat a house), as well as indirectly through
the energy required to produce the goods and services ultimately consumed (e.g., the energy
consumed by a factory to produce a car)(Andrieu, Vidal, et al., 2022). EFC is directly corre-
lated to lifestyles: the more we travel from place to place, the bigger our homes, the more we
eat processed foods and buy goods, the more energy we use. Although the health systems of
energy-intensive countries show positive outcomes, the lifestyles of people living in these coun-
tries have evolved towards reduced occupational physical activities and active transportation, as
well as diets rich in processed food, added sugars and saturated fats, above the recommenda-
tions in terms of animal-based products, leading to an epidemic of obesity and food addictions
(Figueiredo et al., 2022), gut dysbiosis (Battson et al., 2018) and metaflammation (metabolic
disorders associated with immuno-inflammatory dysfunction) (Christ et al., 2019). Insuffi-
cient physical activity combined with unhealthy diet are well-known risk factors for multiple
chronic diseases. These diseases may increase the number of years of life with disability (YLDs)
and Years of Life Lost (YLLs). The aim of the healthcare systems is to reduce YLDs and YLLs,
and healthcare systems of countries with higher EFC are supposed to be more efficient in this
purpose compared to those with low EFC.

However, the correlation between EFC and the incidence, YLDs and YLLs of diseases has
never been studied thus far. We hypothesize that high EFC is correlated to low incidence, YLDS
and YLLs of communicable diseases, but also to high incidence of non-communicable diseases,
with various correlation to YLDs and YLLs according to the disease lethality and the health-
care systems’ efficiency. We also hypothesize that these correlations are stable over time. Our
primary objective is to determine whether the incidence, YLDs and/or YLLs of the 21 disease
categories of the Global Burden of Disease (GBD) (Vos et al., 2020) were correlated to EFC in
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176 countries over the period 1990-2019 via a pooled-meta analysis. Secondary objectives are
to better understand differences between diseases and to determine whether these correlations
are stable over time. For this purpose, we calculate correlation coefficients between EFC and
293 GBD diseases. To assess stability over time, we replicate the pooled-meta-analysis for each
year between 1990 and 2019.

5.2.2. Methods

5.2.2.1. Energy footprint

Energy can be used by households directly (in their home for example) or indirectly, through
the goods and services they purchase (Andrieu, Vidal, et al., 2022). If this final consumption is
produced abroad, part of the energy use is delocalized. Input-output databases are tables that
trace economic flows between regions. They allow to allocate intermediate production (e.g.,
steel) around the world to the final demand of a given region (cars bought by households in
France, for example) (Ronald E. Miller et al., 2009b). Using matrices of energy consumption
per dollar of intermediate production, it is possible to calculate the energy footprint of a region’s
final demand. For example, the energy used in a Chinese factory to produce goods purchased
in the United-States will be counted for in the United-States’ footprint. In input-output for-
malism, the footprint is given by:

E = Fx̂−1(I − Zx̂−1)−1y + Ehh

With F the energy factor of production matrix, x̂ the diagonalized total industry output,
I the identity matrix, Z the transaction matrix representing global inter-industries economic
flows, y the final demand vector and Ehh the direct energy consumption by households.

We use the EORA database for EFC as it provides the best regional and temporal disag-
gregation: 190 countries over the 1990-2019 period (Lenzen, Kanemoto, et al., 2012; Lenzen,
Moran, et al., 2013). Population data comes from the WorldBank (Population, total | Data
2022).

5.2.2.2. Global BurdenofDiseases

The Global Burden of Diseases, Injuries, and Risk Factors Study (Vos et al., 2020) database
is available in the Global Health Data Exchange catalog (VizHub - GBD Results 2023). It was
created as a dedicated place for anyone interested in global health and demography to quickly
find and share information about data along with actual datasets. For the purpose of this study,
weused theCause of death or injury dataset of 176 countries also present in theEORAdatabase
(including origin death or disability including injury, disease and condition). We used three
measures: incidence, YLDs and YLLs. The years 1990-2019 were included, with annual results
for all measures. All data were age-standardized and both sexes were included.
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5.2.2.3. Statistical analyses

A first screening of the incidence, YLDs and YLLs plots as a function of EFC showed that
when a tendency could be found, it seemed to follow a power law, except for outliers at very low
energy footprint levels where therewas a plateau. We therefore excluded the lowest 5%of energy
footprints. For 293 GBD diseases, we calculated the least squared linear regression between the
natural logarithm of EFC and the natural logarithm of the rates of incidence, YLDs and YLLs.
The slopes of the linear log-log regressions canbe interpreted as elasticities, that is the percentage
change of disease incidence per percentage change of EFC.A slope of 0.5 is interpreted as a 0.5%
increase of incidence for every 1% increase of EFC.

For each of the 21 GBD diseases categories (Codes of Diseases A.1 HIV-AIDS and sexu-
ally transmitted infections, A.2Respiratory infections and tuberculosis, A.3 Enteric infections,
A.4 Neglected tropical diseases and malaria, A.5 Other infectious diseases, A.6 Maternal and
neonatal disorders, A.7 Nutritional deficiencies, B.1 Neoplasms, B.2 Cardiovascular diseases,
B.3Chronic respiratory diseases, B.4Digestive diseases, B.5Neurological disorders, B.6Mental
disorders, B.7 Substance use disorders, B.8 Diabetes and kidney diseases, B.9 Skin and subcu-
taneous diseases, B.10 Sense organ diseases, B.11 Musculoskeletal disorders, B.12 Other non-
communicable diseases, C.1 Transport injuries, C.2 Unintentional injuries, C.3 Self-harm and
interpersonal violence), we carry out a pooledmeta-analysis of the correlation coefficients com-
puted at the diseases’ level to address our main objective (i.e., to determine whether the inci-
dence, YLDs and/or YLLs of the 21 disease categories of the GBD were correlated to EFC in
176 countries over the period 1990-2019).

To address our secondary objective (to gain insights at the disease-level and not just at the
category-level), we then focus on the regression results at the most detailed disease level for in-
cidence.

To address our last objective (time stability), we also perform pooled meta-analyses for each
year between 1990 and 2019.

Data availability

EORA provides free licenses to academic users. IHME makes data freely available so that
policymakers have the evidence they need to make informed decisions about how to allocate
resources to best improve population health.

Code availability

The code is available online: baptiste-an/Energy-footprint-and-Global-Burden-of-Diseases
(github.com)

Funding

The Shift Project, University Grenoble Alpes, and Assistance Publique des Hôpitaux de
Marseille
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5.2.3. Results

5.2.3.1. Energy andCommunicable, Non-communicable and Injuries diseases categories

In the main category “A. Communicable, maternal, neonatal, and nutritional diseases”, all
incidence, YLDs and YLLs rates were negatively correlated to EFC, except the incidence rate of
“A.2 – respiratory infections and tuberculosis”, which was not statistically significant (Figure
5.20). The biggest effect sizewas for the incidence rate of the category “A.3 –Enteric infections”
(r = -0.57), followed by “A.6 – Maternal and neonatal disorders” (r = -0.53), “A.5 – Other in-
fectious diseases” (r = -0.49), “A.7 – Nutritional deficiencies” (r = -0.49), “A.1 – HIV/AIDS
and sexually transmissible infections” (r = -0.44) and “A.4 – Neglected tropical diseases and
malaria” (r = -0.32). The size effect of YLLs was systematically higher than that of incidence,
while that of YLDs was closer to that of incidence.

In themain category “B.Non-Communicable diseases”, the incidence, YLDs andYLLs rates
of “B.1 – Neoplasms” and “B.7 – Substance use disorders” were positively correlated to EFC
(Figure 5.20). For categories “B.5 – Neurological disorders”, “B.6 – Mental disorders” and
“B.11 –Musculoskeletal disorders”, the incidence and YLDs rates were positively correlated to
energy footprint while the YLLs were non-significant. In category “B.8 – Diabetes and kidney
diseases”, the incidence rate was positively correlated to the energy footprint while the YLDs
rate was not statistically significant and the YLLs was negatively correlated to EFC. The YLLs
rates of categories “B.4 – Digestive diseases”, “B.10 – Sense organ diseases” and “B.12 – Other
non-communicable diseases” were negatively correlated to EFC. All other results in category B
were not statistically significant.

In the main category “C. Injuries”, all YLLs rates were negatively correlated to EFC. The
YLDs rate of “C.1 – Transport injuries” was negatively correlated to EFC while that of “C.2 –
Unintentional injuries” and “C.3 – Self-harm and interpersonal violence” were not statistically
significant (Figure 5.20). The incidence rates correlations were not statistically significant.

All results were stable over time, except for category “C.1 –Transport injuries”, whose effect
size got bigger with time.

5.2.3.2. Energy and the 293 diseases

At the disease level, out of the 293 diseases available in the GBD, 243 had incidence rates.
Among these 243 incidence rates, 238 (98%)were significantly correlated toEFC (p-value<0.05,
Supplementary Table 5.16). Of these, 106 (44%) had a negative slope (lower incidence at high
EFC) and 132 (56%) had a positive slope (higher incidence at high EFC) (Supplementary Table
1). Beyond p-value, the trends begin to be visually clear when R2 values reach 0.1 and are very
clear for R2 values above 0.2. Of the 101 correlations with a R2>0.2, 47 had a negative slope
(diseases presented inFigure 5.21) and44had apositive slope (diseases presented inFigure 5.22).



