Demand-side Strategies Key for Mitigating
Material Impacts of Energy Transitions

Felix Creutzig"? Sofia G. Simoes®, Sina Leipold®, Peter Berrill? Isabel Azevedo® Oreane
Edelenbosch®, Tomer Fishman’, Helmut Haberl®, Edgar Hertwich®, Volker Krey®®, Ana
Teresa Lima'', Tamar Makov'?, Alessio Mastrucci’®, Nikola Milojevic-Dupont’?, Florian
Nachtigall’?, Stefan Pauliuk™, Mafalda Silva®, Elena Verdolini" Detlef van Vuuren®, Felix
Wagner"?, Dominik Wiedenhofer®, Charlie Wilson*®

" Mercator Research Institute on Global Commons and Climate Change, Berlin
2 Technical University Berlin
3 LNEG — National Laboratory for Energy and Geology, Amadora, Portugal

4 Department of Environmental Politics, Helmholtz Centre for Environmental Research,
Germany

° INEGI - Instituto de Ciéncia e Inovagdo em Engenharia Mecénica e Engenharia Industrial,
Porto, Portugal

6 Copernicus Institute of Sustainable Development, Utrecht University, the Netherlands
7 Institute of Environmental Sciences (CML), Leiden University, The Netherlands

8 Institute of Social Ecology, University of Natural Resources and Life Sciences, Vienna,
Austria, https://orcid.org/0000-0003-2104-5446

® Department of Energy and Process Engineering, Industrial Ecology Programme, Norwegian
University of Science and Technology, 7491 Trondheim, Norway

"0 International Institute for Applied Systems Analysis (IIASA), Austria

"" DTU Sustain, Department of Environmental and Resource Engineering, Technical
University of Denmark, Kgs Lyngby, Denmark

"2 Guilford Glazer Faculty of Business and Management, Ben Gurion University, Israel
'3 Faculty of Environment and Natural Resources, University of Freiburg, Germany

" University of Brescia and RFF-CMCC European Institute on Economics and the
Environment, Euro-Mediterranean Center on Climate Change https.//orcid.org/0000-0001-
7140-1053

' Environmental Change Institute, University of Oxford, UK https://orcid.org/0000-0001-8164-
3566



https://protect.checkpoint.com/v2/r02/___https:/orcid.org/0000-0001-7140-1053___.YzJlOmlpYXNhOmM6bzpkZTE0ODczZGQ0ZjBiMjA2YWQyMWQ5NWI2OWE2YjYyODo3OjMyZWQ6MTY2YzU5YTNlNmRiNGI0YmRkYmY5NGU0NGZlZGNjYTEyOWY5MjgzYTBiOTY3MDU5YjdkNGY4N2ZmZDlhZGVkNzpwOlQ6Tg
https://protect.checkpoint.com/v2/r02/___https:/orcid.org/0000-0001-7140-1053___.YzJlOmlpYXNhOmM6bzpkZTE0ODczZGQ0ZjBiMjA2YWQyMWQ5NWI2OWE2YjYyODo3OjMyZWQ6MTY2YzU5YTNlNmRiNGI0YmRkYmY5NGU0NGZlZGNjYTEyOWY5MjgzYTBiOTY3MDU5YjdkNGY4N2ZmZDlhZGVkNzpwOlQ6Tg
https://protect.checkpoint.com/v2/r02/___https:/orcid.org/0000-0001-8164-3566___.YzJlOmlpYXNhOmM6bzpkZTE0ODczZGQ0ZjBiMjA2YWQyMWQ5NWI2OWE2YjYyODo3OjE4ZTE6MGE0ZGVhOTdkYjNkNDkxMWI0MDk3MTk3MzRhMTAwYjE1YWRjMzRmMzZkMWEwZTFkNjhmYmI0MGRkNDhlMDkyYzpwOlQ6Tg
https://protect.checkpoint.com/v2/r02/___https:/orcid.org/0000-0001-8164-3566___.YzJlOmlpYXNhOmM6bzpkZTE0ODczZGQ0ZjBiMjA2YWQyMWQ5NWI2OWE2YjYyODo3OjE4ZTE6MGE0ZGVhOTdkYjNkNDkxMWI0MDk3MTk3MzRhMTAwYjE1YWRjMzRmMzZkMWEwZTFkNjhmYmI0MGRkNDhlMDkyYzpwOlQ6Tg

34
35
36
37
38
39
40
41
42
43

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69

Abstract. As fossil fuels are phased out in favor of renewable energy, electric cars and other
low-carbon technologies, the future clean energy system is likely to require less overall mining
than the current fossil fueled system. However, material extraction and waste flows, new
infrastructure development, land use change, and the provision of new types of goods and
services associated with decarbonization will produce social and environmental pressures at
localized to regional scales. Demand-side solutions can achieve the important outcome of
reducing both the scale of the climate challenge and material resource requirements.
Interdisciplinary systems modeling and analysis is needed to the opportunities and tradeoffs
for demand-led mitigation strategies that explicitly consider planetary boundaries associated

with the earth’s material resources.