5.2. ASSOCIATIONS BETWEENREGIONAL ENERGY FOOTPRINTANDTHEOCCURRENCEOFDISEASES 223

0.4 0.0 0.4
Pearson correlation

        ylds                                   -0.38(-0.58 to -0.18)
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A.3 - enteric infections
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        incidence                              -0.53(-0.61 to -0.44)
A.6 - maternal and neonatal disorders
        ylls                                   -0.63(-0.69 to -0.58)
        ylds                                   -0.47(-0.63 to -0.32)
        incidence                              -0.49(-0.62 to -0.35)
A.5 - other infectious diseases
        ylls                                   -0.64(-0.74 to -0.55)
        ylds                                   -0.39(-0.71 to -0.07)
        incidence                              -0.49(-0.72 to -0.25)
A.7 - nutritional deficiencies
        ylls                                   -0.52(-0.61 to -0.42)
        ylds                                   -0.45(-0.52 to -0.39)
        incidence                              -0.44(-0.51 to -0.37)
A.1 - hiv/aids and sexually trans. infections
        ylls                                   -0.46(-0.58 to -0.34)
        ylds                                   -0.37(-0.48 to -0.27)
        incidence                              -0.32(-0.46 to -0.18)
A.4 - neglected tropical diseases and malaria
        ylls                                   -0.55(-0.67 to -0.43)
        ylds                                   -0.44(-0.78 to -0.09)
        incidence                              -0.29(-0.61 to  0.04)
A.2 - respiratory infections and tuberculosis
        ylls                                   -0.27(-0.35 to -0.18)
        ylds                                   -0.21(-0.39 to -0.03)
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C.1 - transport injuries
        ylls                                   -0.30(-0.47 to -0.13)
        ylds                                   -0.03(-0.25 to  0.19)
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        ylls                                   -0.36(-0.44 to -0.27)
        ylds                                    0.00(-0.13 to  0.13)
        incidence                              -0.01(-0.14 to  0.12)
B.12 - other non-communicable diseases
        ylls                                   -0.15(-0.39 to  0.08)
        ylds                                    0.11(-0.10 to  0.32)
        incidence                               0.08(-0.12 to  0.29)
B.9 - skin and subcutaneous diseases
        ylls                                   -0.42(-0.52 to -0.31)
        ylds                                    0.03(-0.16 to  0.23)
        incidence                               0.12(-0.07 to  0.30)
B.4 - digestive diseases
        ylls                                   -0.17(-0.30 to -0.04)
        ylds                                    0.00(-0.26 to  0.27)
        incidence                               0.16(-0.05 to  0.37)
C.3 - self-harm and interpersonal violence
        ylls                                   -0.07(-0.23 to  0.09)
        ylds                                    0.10(-0.08 to  0.28)
        incidence                               0.17(-0.08 to  0.43)
B.2 - cardiovascular diseases
        ylls                                   -0.45(-0.53 to -0.36)
        ylds                                    0.11(-0.09 to  0.30)
        incidence                               0.18(-0.00 to  0.37)
C.2 - unintentional injuries
        ylls                                   -0.46(-0.50 to -0.42)
        ylds                                    0.07(-0.09 to  0.23)
        incidence                               0.22( 0.04 to  0.40)
B.8 - diabetes and kidney diseases
        ylls                                    0.05(-0.08 to  0.17)
        ylds                                    0.35( 0.25 to  0.45)
        incidence                               0.27( 0.14 to  0.40)
B.11 - musculoskeletal disorders
        ylls                                    0.24(-0.24 to  0.72)
        ylds                                    0.30( 0.05 to  0.54)
        incidence                               0.31( 0.08 to  0.54)
B.6 - mental disorders
        ylls                                    0.12( 0.02 to  0.22)
        ylds                                    0.43( 0.33 to  0.52)
        incidence                               0.39( 0.30 to  0.48)
B.1 - neoplasms
        ylls                                    0.09(-0.25 to  0.43)
        ylds                                    0.30( 0.02 to  0.58)
        incidence                               0.40( 0.30 to  0.49)
B.5 - neurological disorders
        ylls                                    0.38( 0.22 to  0.54)
        ylds                                    0.46( 0.36 to  0.57)
        incidence                               0.47( 0.33 to  0.61)
B.7 - substance use disorders

Est.(95% Conf. Int.)

Figure 5.20: Pooled meta-analysis of the Pearson correlation coefficients between energy footprint per capita
(EFC) and respectively incidence, Years of Life with Disability (YLDs) and Years of Life Lost (YLLs) rates of the
21 Global Burden of Diseases (GBD) categories. For category B.10, only data for YLDs were available.
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Figure 5.21: Diseases with lower incidence levels at high levels of energy. Y-axis is the natural logarithm of inci-
dence per 100 000 persons. X-axis is the natural logarithm of the energy footprint per capita in giga joules. The
black line corresponds to the regression. Full disease names can be found in Supplementary Table 1. a. HIV-AIDS
and sexually transmitted infections, b. Respiratory infections and tuberculosis, c. Enteric infections, d. Neglected
tropical diseases and malaria, e. Other infectious diseases, f. Maternal and neonatal disorders, g. Nutritional defi-
ciencies, h. Cardiovascular diseases, i. Digestive diseases, j. Mental disorders, k. Skin and subcutaneous diseases,
l. Other non-communicable diseases,m. Transport injuries.

5.2.4. Discussion

Over the period 1990-2019 and in order of decreasing Pearson correlation coefficient, high
EFC is correlated to low rates of incidence, YLDs and YLLs of enteric infections, maternal and
neonatal disorders, HIV/AIDS and other sexually transmitted diseases, and infectious diseases
(on top of the list are typhoid fever, rabies, malaria, tetanus and diphtheria). At the disease level,
the incidence rates of 44 diseases were negatively correlated to EFC (mostly communicable dis-
eases and some post-infection cardiovascular diseases, some maternal and neonatal complica-
tions and vitamin A deficiency). High EFC was also negatively correlated to YLDs and YLLs
for respiratory infections and tuberculosis and to transport injuries, and to lower YLLs due to
chronic respiratory diseases, digestive disease, self-harm and interpersonal violence, uninten-
tional injuries and diabetes and kidney diseases. As mentioned in the rationale, one hypothesis
to explain the discrepancies between incidence, YLDs and YLLs is that most disease do not re-
duce life expectancy, and for those with potential sequelae and/or lethality, that the healthcare
systems of countries with high EFC are successful in limiting the impact of these diseases or
injuries on life expectancy but not in preventing them or in limiting their impact on YLDs.
In other words, the healthcare systems of wealthy countries are more efficient for curing and
preventing acute than chronic disease (Yach et al., 2004).

High EFC is also correlated to high incidence rates of substance use disorders (mostly co-
caine and cannabis use), and to 26 different forms of neoplasms (with testicular, skin, kidney,
colon and rectum and hematopoietic neoplasms on top of the list). These correlations are con-
firmed for YLDs and YLLs rates. This suggests that energy-intensive lifestyles are correlated
to the increase of the incidence of some chronic diseases, and that the healthcare systems of
countries with high EFC are not totally successful in preventing and treating these diseases. For



226 HEALTH-ENVIRONEMENTNEXUS



5.2. ASSOCIATIONS BETWEENREGIONAL ENERGY FOOTPRINTANDTHEOCCURRENCEOFDISEASES 227

Figure 5.22: Diseases with higher incidence levels at high levels of energy. Y-axis is the natural logarithm of inci-
dence per 100 000 persons. X-axis is the natural logarithm of the energy footprint per capita in giga joules. The
black line corresponds to the regression. Full disease names can be found in SupplementaryTable 1. a. Neoplasms,
b. Cardiovascular diseases, c. Digestive diseases, d. Neurological disorders, e. Mental disorders, f. Substance use
disorders, g. Diabetes and kidney diseases, h. Skin and subcutaneous diseases, i. Musculoskeletal disorders, j.
Other non-communicable diseases, k. Unintentional injuries.
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Figure5.23: Explanatorymodel of the relationship between energy access, energy footprint and positive and nega-
tive health outcomes. The sum of the three black arrows is equal to the energy footprint per capita. Yellow arrows
represent energy use. Green arrows represent positive health outcomes (due to access to healthcare, education,
etc.). Red arrows represent negative health outcomes (e.g., due to sedentary lifestyle, etc.).

neurological disorders (multiple sclerosis, motor neuron disease and tension-type headache),
mental disorders (mostly eating disorders) andmusculoskeletal disorders, we have found a pos-
itive correlation between EFC and incidence and YLDs but not for YLLs. This is probably
explained by the fact that most of these diseases do not reduce or slightly reduce life expectancy.

At the disease level and all diseases combined, we have found the strongest positive correla-
tions (slope>0.5, corresponding to a 0.5% increase of incidence for every 1% increase of energy
footprint) for testicular cancer, skin cancers, non-rheumatic calcific aortic valve disease, inflam-
matory bowel disease and cocaine use disorders.

The results are stable over time and an overall picture emerges (illustrated in Figure 5.23).
On the one hand, a high EFC correlates to low rates of incidence, YLDs and YLLs of most

communicable diseases and injuries. A plausible explanation is better access to health care,
health education (including hygiene and prevention of sexually transmitted infections), vac-
cination and antibiotics, access to safe water, electricity, food preservation, road safety etc. Re-
sults for malaria and tropical diseases should be tempered, as almost all countries with low EFC
are located in the tropics.

On the other hand, high EFC correlates with high rates of incidence, YLDs and YLLs of
neoplasms, substance use disorders, and many other non-communicable diseases. Population
aging cannot explain the results because (i) we used age-standardized data and (ii) many of the
diseases positively correlated to a high EFC in our results are not age-related, such as testicular
neoplasm, some hematopoietic neoplasms, inflammatory bowel disease, eating disorders, mul-
tiple sclerosis, motor neuron disease, tension-type headache occurring in young people. It also
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seems unlikely that better screening could explain our results. Mental and substance use dis-
orders, motor neuron disease, tension-type headache are clinical diagnoses that do not require
extensive investigation. Breast cancer, for which routine screening is developed in high-income
countries, is not at the top of the list of neoplasmswhose incidence is correlated to EFC. Screen-
ing programs are also not always effective in the general population of high-income countries
due to inequalities in access to care (Bygrave et al., 2020). Most hematopoietic neoplasms are
detected with a simple blood draw. If increased detection fully explained our results, other
diseases such as major depression and type 2 diabetes should be positively correlated to EFC,
whereas we found no significant correlation for these diseases. The only potential confound-
ing factor could be the proportion of white-skin phototypes for skin cancers, as many countries
with high EFC (but not all) have a higher proportion of white ethnicity. The incidence of mul-
tiple sclerosis has also been described to vary with latitude (Sabel et al., 2021). Altogether, our
results cannot be fully explained by age, screening, access to care, proportion of white ethnicity
or latitude. Furthermore, no common risk factorswere identified for the 26 forms of neoplasms
whose incidence is positively correlated to EFC.

Specific immune dysfunctions in countries with high EFC are a likely explanatory factor. As
mentioned in the rationale, this weakness could be induced by inflammatory/ultra-processed
food (Mathieu et al., 2017), increased sedentary lifestyle, reduced and disturbed sleep (Shiri et
al., 2017), chronic stress due to the work environment (Xu et al., 2019) and social isolation.
The injunction to perform and non-compliance with circadian rhythms also probably explain
the strong correlations between EFC and cocaine (to excite and cope with chronic sleep depri-
vation) (Ashok et al., 2017) and cannabis use disorders (to relax and induce sleep).

In 2019, 64% of all YLLs were due to non-communicable diseases, including 10% due to
neoplasms only (Vos et al., 2020), which are positively correlated to EFC. Energy is not always
used well, otherwise EFC would not be positively correlated to the YLLs of any disease. Re-
ducing toxic or unnecessary energy use would benefit both global health and the energy tran-
sition. Examples of EFC reduction levers with a positive impact on health include: producing
low-resource food (by decreasing red meat and ultra-processed food for example), insulating
buildings (less energy consumption and reduction of fuel poverty), non-essential transport re-
duction (working locally and at home), promoting low-energy transport (especially active trans-
port such aswalking and cycling) andhealthprevention atwork. Thiswill create a virtuous cycle
by decreasing healthcare expenditures, an energy-intensive sector itself (Andrieu, Marrauld, et
al., 2022). The Lancet Countdown identifies these examples as climate and health co-benefits
(Romanello et al., 2022). Indirect benefits would also include the improvement of other envi-
ronmental parameters such as air and water pollution, thereby reducing the incidence of other
diseases not listed in our results (Grubler et al., 2018).

In 2019, communicable diseases were still responsible for 26% of all YLLs, mostly in the
Global South (Vos et al., 2020). To reduce global energy consumption while allowing to re-
duce the YLLs due to communicable diseases, it is necessary that the Global South has access
to enough energy. Huge inequalities currently exist between regional EFC (illustrated by the
need to use a logarithmic scale in figures 5.21 and 5.22). These inequalities are perpetuated
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in energy transition scenarios, in which Global North’s EFC is maintained at a level 2.3 times
higher than in the Global South (Hickel and Slamersak, 2022). The energy demand of some
regions of the South is even projected to fall below levels deemed critical for decent living stan-
dards(Semieniuk et al., 2021). A global convergence in EFC, i.e. a similar EFC for every world
region (Hickel and Slamersak, 2022; Hickel, Brockway, et al., 2021), would help reduce the in-
cidence of communicable diseases (e.g. malaria andHIV/AIDS in Africa) (Grubler et al., 2018)
in the Global South and encourage a healthier lifestyle in the Global North.

Overall, our results could be explained by both positive outcomes (better access to vaccina-
tion, hygiene, education and prevention in countries) and negative outcomes (specific immune
dysfunctions induced by the energy-intensive lifestyle) in countries with high EFC. In light of
the need to consume less energy to achieve a successful energy transition and become more re-
silient to the risks of energy supply contraction, it is critical tomake better use of energy, allocat-
ing it to what improves health and not to what may increase chronic disease risk. For example,
large-scale prevention, promotion of active transportation and a healthier diet would both re-
duce energy use and several non-communicable diseases. On the other hand, universal access
to energy in the Global South would contribute to the eradication of many communicable dis-
eases.

Limits Wehave addressed twopotential limitations, the effect of age (byusing age-standardized
data) and the effect of screening (by providing counter examples). Our results could not capture
indirect factors such as air pollution, which is responsible for noncommunicable diseases, in-
cluding cardiovascular diseases, stroke, chronic obstructive pulmonary disease and lung cancer
(Organisation, 2022). The main sources of air pollution are the combustion of fossil resources
(thermal transport, fossil power plants, industrial uses), household waste and industrial activi-
ties (Organisation, 2022) but also dust storms in regions close to deserts, which adds noise to
the correlations. Moreover, air pollution may have consequences far away from its emission
sources. Our results may therefore underestimate the strength of the correlations between EFC
and environmental degradation-induced diseases (Wang et al., 2020; Hanif, 2018).

5.2.5. Appendix
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Table 5.16: Results for incidence, YLDs and YLLs for all GBD diseases.

Code Disease incidence YLDs YLLs
R2 pvalue slope R2 pvalue slope R2 pvalue slope

A.1.1.1 HIV/AIDS - Drug-susceptible Tuberculosis 0,22 0 -0,84 0,25 0 -0,9 0,22 0 -0,95
A.1.1.2 HIV/AIDS - Multidrug-resistant Tuberculosis without extensive drug resistance 0,19 0 -0,87 0,22 0 -0,94 0,2 0 -0,98
A.1.1.3 HIV/AIDS - Extensively drug-resistant Tuberculosis 0,06 0 -0,42 0,08 0 -0,5 0,08 0 -0,54
A.1.1.4 HIV/AIDS resulting in other diseases 0,13 0 -0,59 0,09 0 -0,52 0,16 0 -0,71
A.1.2.1 Syphilis 0,33 0 -0,38 0,11 0 -0,22 0,46 0 -1,46
A.1.2.2 Chlamydial infection 0,14 0 -0,24 0,28 0 -0,26 0,35 0 -0,54
A.1.2.3 Gonococcal infection 0,19 0 -0,3 0,27 0 -0,31 0,34 0 -0,53
A.1.2.4 Trichomoniasis 0,35 0 -0,18 0,33 0 -0,32
A.1.2.5 Genital herpes 0,21 0 -0,16 0,2 0 -0,17
A.2.1.2 Drug-susceptible tuberculosis 0,44 0 -0,68 0,49 0 -0,77 0,48 0 -1,09
A.2.1.3 Multidrug-resistant tuberculosis without extensive drug resistance 0,27 0 -0,71 0,33 0 -0,8 0,4 0 -1,12
A.2.1.4 Extensively drug-resistant tuberculosis 0,03 0 -0,26 0,06 0 -0,36 0,19 0 -0,66
A.2.2 Lower respiratory infections 0,44 0 -0,24 0,44 0 -0,24 0,48 0 -0,6
A.2.3 Upper respiratory infections 0,12 0 0,05 0,13 0 0,05 0,24 0 -0,64
A.2.4 Otitis media 0 0,04 0 0,62 0 -0,17 0,11 0 -0,57
A.3.1 Diarrheal diseases 0,4 0 -0,23 0,4 0 -0,24 0,53 0 -1,27
A.3.2.1 Typhoid fever 0,39 0 -1,89 0,39 0 -1,89 0,41 0 -2,03
A.3.2.2 Paratyphoid fever 0,17 0 -0,84 0,17 0 -0,84 0,27 0 -1,13
A.3.3 Invasive Non-typhoidal Salmonella (iNTS) 0,37 0 -0,77 0,37 0 -0,77 0,46 0 -1,42
A.4.1 Malaria 0,23 0 -1,23 0,28 0 -0,97 0,28 0 -1,45
A.4.11 Dengue 0,02 0 0,06 0,02 0 0,06 0 0,05 0,08
A.4.12 Yellow fever 0,36 0 -0,56 0,36 0 -0,56 0,37 0 -0,63
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A.4.13 Rabies 0,46 0 -1,52 0,46 0 -1,52 0,47 0 -1,61
A.4.16 Leprosy 0,22 0 -0,53 0,33 0 -0,67
A.4.17 Ebola 0,1 0,11 -0,68 0,09 0,07 -0,72 0,02 0,55 -0,3
A.4.18 Zika virus 0,09 0 -1,11 0,02 0,07 -0,44 0,01 0,41 0,17
A.4.19 Guinea worm disease 0,02 0,01 -0,49 0,02 0,01 -0,49
A.4.2 Chagas disease 0,24 0 -0,84 0,4 0 -2,16 0,18 0 -0,86
A.4.3.1 Visceral leishmaniasis 0,03 0 -0,26 0,03 0 -0,26 0,08 0 -0,47
A.4.3.2 Cutaneous and mucocutaneous leishmaniasis 0,04 0 -0,52 0,2 0 -1,27
A.4.4 African trypanosomiasis 0,07 0 -0,51 0,05 0 -0,58 0,1 0 -0,54
A.4.7 Cystic echinococcosis 0,02 0 -0,24 0,01 0 -0,23 0,33 0 -0,77
A.5.1 Meningitis 0,38 0 -0,39 0,45 0 -0,44 0,51 0 -0,79
A.5.2 Encephalitis 0,26 0 -0,19 0,44 0 -0,32 0,18 0 -0,3
A.5.3 Diphtheria 0,44 0 -1,15 0,44 0 -1,15 0,48 0 -1,37
A.5.4 Whooping cough 0,22 0 -0,3 0,22 0 -0,29 0,45 0 -1,79
A.5.5 Tetanus 0,47 0 -1,24 0,48 0 -1,29 0,54 0 -1,61
A.5.6 Measles 0,14 0 -1,26 0,14 0 -1,25 0,45 0 -2,16
A.5.7 Varicella and herpes zoster 0,02 0 0 0 0 0,01 0,47 0 -0,82
A.5.8.1 Acute hepatitis A 0,37 0 -0,16 0,01 0 0,01 0,45 0 -1,24
A.5.8.2 Acute hepatitis B 0,35 0 -0,46 0,34 0 -0,45 0,39 0 -0,84
A.5.8.3 Acute hepatitis C 0,23 0 -0,22 0,23 0 -0,22 0,41 0 -0,85
A.5.8.4 Acute hepatitis E 0,27 0 -0,2 0,27 0 -0,18 0,33 0 -0,7
A.6.1.1 Maternal hemorrhage 0,43 0 -0,33 0,51 0 -0,49 0,55 0 -1,35
A.6.1.2 Maternal sepsis and other maternal infections 0,41 0 -0,26 0,43 0 -0,28 0,54 0 -1,62
A.6.1.3 Maternal hypertensive disorders 0,45 0 -0,49 0,41 0 -0,47 0,51 0 -1,08
A.6.1.4 Maternal obstructed labor and uterine rupture 0,04 0 -0,08 0,35 0 -0,71 0,46 0 -1,26