Continuing fossil fuel development and consideration of currently implemented policies implies
that climate targets will be missed by a wide margin'. However, many technologies required
to effectively address climate change are already available in the market. There are emerging
signs that some societies can rally enough political support and practical action to slow climate
change. Peak coal may have arrived?’. Renewable energy technologies are diffusing
exponentially as costs decrease®, are outcompeting fossil fuels, and are integrating into
increasingly digitalized networks*. Energy end-use technologies enabling low-carbon
electrification of mobility and heating services — such as batteries for electric vehicles (EVs)
and heat pumps for housing — are becoming ever cheaper and expanding rapidly®. If these
trends continue and are coupled with policies for tackling GHG emissions from land use and
agriculture, the goal of limiting global warming to below 2°C may remain within reach
(disinvesting from fossil fuels is however the harder part, given the power of fossil fuels in
energy markets and the geopolitical implications associated with phase-out®). Large-scale
deployment of carbon dioxide removal (CDR) technologies — such as direct air carbon capture
and storage (DACCS) — may even offer the opportunity to reverse temperature increases

further in the future.

This optimistic scenario comes with intensifying and compounding trade-offs. Low-carbon
technologies such as wind turbines, solar panels, or batteries — and the infrastructures they
require — are material-intensive’, and specifically more mineral-intensive than their fossil fuel
counterparts®. Their sourcing from the earth and sinking via mining and post-consumer waste
will drive environmental burdens to new levels globally, including increased water pollution,
ecosystem destruction from mining operations®, and supply chain-related GHG emissions™.
Main drivers include deployment of large-scale renewable power plants, mining for resources,
such as lithium and cobalt required for novel digital and low-carbon technologies', and other

land footprints'?. This expected surge in impacts counteracts biodiversity protection and other
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healthy ecosystem targets and is likely to meet increased conflicts with supply chain legislation
and environmental protection in mining countries, as well as resistance among NGOs and the
general public. Socially, the current energy transition path risks creating new social burdens,
including disproportionate siting of extractive projects in low-income or indigenous
communities', and investment uncertainties that may exacerbate issues of energy poverty

and inequality (within and between countries)'*5.

Environmental and social impacts and geopolitical relations, not resource scarcity, constitute
the main risks in metals and minerals supply'®-2°. Biodiversity and deforestation impacts of
mining are well documented both for metals® and for bulk materials such as sand?'. Large-
scale extraction of energy resources, metals, and construction of transport infrastructures can
have negative socio-environmental impacts disproportionately affecting ecosystem-based
livelihoods (e.g., fishermen, pastoralists)??, marginalized communities, and lower income
neighborhoods in both global North and South. High-resolution mapping reveals that mining
is @ major force in compromising biodiversity-rich areas by direct and indirect impacts, e.g.,
via wide-spread logging?24. While phasing out fossil fuels will reduce the overall impact of
material extraction, a large literature shows that supply side solutions to support the energy
transition will enlarge and intensify social and ecological injustices'2°. Mining, fossil fuels,
dams, and energy infrastructure cause more than 60% of all documented environmental
conflicts?®. In this respect we argue that demand side strategies can significantly mitigate the

risks associated with supply-side solutions.

Digital technologies, platforms and applications support a rapid clean energy transition,
helping to improve the resource efficiency of service provisioning systems. However, relative
efficiency gains can be undermined by the resources required to build and operate digital
infrastructure, as well as rebound effects that grow absolute levels of consumption and
associated material demand?’. Pervasive—dDigitalization also creates new types of
environmental footprint related to material use including copper ore, lithium, rare earth

minerals, and many other materials.

In this perspective we explain, illustrate, and discuss a main emerging problem with the
transition towards climate neutrality: Large-scale transitions to a renewable energy supply,
afforestation, and potentially new CDR technologies such as DACCS can have substantial
trade-offs for material use, land use, the biosphere and local social systems, requiring

mitigation of their impact

In the following, we first establish the critical environmental and social burdens introduced by
decarbonization strategies, such as increased mineral extraction with significant ecological

and societal impacts. This foundation is essential for understanding the subsequent part,
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which advocates for demand-side solutions as a necessary countermeasure to these burdens.
Texposition on the impacts of decarbonization solutions underlines the importance of
incorporating demand-side measures to mitigate these effects, thus supporting a holistic

approach to achieving sustainable energy transitions.
Environmental and social burden of decarbonization strategies

Decarbonization influences material footprints differently across provisioning and service
sectors, including energy, mobility, shelter, nutrition, general purpose technologies such as
digitalization, and mitigation-specific technologies such as CDR for atmospheric carbon

management. We illustrate these impacts with five salient examples.