5.2.ASSOCIATION
SBETW

EEN
REGION

ALEN
ERGY

FOOTPRIN
T
AN

D
TH

E
OCCURREN

CE
OFD

ISEASES
233

A.6.1.5 Maternal abortion and miscarriage 0,21 0 -0,25 0,21 0 -0,24 0,52 0 -1,43
A.6.1.6 Ectopic pregnancy 0,23 0 -0,19 0,23 0 -0,19 0,43 0 -1,04
A.6.2.1 Neonatal preterm birth 0,31 0 -0,15 0,18 0 0,12 0,35 0 -0,42
A.6.2.2 Neonatal encephalopathy due to birth asphyxia and trauma 0,35 0 -0,36 0,16 0 0,2 0,46 0 -0,59
A.6.2.3 Neonatal sepsis and other neonatal infections 0,25 0 -0,33 0,02 0 -0,12 0,46 0 -0,74
A.6.2.4 Hemolytic disease and other neonatal jaundice 0,27 0 -0,5 0,17 0 -0,27 0,44 0 -0,85
A.7.1 Protein-energy malnutrition 0,09 0 -0,09 0,04 0 -0,09 0,48 0 -1,23
A.7.2 Iodine deficiency 0,19 0 -0,31 0,29 0 -0,47
A.7.3 Vitamin A deficiency 0,52 0 -0,75 0,52 0 -1,03
B.1.1 Lip and oral cavity cancer 0,09 0 0,12 0,16 0 0,18 0 0,03 -0,01
B.1.10 Larynx cancer 0,15 0 0,16 0,23 0 0,21 0 0 -0,02
B.1.11 Tracheal, bronchus, and lung cancer 0,36 0 0,28 0,38 0 0,29 0,3 0 0,24
B.1.12 Malignant skin melanoma 0,32 0 0,58 0,36 0 0,7 0,14 0 0,25
B.1.13.1 Non-melanoma skin cancer (squamous-cell carcinoma) 0,31 0 0,52 0,34 0 0,65 0,01 0 0,03
B.1.13.2 Non-melanoma skin cancer (basal-cell carcinoma) 0,22 0 0,52 0,24 0 0,53
B.1.14 Breast cancer 0,44 0 0,28 0,49 0 0,34 0,04 0 0,05
B.1.15 Cervical cancer 0,19 0 -0,22 0,12 0 -0,16 0,32 0 -0,36
B.1.16 Uterine cancer 0,35 0 0,32 0,4 0 0,39 0,01 0 0,03
B.1.17 Ovarian cancer 0,37 0 0,26 0,4 0 0,29 0,26 0 0,19
B.1.18 Prostate cancer 0,24 0 0,26 0,35 0 0,37 0 0,22 0,01
B.1.19 Testicular cancer 0,37 0 0,64 0,42 0 0,8 0,04 0 0,12
B.1.2 Nasopharynx cancer 0,03 0 0,12 0,08 0 0,2 0,03 0 -0,11
B.1.20 Kidney cancer 0,51 0 0,43 0,53 0 0,47 0,38 0 0,27
B.1.21 Bladder cancer 0,27 0 0,28 0,36 0 0,38 0,04 0 0,08
B.1.22 Brain and central nervous system cancer 0,37 0 0,34 0,41 0 0,42 0,21 0 0,19



234
H
EALTH

-EN
VIRON

EM
EN

T
N
EXUS

B.1.23 Thyroid cancer 0,3 0 0,3 0,33 0 0,35 0 0,22 0,01
B.1.24 Mesothelioma 0,21 0 0,31 0,22 0 0,33 0,19 0 0,27
B.1.25 Hodgkin lymphoma 0,26 0 0,32 0,36 0 0,47 0,02 0 -0,06
B.1.26 Non-Hodgkin lymphoma 0,4 0 0,34 0,48 0 0,51 0,12 0 0,12
B.1.27 Multiple myeloma 0,36 0 0,29 0,41 0 0,36 0,25 0 0,19
B.1.28.1 Acute lymphoid leukemia 0,31 0 0,38 0,36 0 0,5 0 0 0,02
B.1.28.2 Chronic lymphoid leukemia 0,23 0 0,38 0,32 0 0,5 0,06 0 0,14
B.1.28.3 Acute myeloid leukemia 0,27 0 0,24 0,26 0 0,23 0,19 0 0,17
B.1.28.4 Chronic myeloid leukemia 0,11 0 0,2 0,15 0 0,27 0,05 0 -0,1
B.1.28.5 Other leukemia 0,02 0 -0,05 0,01 0 -0,04 0,09 0 -0,15
B.1.29 Other malignant neoplasms 0,24 0 0,15 0,31 0 0,2 0,11 0 -0,08
B.1.3 Other pharynx cancer 0,18 0 0,26 0,23 0 0,31 0,04 0 0,12
B.1.30.1 Myelodysplastic, myeloproliferative, and other hematopoietic neoplasms 0,35 0 0,38 0,39 0 0,6 0,3 0 0,24
B.1.30.2 Benign and in situ intestinal neoplasms 0,36 0 0,38
B.1.30.3 Benign and in situ cervical and uterine neoplasms 0,15 0 0,36
B.1.30.4 Other benign and in situ neoplasms 0,2 0 0,15
B.1.4 Esophageal cancer 0,01 0 -0,05 0 0 -0,03 0,03 0 -0,1
B.1.5 Stomach cancer 0 0,09 0,01 0,01 0 0,04 0,05 0 -0,08
B.1.6 Colon and rectum cancer 0,55 0 0,39 0,56 0 0,46 0,41 0 0,21
B.1.7.1 Liver cancer due to hepatitis B 0,07 0 -0,18 0,06 0 -0,16 0,11 0 -0,23
B.1.7.2 Liver cancer due to hepatitis C 0 0 0,03 0,01 0 0,05 0 0,36 -0,01
B.1.7.3 Liver cancer due to alcohol use 0,03 0 0,09 0,03 0 0,11 0,01 0 0,05
B.1.7.4 Liver cancer due to NASH 0,01 0 -0,06 0,01 0 -0,05 0,04 0 -0,11
B.1.7.5 Liver cancer due to other causes 0,01 0 -0,04 0 0,03 -0,02 0,11 0 -0,16
B.1.8 Gallbladder and biliary tract cancer 0,12 0 0,14 0,14 0 0,15 0,02 0 0,06



5.2.ASSOCIATION
SBETW

EEN
REGION

ALEN
ERGY

FOOTPRIN
T
AN

D
TH

E
OCCURREN

CE
OFD

ISEASES
235

B.1.9 Pancreatic cancer 0,4 0 0,29 0,4 0 0,28 0,36 0 0,25
B.11.1 Rheumatoid arthritis 0,09 0 0,13 0,15 0 0,15 0 0,27 -0,01
B.11.2.1 Osteoarthritis hip 0,38 0 0,18 0,38 0 0,17
B.11.2.2 Osteoarthritis knee 0,08 0 0,03 0,07 0 0,03
B.11.2.3 Osteoarthritis hand 0,07 0 0,15 0,06 0 0,16
B.11.2.4 Osteoarthritis other 0,12 0 0,01 0,19 0 0,02
B.11.3 Low back pain 0 0,02 0 0,21 0 0,06
B.11.4 Neck pain 0,1 0 0,09 0,14 0 0,13
B.11.5 Gout 0 0,04 0,01 0,04 0 0,06
B.12.1.1 Neural tube defects 0,51 0 -0,36 0,16 0 -0,13 0,49 0 -0,61
B.12.1.10 Digestive congenital anomalies 0,3 0 0,39 0,37 0 0,41 0,34 0 -0,33
B.12.1.2 Congenital heart anomalies 0,45 0 -0,21 0,17 0 -0,05 0,19 0 -0,2
B.12.1.3 Orofacial clefts 0,07 0 0,08 0,06 0 -0,08 0,34 0 -0,9
B.12.1.4 Down syndrome 0,21 0 0,14 0,43 0 0,31 0,12 0 -0,18
B.12.1.5 Turner syndrome 0 0,28 -0,01 0,14 0 0,15
B.12.1.6 Klinefelter syndrome 0,15 0 0,3 0,34 0 0,57
B.12.1.7 Other chromosomal abnormalities 0,03 0 0,04 0,4 0 0,23 0 0 -0,02
B.12.1.8 Congenital musculoskeletal and limb anomalies 0,06 0 -0,07 0,01 0 0,02 0,09 0 -0,15
B.12.1.9 Urogenital congenital anomalies 0,02 0 -0,02 0 0,31 0 0,07 0 -0,13
B.12.2.1 Urinary tract infections and interstitial nephritis 0,19 0 0,14 0,2 0 0,14 0,06 0 -0,14
B.12.2.2 Urolithiasis 0,22 0 0,16 0,22 0 0,15 0,03 0 -0,14
B.12.2.3 Benign prostatic hyperplasia 0,06 0 0,09 0,05 0 0,08
B.12.3.1 Uterine fibroids 0,02 0 0,04 0,02 0 0,05 0,07 0 -0,37
B.12.3.2 Polycystic ovarian syndrome 0,15 0 0,26 0,14 0 0,26
B.12.3.4 Endometriosis 0,24 0 -0,09 0,23 0 -0,08 0,18 0 -0,61
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B.12.3.5 Genital prolapse 0,12 0 -0,08 0,12 0 -0,1 0,22 0 -0,54
B.12.3.6 Premenstrual syndrome 0 0,03 0 0 0 0
B.12.3.7 Other gynecological diseases 0,02 0 -0,04 0,02 0 -0,05 0,2 0 -0,54
B.12.4.1 Thalassemias 0 0 0,06 0 0,4 0,02 0,05 0 -0,26
B.12.4.2 Thalassemias trait 0,01 0 -0,06 0,17 0 -0,35
B.12.4.3 Sickle cell disorders 0,04 0 -0,38 0,02 0 -0,35 0,09 0 -0,65
B.12.4.4 Sickle cell trait 0,03 0 -0,2 0,21 0 -0,53
B.12.4.5 G6PD deficiency 0,15 0 -0,22 0,28 0 -0,34 0,27 0 -0,48
B.12.4.6 G6PD trait 0,15 0 -0,11 0,11 0 -0,13
B.12.6.1 Caries of deciduous teeth 0,06 0 -0,03 0,07 0 -0,04
B.12.6.2 Caries of permanent teeth 0 0 0 0 0 -0,01
B.12.6.3 Periodontal diseases 0,01 0 -0,03 0,03 0 -0,06
B.12.6.4 Edentulism 0,2 0 0,14 0,15 0 0,13
B.2.1 Rheumatic heart disease 0,4 0 -0,57 0,37 0 -0,58 0,26 0 -0,35
B.2.10 Peripheral artery disease 0,28 0 0,1 0,09 0 0,06 0,09 0 0,24
B.2.11 Endocarditis 0,24 0 0,14 0,09 0 0,17 0,08 0 -0,12
B.2.2 Ischemic heart disease 0,01 0 0,04 0,03 0 0,04 0,01 0 -0,04
B.2.3.1 Ischemic stroke 0 0,38 0 0 0,05 -0,01 0,03 0 -0,07
B.2.3.2 Intracerebral hemorrhage 0,36 0 -0,32 0,26 0 -0,23 0,37 0 -0,4
B.2.3.3 Subarachnoid hemorrhage 0,07 0 0,07 0,11 0 0,12 0,02 0 -0,06
B.2.5.1 Non-rheumatic calcific aortic valve disease 0,36 0 0,55 0,48 0 0,97 0,17 0 0,23
B.2.5.2 Non-rheumatic degenerative mitral valve disease 0,19 0 0,43 0,21 0 0,49 0 0,39 -0,01
B.2.6.1 Myocarditis 0,1 0 0,03 0,05 0 0,09 0 0 0,03
B.2.8 Atrial fibrillation and flutter 0,17 0 0,13 0,2 0 0,16 0,08 0 0,06
B.3.1 Chronic obstructive pulmonary disease 0,06 0 0,07 0,03 0 -0,07 0,2 0 -0,21
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B.3.2.1 Silicosis 0,01 0 -0,11 0,01 0 -0,14 0,01 0 -0,11
B.3.2.2 Asbestosis 0,08 0 -0,24 0,05 0 -0,22 0 0 -0,06
B.3.2.3 Coal workers pneumoconiosis 0,01 0 -0,15 0,01 0 0,17 0,07 0 -0,32
B.3.2.4 Other pneumoconiosis 0,04 0 -0,24 0,02 0 -0,18 0,2 0 -0,46
B.3.3 Asthma 0,02 0 0,03 0,14 0 0,13 0,4 0 -0,62
B.3.4 Interstitial lung disease and pulmonary sarcoidosis 0,05 0 -0,13 0,2 0 0,17 0 0 0,03
B.4.1.1 Cirrhosis and other chronic liver diseases due to hepatitis B 0,12 0 -0,18 0,21 0 -0,29 0,34 0 -0,49
B.4.1.2 Cirrhosis and other chronic liver diseases due to hepatitis C 0,01 0 0,04 0,04 0 -0,09 0,13 0 -0,22
B.4.1.3 Cirrhosis and other chronic liver diseases due to alcohol use 0,08 0 0,16 0,01 0 0,05 0,08 0 -0,17
B.4.1.4 Cirrhosis and other chronic liver diseases due to NAFLD 0,03 0 0,07 0,01 0 -0,03 0,21 0 -0,24
B.4.1.5 Cirrhosis and other chronic liver diseases due to other causes 0,11 0 -0,1 0,2 0 -0,15 0,38 0 -0,37
B.4.2.1 Peptic ulcer disease 0,2 0 -0,18 0,22 0 -0,2 0,26 0 -0,33
B.4.2.2 Gastritis and duodenitis 0,08 0 -0,07 0,19 0 -0,12 0,25 0 -0,51
B.4.2.3 Gastroesophageal reflux disease 0,03 0 -0,04 0,03 0 -0,04
B.4.3 Appendicitis 0,1 0 0,13 0,1 0 0,13 0,39 0 -0,53
B.4.4 Paralytic ileus and intestinal obstruction 0,08 0 0,08 0,06 0 0,06 0,43 0 -0,37
B.4.5 Inguinal, femoral, and abdominal hernia 0,02 0 0,04 0,05 0 -0,07 0,28 0 -0,33
B.4.6 Inflammatory bowel disease 0,41 0 0,52 0,44 0 0,59 0,03 0 -0,07
B.4.7 Vascular intestinal disorders 0,44 0 0,3 0,47 0 0,35 0,03 0 0,07
B.4.8 Gallbladder and biliary diseases 0,38 0 0,49 0,22 0 0,29 0,22 0 -0,23
B.4.9 Pancreatitis 0,03 0 0,04 0,16 0 0,14 0,12 0 -0,17
B.5.1 Alzheimer’s disease and other dementias 0,12 0 0,03 0,18 0 0,05 0,07 0 -0,02
B.5.2 Parkinson’s disease 0,22 0 0,07 0,35 0 0,11 0,01 0 -0,02
B.5.3 Idiopathic epilepsy 0,03 0 0,03 0,12 0 -0,09 0,22 0 -0,21
B.5.4 Multiple sclerosis 0,27 0 0,37 0,29 0 0,44 0,16 0 0,21
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B.5.5 Motor neuron disease 0,22 0 0,18 0,5 0 0,32 0,37 0 0,56
B.5.6.1 Migraine 0,07 0 0,03 0,1 0 0,04
B.5.6.2 Tension-type headache 0,26 0 0,05 0,21 0 0,05
B.6.1 Schizophrenia 0,22 0 0,03 0,35 0 0,06
B.6.2.1 Major depressive disorder 0,02 0 -0,04 0,02 0 -0,03
B.6.2.2 Dysthymia 0,21 0 -0,05 0,17 0 -0,06
B.6.3 Bipolar disorder 0,06 0 0,05 0,17 0 0,11
B.6.4 Anxiety disorders 0,11 0 0,05 0,12 0 0,07
B.6.5.1 Anorexia nervosa 0,54 0 0,19 0,55 0 0,31 0,24 0 0,55
B.6.5.2 Bulimia nervosa 0,54 0 0,18 0,53 0 0,34 0 0,71 -0,01
B.6.6 Autism spectrum disorders 0,16 0 0,06 0,24 0 0,08
B.6.7 Attention-deficit/hyperactivity disorder 0,27 0 0,18 0,25 0 0,18
B.6.8 Conduct disorder 0,07 0 0,01 0,14 0 0,02
B.7.1 Alcohol use disorders 0,11 0 0,16 0,12 0 0,17 0 0 0,05
B.7.2.1 Opioid use disorders 0,05 0 0,09 0,11 0 0,14 0,14 0 0,32
B.7.2.2 Cocaine use disorders 0,41 0 0,55 0,4 0 0,62 0,2 0 0,48
B.7.2.3 Amphetamine use disorders 0,19 0 0,23 0,15 0 0,21 0,3 0 0,62
B.7.2.4 Cannabis use disorders 0,23 0 0,19 0,23 0 0,2
B.7.2.5 Other drug use disorders 0,47 0 0,19 0,36 0 0,32 0,21 0 0,36
B.8.1.1 Diabetes mellitus type 1 0,19 0 0,18 0,19 0 0,17 0,19 0 -0,23
B.8.1.2 Diabetes mellitus type 2 0,01 0 0,03 0 0,08 0,01 0,14 0 -0,26
B.8.2.1 Chronic kidney disease due to diabetes mellitus type 1 0,03 0 0,04 0,16 0 0,1 0,28 0 -0,46
B.8.2.2 Chronic kidney disease due to diabetes mellitus type 2 0,18 0 0,14 0,01 0 0,03 0,19 0 -0,33
B.8.2.3 Chronic kidney disease due to hypertension 0,22 0 0,15 0 0 0,02 0,24 0 -0,35
B.8.2.4 Chronic kidney disease due to glomerulonephritis 0,01 0 -0,03 0,01 0 -0,03 0,31 0 -0,38
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B.8.2.5 Chronic kidney disease due to other and unspecified causes 0,18 0 0,12 0,03 0 -0,05 0,17 0 -0,2
B.8.3 Acute glomerulonephritis 0,03 0 -0,09 0,02 0 -0,09 0,2 0 -0,65
B.9.1.1 Atopic dermatitis 0,18 0 0,15 0,27 0 0,2
B.9.1.2 Contact dermatitis 0,19 0 -0,17 0,17 0 -0,17
B.9.1.3 Seborrhoeic dermatitis 0,08 0 -0,05 0,08 0 -0,07
B.9.10 Urticaria 0,04 0 -0,03 0,04 0 -0,03
B.9.11 Decubitus ulcer 0,24 0 0,31 0,23 0 0,3 0,01 0 0,14
B.9.12 Other skin and subcutaneous diseases 0,44 0 0,07 0,46 0 0,07 0,01 0 -0,08
B.9.2 Psoriasis 0,3 0 0,28 0,29 0 0,33
B.9.3.1 Cellulitis 0,16 0 0,15 0,23 0 0,14 0,03 0 -0,16
B.9.3.2 Pyoderma 0,02 0 0,05 0 0 0,02 0,21 0 -0,4
B.9.4 Scabies 0,22 0 -0,61 0,22 0 -0,6
B.9.5 Fungal skin diseases 0,12 0 -0,09 0,15 0 -0,13
B.9.6 Viral skin diseases 0 0,37 0 0,07 0 0,07
B.9.7 Acne vulgaris 0,08 0 0,07 0,1 0 0,08
B.9.8 Alopecia areata 0,18 0 0,04 0,19 0 0,04
B.9.9 Pruritus 0,13 0 -0,03 0,12 0 -0,03
C.1.1.1 Pedestrian road injuries 0,22 0 -0,24 0,3 0 -0,3 0,22 0 -0,3
C.1.1.2 Cyclist road injuries 0,02 0 -0,05 0,06 0 -0,1 0,04 0 -0,11
C.1.1.3 Motorcyclist road injuries 0,06 0 -0,11 0,11 0 -0,14 0,04 0 -0,11
C.1.1.4 Motor vehicle road injuries 0,01 0 0,03 0 0,81 0 0,03 0 -0,08
C.1.1.5 Other road injuries 0,01 0 0,03 0 0 0,03 0,07 0 -0,21
C.1.2 Other transport injuries 0 0,01 0,01 0,05 0 -0,06 0,08 0 -0,16
C.2.1 Falls 0,39 0 0,34 0,34 0 0,27 0,05 0 -0,08
C.2.10 Exposure to forces of nature 0,14 0 -0,53 0,17 0 -0,65 0,11 0 -0,44
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C.2.11 Other unintentional injuries 0,36 0 0,26 0,28 0 0,28 0,28 0 -0,41
C.2.2 Drowning 0,02 0 0,06 0 0 0,02 0,17 0 -0,26
C.2.3 Fire, heat, and hot substances 0,15 0 0,19 0,02 0 0,07 0,2 0 -0,31
C.2.4.1 Poisoning by carbon monoxide 0,32 0 0,33 0,23 0 0,19 0,07 0 -0,23
C.2.4.2 Poisoning by other means 0,27 0 0,29 0,27 0 0,34 0,42 0 -0,65
C.2.5.1 Unintentional firearm injuries 0,02 0 -0,07 0 0 -0,02 0,28 0 -0,53
C.2.5.2 Other exposure to mechanical forces 0,3 0 0,3 0,28 0 0,28 0,16 0 -0,23
C.2.6 Adverse effects of medical treatment 0,19 0 0,18 0,19 0 0,18 0,36 0 -0,39
C.2.7.1 Venomous animal contact 0,06 0 -0,11 0,09 0 -0,14 0,5 0 -0,98
C.2.7.2 Non-venomous animal contact 0,24 0 -0,18 0,34 0 -0,26 0,36 0 -0,69
C.2.8.1 Pulmonary aspiration and foreign body in airway 0,17 0 0,17 0,13 0 0,2 0,03 0 -0,1
C.2.8.2 Foreign body in eyes 0,01 0 -0,02 0,07 0 -0,05
C.2.8.3 Foreign body in other body part 0,01 0 -0,04 0,11 0 -0,15 0,34 0 -0,57
C.2.9 Environmental heat and cold exposure 0,02 0 0,06 0 0,42 0,01 0,06 0 -0,26
C.3.1.1 Self-harm by firearm 0,1 0 0,16 0,07 0 0,14 0 0 0,05
C.3.1.2 Self-harm by other specified means 0,16 0 0,21 0,11 0 0,19 0 0 0,02
C.3.2.1 Physical violence by firearm 0,17 0 0,3 0,18 0 0,31 0,08 0 -0,33
C.3.2.2 Physical violence by sharp object 0,01 0 0,04 0 0,03 0,01 0,09 0 -0,27
C.3.2.4 Physical violence by other means 0,13 0 0,16 0,06 0 0,1 0,11 0 -0,25
C.3.3 Conflict and terrorism 0,1 0 -0,56 0,18 0 -0,89 0,11 0 -0,6
C.3.4 Executions and police conflict 0,02 0 -0,14 0,08 0 -0,44 0 0 -0,06
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chapter 6 | Conclusion

6.1. Contributionof this thesis

6.1.1. Researchobjective A

Research objective A was to contribute to the development of MATER in terms of stocks
and flows of energy and raw materials to build and maintain infrastructures for major world
regions over the period 1900-2100, with a particular focus on the transport sector.

Chapter 2.1presented theDyMEMDS(DynamicModelling ofEnergy andMatterDemand
and Supply) model, which is the ancestor of MATER. DyMEMDS is a stock and flow model
that links the energy consumption, GDP, and population with raw materials consumption,
greenhouse gases emissions, global warming, and additional environmental impacts such as the
consumption of water and used land for mining. It includes about 50 technologies of trans-
portation, construction, and energy; 10 metals, cement, and gravel; and 9 geographical regions
covering the world. From the evolution of infrastructure calculated for imposed future GDP
and population evolutions, the stocks ofmaterials by technologies are estimated using dynamic
raw material intensities in kg of material per technological unit.

This full bottom-up approach starting fromregionalGDPandpopulation evolutionsmakes
it possible to link the global raw material consumption with the economic development and
the population and technological evolutions of each geographical region. It reproduces the in-
cremental increase in demand for base metals, cement, and gravels observed since World War
II. The period 1950–1970 was marked by a strong increase in global consumption driven by
the construction of the infrastructure of currently developed countries. Consumption growth
declined during the 1970–2000 period, as saturation thresholds were approached in rich coun-
tries, and no poor country was economically emerging. Then the rapid economic emergence
of China in the late 1990s led to a second period of increase in global consumption. China’s
consumption is expected to level off over the next decade, and then decline between 2030 and
2050. After 2050, the need for new infrastructure in this country is no longer controlled by the
evolution of GDP/capita because the saturation thresholds are reached. Moreover, the amount
of recyclable material that was negligible before 2030 increases after 2030 as fast as the increase
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in consumption observed between 2000 and 2025. The amount of steel available for recycling
between 2050 and 2075 is even higher than the apparent consumption. A peak in steel con-
sumption was also observed in the US in the 1970s, although less pronounced than in China in
2030 because previous growth was slower. Since then, the US steel consumption has remained
relatively constant, which is a common observation made for all rich countries, as well as in
China after 2050. An incremental evolution of demand is also observed for Ni, Cr, and Mn,
which are mainly used as alloying elements of steel. The incremental evolution is less clear for
other base metals such as copper and aluminium involved in a variety of new applications with
lower lifetimes than steel since the 1950s. The decrease in Chinese consumption in 2030–2050
is likely to be compensated by the increase due to the economic emergence of India andAfrican
countries. Assuming that these countries will achieve their economic development within the
century, the Indian peak of cement and steel consumption might occur in 2050 and 2100, and
those of copper and aluminiumone- or two-decades latter. TheAfrican consumption peaks are
expected to occur 15 years later. In this scenario, the yearly global demand for steel and cement
in 2100 is fourfold the present value and sixfold the present consumption for aluminium and
copper.

The DyMEMDS model was coded in Vensim. To allow for more collaborative work, we
re-coded it in python as MATER (Multi-regional Assesment of Technologies, Energy and Re-
sources), presented in Chapter 2.2. One of the main strengths of MATER is the fact that the
industrial energy consumption is endogenized, meaning that feedback loops allow to calculate
the energy and raw materials needed to build the infrastructure needed to build and operate
existing stocks.

One of the main inputs of MATER is trajectories in stocks. The third part of chapter 3
demonstrates that utilizing a single S-curve (as a function of GDP per capita) equation pre-
cisely replicates historical personnal light-duty vehicles stocks in every country worldwide, thus
enabling accurate predictions of future stock levels in business-as-usual scenarios. In MATER
andDyMEMDS,we built such curves for everymajor infrastructure sector. In these equations,
it is essential to physically explain the regional differences within this equation; failing to do so
could yield unreliable results. For instance, it is likely that the GCAM model underestimates
the number of cars needing to be built by 2100 in a business-as-usual scenario by 10 billion.

6.1.2. Researchobjective B

Research objective B was to study the contribution of technological progress and resource
dilution on the energy intensity of production of metals in order to incorporate the dynamics
into MATER.

Chapter 2 explored this relationship between technological progress and thermodynamic
limits. The first paper of the chapter presents a model that uses ore grade, technology improve-
ment, energy prices, and thermodynamic limits to predict the long-term costs and prices of
metals. This model accurately reproduces the historical evolution of metal prices since 1900
and predicts that the trend of declining costs will eventually reverse as production energy ap-
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proaches thermodynamic limits. This has already happened for precious metals and will occur
before the end of the century for other metals. The model built has allowed to improve the cal-
culation of rawmaterials production energy consumption inMATER.Amodule was added in
MATER to calculate the energy per kg ofmetal as a function of technological progress (time de-
pendent) and resource quality (inversely proportional to the integral of historical production).

The second paper explores the energy efficiency of the overall economy. We calculated the
energy necessary to produce households and governments’ final consumption in 49 world re-
gions in 2017. Energy intensities (energy use per dollar of final consumption)were then studied
as a functionof affluence. We found that high-income regions usedmore energy per unit of final
consumption than low-income ones. This result contradicts the common belief that a higher
GDP is correlated with a better efficiency and questions the feasibility of mainstream energy
transition scenarios based on universal GDP growth.

This second studywas performedonly for year 2017. To improve themodelling inMATER,
energy intensities would need to be calculated as a function of time and be incorporated in a
model similar to that of this chapter’s first paper. To do so would require to know the ther-
modynamic minimum of energy intensities. This could be done by using exergy. Exergy is a
measure of the maximum useful work that can be extracted from a system or a flow of matter
or energy as it comes into equilibrium with a reference environment. It is a thermodynamic
property that quantifies the usefulness or quality of energy. However, exergy is not yet incor-
porated into EXIOBASE, the input-output database used in the second paper. Researchers are
currently working on building exergy extensions for EXIOBASE. Building a model of energy
intensity similar to that of paper 1 will therefore soon be possible.

6.1.3. Researchobjective C

Research objective C was to regionalize the impacts of production and consumption in
MATER using input-output modelling.

In the first version of MATER, we considered that there were no exchanges in between re-
gions, which is an obvious limitation. The first part of chapter 4 presents how input output
databases can be used to analyze economic and ecological exchanges in between regions. Re-
sults from carbon footprint assesments vary greatly depending on the calculation perimeter
chosen, making them confusing to non-expert readers and hindering their use for policymak-
ing. Sankey diagrams are a type of flow diagram where the thickness of a flow is proportional
to its value. They are powerful visual representation tools that would allow to shed light on the
various ways to calculate carbon footprints and on the implications of choosing one method
over another. Although several multi-regional input-output databases allow for the calculation
of footprints, none of them has been systematically represented as Sankey diagrams. To fill this
gap, we built an open accessweb application to represent carbon footprints for 49world regions
between 1995 and 2019 based on EXIOBASE data (sankey.theshiftproject.org). We included
production-based, consumption-based and consumption-based with capital endogenized ac-
counts. We then provided examples of the insights gained with such diagrams.

https://sankey.theshiftproject.org
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Based on the insights and the experience gained by building these Sankey diagrams, we used
EXIOBASE data to regionalize impacts in MATER in the second part of chapter 4. This en-
abled us to align the model with historical trade dynamics and economic activities. Looking
towards long-term scenario analysis, we could adjust the proportions of import and export com-
ponents at every stage to suit the conditions under investigation. This opens the possibility to
construct a variety of scenarios such as ’Business as Usual,’ where current trends continue un-
abated, ’Delocalization,’ which explores the effects of increased offshoring and outsourcing,
and ’Relocalization,’ that considers the impacts of bringing production processes closer to the
point of consumption. The adaptability of MATER in accommodating these various scenario
constructions provides an exciting avenue for future research.

6.1.4. ResearchobjectiveD

Research objective D was to explore the energy-health nexus.
The healthcare sector presents considerably more complex modelling challenges than other

sectors (such as transport or building) due to the inherent complexities of the health systems
and theirmultitude of feedback loops and indirect effects. Healthcare systems aremulti-faceted,
integrating a vast array of services, technologies, and human interactions. These can range from
primary care consultations to complex surgical interventions, all ofwhich require diverse inputs
and generate different types of outputs. Moreover, the demand for healthcare is influenced not
only by demographic and economic factors but also by health status, health behaviours, and
policies, among other things. This makes the prediction of demand and the associated resource
flows considerably more challenging.

Chapter 5 therefore explored the nexus between health and the environment, through two
studies, to pave the way for future integration of the healthcare sector in MATER. The first
study of chapter 5 advances existing research by assessing over 1000 environmental and social
impacts of healthcare systems in 49 world regions between 1995 and 2015, across the whole
value chain, including infrastructures. We find that an exponential link exists between health-
care systems’ resources footprint and their healthcare access and quality (HAQ) index. Both
prevention and efficiencymeasureswill beneeded to change this relationship. If it is not enough,
high-income countries will have to choose between further reducing the resource consumption
of their healthcare systems or shifting the efforts to other sectors, health being considered an
incompressible need. We call for the creation of a “HAQE” (healthcare access, quality, and effi-
ciency) index that would add resource efficiency to access and quality when ranking healthcare
systems.

The second study takes a completely different point of view to examine the relationship be-
tween the energy footprint per capita (EFC) (whichmeasures the amount of energy required to
sustain an individual’s lifestyle) and diseases. We find that high EFC is correlated to low rates of
enteric infections, maternal and neonatal disorders, nutritional deficiencies and sexually trans-
missible infections. However, high EFC is also correlated to high rates of substance use disor-
ders, neoplasms, neurological, mental and musculoskeletal disorders, and diabetes and kidney
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diseases. These are only correlations and causality is of course not implied. However, the fact
that highEFC is not correlated to low rates of non-communicable diseases shows that there is no
causality between high EFC and low rates of non-communicable diseases. This evidence ques-
tions the narrative that economic growth and technological innovation (which are the source of
increased energy use) inherently contribute positively to health. It suggests that while theymay
provide solutions to certain health problems, they might simultaneously introduce new health
challenges, directly or indirectly, through changes in lifestyle and environmental degradation.

Though these two articles provide useful insights to understand the health-environment
nexus, they are not yet sufficient to model properly the healthcare sector using the stock-flow
approach of MATER. More research is needed using systems thinking to model the dynamics
of healthcare.

6.1.5. Contributions frompapersnot in the thesis

6.1.5.1. Dynamicmodelingofglobalfossilfuel infrastructureandmaterialsneeds: Overcomingalack
of available data

Hugo Le Boulzec, Louis Delannoy, Baptiste Andrieu, François Verzier, Olivier Vidal, and
Sandrine Mathy (2022). “Dynamic modeling of global fossil fuel infrastructure and materials
needs: Overcoming a lack of available data”. In: Applied Energy 326, p. 119871. doi: 10.
1016/j.apenergy.2022.119871

Abstract The low-carbon energy transition requires a widespread change in global energy in-
frastructures which in turn calls for important inputs of energy andmaterials. While the trans-
port and electricity sectors have been thoroughly analyzed in this regard, that of the hydrocar-
bon industry has not received the same attention, maybe in part due to the difficulty of access
to the necessary data. To fill this gap, we assemble public-domain data from a wide variety of
sources to present a stock-flow dynamic model of the fossil fuels supply chain. It is conducted
from 1950 to 2050 and along scenarios from the International Energy Agency. We estimate
the concrete, steel, aluminum and copper requirements for each segment, as well as the embed-
ded energy and CO2 emissions through a dynamic material flow analysis (MFA) model. We
find that (i) the material intensities of oil, gas and coal supply chains have stagnated for more
than 30 years; (ii) gas is the main driver of current and future material consumption; and (iii)
recycled steel from decommissioned fossil fuels infrastructures couldmeet the cumulative need
of future low-carbon technologies and reduce its energy and environmental toll. Furthermore,
we highlight that regional decommissioning strategies significantly affect the potential of ma-
terial recycling and reuse. In this context, ambitious decommissioning strategies could drive a
symbolic move to build future renewable technologies from past fossil fuel structures.

https://doi.org/10.1016/j.apenergy.2022.119871
https://doi.org/10.1016/j.apenergy.2022.119871
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6.1.5.2. Assessing the economic consequences of an energy transition through a biophysical stock-
flowconsistentmodel

Pierre Jacques, Louis Delannoy, Baptiste Andrieu, Devrim Yilmaz, Hervé Jeanmart, and
AntoineGodin (2023). “Assessing theEconomicConsequences of anEnergyTransitionThrough
a Biophysical Stock-Flow Consistent Model”. In: Ecological Economics 209, p. 107832. doi:
10.1016/j.ecolecon.2023.107832

Abstract The biophysical foundations of socio-economic systems are underrepresented in the
vast majority of macroeconomic models. This lack is particularly troublesome when consider-
ing the links between energy,matter and the economy in the context of the energy transition. As
a remedy, we present here a biophysical stock-flow consistent macroeconomicmodel calibrated
at the global scale, that combines detailed bottom-up estimates for the high capital intensity of
renewable energies and the decreasing energy return on investment (EROI) of fossil fuels. We
find that the completion of a global energy transition scenario compatible with the 1.5 °C ob-
jective of the Paris Agreement leads to a decrease of the system’s EROI and to high investment
share, employment and inflation trends, characteristic of a “war economy”. Our results further
indicate that a slower growth rate eases the transition, and call for further work on post-growth
scenarios studies.

6.1.5.3. Strong” transdisciplinarity in the Anthropocene: lessons from a cross dialogue between so-
cial andmodeling sciences

LouisDelannoy, Angélique Palle, NoémieRebière, andBaptisteAndrieu (2023). “’Strong’
transdisciplinarity in theAnthropocene: lessons from a cross dialogue between social andmod-
eling sciences”. In: Hérodote 188. doi: 10.3917/her.188.0041

Abstract By establishing a causality between the activities of human societies and the transfor-
mation of global biophysical processes, the notion of the Anthropocene has imposed systemic
and transdisciplinary approaches, the only ones capable of grasping themagnitude of the issues
raised. The dialogue proposed in this article is in line with this recent work. It brings together
two groups of young researchers, one in the social sciences and the other in modelling sciences,
who, through cross interaction, explore the practical challenges of global systemic risk analy-
sis. The exchanges highlight the mutual contributions of hard and social sciences and illustrate
the relevance of numerical models to test or validate ecological transition trajectories, while ex-
posing its own epistemological and methodological limitations. Finally, this dialogue extends
the notion of “strong” transdisciplinarity, in which interactions between disciplines would take
place at every stage of the scientific creation process, as opposed to “weak” transdisciplinarity,
in which exchanges would be compartmentalized at certain specific times.

https://doi.org/10.1016/j.ecolecon.2023.107832
https://doi.org/10.3917/her.188.0041
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6.1.5.4. Gasoline price and the effectiveness of interventions targeting healthier transport modes:
Ameta-analysis

Guillaume Chevance, Baptiste Andrieu, Nicolas Koch, Cathryn Tonne, Mark Nieuwen-
huijsen, and Paquito Bernard (Apr. 2023). Gasoline Price and the Effectiveness of Interventions
TargetingHealthier TransportModes: AMeta-Analysis. en. SSRNScholarly Paper. Rochester,
NY. doi: 10.2139/ssrn.4429015. url: https://papers.ssrn.com/abstract=
4429015 (visited on 07/20/2023)

Abstract Promoting active and public transportation is beneficial for both public health and
the environment. However, evidence about the structural factors that can moderate interven-
tions’ effectiveness is limited. The current study aims to quantify the moderating role of gaso-
line price on the effectiveness of interventions targeting healthier transport modes. This meta-
analysis provides an analysis of 59 interventions targeting a change in driving, public and active
transportation across four continents. Outcomes were converted into standardized mean dif-
ferences and multi-level meta-analyses were conducted. We tested the moderating role of rel-
ative gasoline price, as a ratio of purchasing power, on interventions’ effectiveness. Then, we
tested potential interactions between relative gasoline price and access to public transportation,
private motor vehicle ownership and access to streets and open spaces. Relative gasoline price
significantly moderates the effectiveness of interventions targeting healthier transport modes
in Europe (standardized mean difference 4·43, 95% CI 1·11 to 7·74). Interventions were more
effective with higher relative gasoline price. Relative gasoline price also significantly interacted
with access to public transport in the four continents, with themoderating role of relative gaso-
line price on interventions’ effectiveness being stronger in places with higher access to public
transport. Relative gasoline price is a significant moderator of interventions’ effectiveness but
mostly in context where infrastructures are available. We interpret this result through a condi-
tional effect where gasoline price interacts with the availability of infrastructures supporting a
modal shift from car to active and public transportation.

6.1.5.5. Emerging consensus onnet energy paves theway for improved integrated assessmentmodel-
ing

L. Delannoy, M. Auzanneau, B. Andrieu, O. Vidal, P.-Y. Longaretti, E. Prados, D.J. Mur-
phy, R.W. Bentley, M. Carbajales-Dale, M. Raugei, M. Höök, V. Court, C.W. King, F. Fizaine.,
P. Jacques.,M.K.Heun,A. Jackson,C.Guay-Boutet, E.Aramendia, J.Wang,HugoLeBoulzec,
and CAS Hall (2023). “Emerging consensus on net energy paves the way for improved inte-
grated assessment modeling”. In: Submitted to Energy and Environmental Science

Abstract Extracting, processing, and delivering energy requires energy itself, which reduces the
net energy available to the rest of society. We believe that most mitigation pathways and tran-
sition models overlook important net energy aspects related to the decline of the qualities of
fossil fuel deposits qualities, as well as energy requirements of the energy transition. These will
have considerable socioeconomic implications. Here, we summarize our agreement across 8 key

https://doi.org/10.2139/ssrn.4429015
https://papers.ssrn.com/abstract=4429015
https://papers.ssrn.com/abstract=4429015
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points that should be considered while assessing future energy plans, identify areas of investi-
gation by the net energy analysis community, discuss the implications of net energy constraints
in the context of the energy transition, and identify issues of overlooking these. Particularly,
we discuss how reductions in net energy available can hinder the transition if demand-sidemea-
sures are not enabled to limit energy consumption. We also discuss the risks posed for the energy
transition in the Global South, which, while being the least responsible for climate change may
be amongst the most impacted by both the climate crisis and net energy constraints. Last, we
discuss avenues to further consider net energy aspects in mitigation pathways and Integrated
Assessment Models.

6.1.5.6. Material requirements and impacts of the building sector in the Shared Socioeconomic Path-
ways

Hugo Le Boulzec, Sandrine Mathy, François Verzier, Baptiste Andrieu, Daniel Monfort-
Climent, and Olivier Vidal (2023). “Material requirements and impacts of the building sector
in the Shared Socioeconomic Pathways”. In: Cleaner Production

Abstract The significant weight of the building sector in global material demand has been ad-
dressed in several publications, but a lack of consideration of renovation and energy-materials
nexus dimension was identified. To fill these gaps, we developed a stock-flow dynamic model
from 1950 to 2100, using scenarios of the International Energy Agency and the Shared Socioe-
conomic Pathways of the academic literature. We find that (i) the combined increasing stocks
in the less developed countries and the development of renovation strategies in the most devel-
oped countries results in a rise of the inflows; (ii) it induces a large energy demand and envi-
ronmental impacts, which could question the feasibility of some low-energy demand scenarios;
(iii) the large-scale use of recycled concrete aggregates and green concrete1 displays a significant
potential to enhance the reduction of energy and GHG impacts of concrete. We furthermore
highlight the crucial temporal aspect of policies to successfully implement these solutions, as
long lifetimes are observed in the building sector.
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chapter 7 | Final thoughts

7.1. The Shift Project

This thesis has been funded by The Shift Project. The Shift Project is a French think tank
advocating the shift to a post carbon economy. Our strategy is to inform the public debate
by (i) setting up working groups on the most sensitive and decisive issues of the transition to
a post-carbon economy, (ii) producing robust and quantified statements on key aspects of the
transition, and (iii) bringing forward innovative proposals, and we pay particular attention to
appropriately-scaled solutions. We then try to influence the public debate by (i) launching
lobbying campaigns targeting political and economic decision-makers to promote the recom-
mendations made by our working groups, (ii) hosting events designed to encourage discussion
among the different stakeholders concerned with climate and energy issues, and (iii) building
partnerships with both professional organisations and academic players.

A recent objective of The Shift Project has been to better understand the raw materials-
energy nexus. Participating to the construction of the MATER model emerged as a natural
strategy to achieve this. Embarking on a PhD journeywithThe Shift Project was an exceptional
opportunity forme, allowing the research produced to directly influence public discourse. The
dissemination of my research to diverse audiences has occurred through conferences, podcasts,
YouTube videos, interviews, and radio appearances, reaching scientists, students, NGOs, min-
istries, public and private companies.

7.2. Freedom in research

The aim set at the beginning of the thesis was broad and I was given total freedom to explore
the subjects I was truly interested in - yes, I genuinely have a passion for Sankey diagrams. My
advisors, always ready to guide and mentor me, never imposed anything on me. I believe that
such freedom is an essential precondition for producing good research during a PhD journey
and beyond.
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7.3. Future research

Models are potent tools that shape public discourse and policy direction. It is astonishing
that all technology-rich IAMs are still based on exogenous economic growth with markets and
technologybeing in charge of achieving the various climate targets. Transitioning towardsmod-
els embedded in physical truths, free of paradoxical directives, and capable of contemplating
both growth and post-growth scenarios, would provide more credible and realistic pathways.
With this ambitious goal in mind, there are numerous research ideas I am eager to explore in
the coming years:

7.3.1. Exergy inMater

Technological progress in MATER is well calibrated for raw materials production (chapter
3.1). For other processes, historical progress rates are extrapolated into the future. However, to
be more precise, we would need to include thermodynamic limits for each process. This could
be done using exergy data.

7.3.2. NewSSPs ANDnewSSPnarratives

Most technology-rich IAM runs are based on the Shared Socioeconomic Pathways (SSPs).
Before entering the models, SSPs are translated into economic growth pathways. It is these
economic growth trajectories that enter into IAMs. This is an obvious limit and new post-
growth trajectories and post-growth compatible IAMs must therefore be built.

7.3.3. TurningMATER into an IAM

MATER allows for really precise modelling of socioeconomic metabolism. Its main advan-
tage compared to other models is that the industrial energy and infrastructure needs are calcu-
lated endogenously to fit the demands in services. MATER could now be coupled with other
models to be more systemic and have a scope larger than existing IAMs.

7.3.4. Crises, contagion risks

MATER, akin to all technology-rich IAMs, operates under a continuity assumption, exclud-
ing potential crises. However, real-world scenarios are prone to various crises. Consequently,
research is essential to examine and prepare for potential risks and disruptions.

7.3.5. A systemsdynamic approachofhealthcare

The second article of Chapter 5 identified correlations between per capita energy footprint
and disease prevalence, with an inverse relationship found for communicable diseases and a di-
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rect one for non-communicable diseases. Incorporating these insights into a dynamic model
would require a more nuanced understanding of lifestyle factors and causative dynamics (such
as physical activity levels, dietary habits, pollutant exposure, etc.). This approach could poten-
tially unveil the interdependencies between socio-economic and health-related factors, provid-
ing valuable insights for public health interventions, policy planning, and strategic decision-
making.

7.3.6. Gamification

Modelling inherently illustrates the dynamic nature of the variables involved, emphasizing
the uncertainty of long-term projections. Tomake this complexitymore tangible to a wider au-
dience, transforming MATER into an interactive, educational game could be beneficial. This
could enhance awareness of the complexities of socio-economic and environmental systems,
and help individuals understand how subtle changes can have far-reaching effects. Addition-
ally, the game could function as a tool for policy makers and researchers, enabling them to test
different scenarios and investigate their potential outcomes in a risk-free, simulated environ-
ment.

7.4. Open science

I want to close by acknowledging the immense value of open science, which made this re-
search possible. I am very grateful to the EXIOBASE, eora, GBD, GCAM, and all the other
teams whose models or data I used. In my own small way, I have put all my code in open-access
on my github account, in the hope that it might save other researchers some precious time.
MATER, upon completion, will also be open-source and open-access. May the ongoing efforts
to make science more collaborative continue (Pauliuk, 2020).
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