First, high levels of electricity consumption in ambitious solar photovoltaic (PV) and wind
power scenarios will require additional bulk materials (e.g., steel, cement, aluminum) and land
7.2829  \While the overall material footprint of low-carbon electricity goes down by 85%
compared to fossil alternatives, higher metal ore extraction partly compensates for avoided
fossil mass flow®°. CO, emissions associated with construction also increase’ (see also Table
1). Expansion of renewable energy and electrification of other sectors will rapidly increase the
demand for most materials®'. While the overall impact is uncertain, global demand for steel
and aluminum in the electricity sector is estimated to grow by a factor of 2 in a baseline
scenario or by a factor of 2.6 in a 2°C climate policy scenario®?. Annual demand for neodymium
in the 2°C scenario could more than quadruple®?. Scenarios achieving a 1.5°C target have
even larger material requirements. Material stocks in 2050 could increase by up to 30% for
copper, 100% for concrete, 150% for iron/steel, and 260% for aluminum33. Most of these
materials have moderate or high recycling rates and once stocks are built up, they can be
used as a source of secondary materials. However primary material production will still need

to increase to develop new infrastructure343.

Second, electrification is an essential strategy to decarbonize mobility*®. However, detailed
lifecycle analyses (LCA) show that electric vehicles (EVs) have higher impacts than
conventional fossil-fueled vehicles in terms of metal and mineral consumption and human
toxicity potential, even as they reduce GHG emissions over the full lifecycle®t. In the EV
industry, significant supply risks originate in rapidly rising demand for battery grade natural
graphite, lithium and cobalt for batteries, and the rare earth elements dysprosium, terbium,
praseodymium and neodymium?’. Also in this case, most of these materials have moderate or
high recycling rates and once stocks are built up they can be used as a source of secondary

materials

Third, the requirements for lower carbon footprints in construction materials for buildings are

driving a shift from mineral-based materials to bio-based materials®. From a lifecycle
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perspective, bio-based materials such as wood not only emit less CO, during the
manufacturing phase than cement and steel, but also store CO,%*%4°. However, there are
important trade-offs with other ecosystem services and carbon sinks provided by forests and
would imply the expansion of forestry to nearly 150 Mha by 2100*'. This is equivalent to the

current size of the entire global urban land area or one third of the entire land area of the EU*2.

These land use pressures can be ameliorated by shifting to plant-based diets with much lower
agricultural land footprints as well as dramatically lower GHG emissions*. Large scale
adoption of meat substitutes, including alternative proteins and cultivated meat, by non-
vegetarians can also reduce emissions, but may marginally increase demand for electricity,
water treatment facilities, and high grade stainless steel**. The carbon reduction potential of
these novel foods varies, but generally hinges on the assumption that they will utilize

renewable energy (e.g., during the production of cultivated cells)*.

Fourth, the increased use of digital technologies in the provision of goods and services is one
of the fastest and most pervasive forces shaping our societies with disruptive consequences
affecting both demand and supply across all sectors?’#¢. Digitalisation is also a critical and
integral element of the clean energy transition: for balancing intermittent renewable supply in
real-time with distributed storage and flexible demand in a low carbon electricity system*’, for
enabling low-carbon urban mobility modes such as car sharing*®®, and for promoting
virtualisation and servitization to reduce demand for energy-intensive products and activities*°.
However, digital infrastructure and devices have distinctive material footprints and relatively
low levels of material recovery from waste streams. They also depend on critical mineral
extraction and often result in rapid turnover of short-lived consumer goods®. E-waste,
estimated at 54 Mt in 2019, is the fastest growing waste stream in the world, doubling every
16 years®, yet is worth over $60bn annually®'. Impacts of digitalisation are also unequally
distributed: benefits accrue more in the service-intensive economies of the Global North, while
negative economic and social impacts associated with both resource sourcing and waste
sinking are higher in the Global South®2. Improving recycling of e-waste is a pressing concern

and a high priority for future research®.

Fifth, DAC has been proposed as a scalable but cost- and energy-intensive option to absorb
CO, from the atmosphere. However, per unit of CO»-emission reduced/sequestered, DAC
(using temperature swing adsorption) is estimated to have similar renewable energy
requirements and land footprints as a switch from gasoline to electric vehicles, but with
approximately five times higher material consumption®. In some specific cases, existing
mining operations can be better managed to improve carbon sequestration through enhanced

weathering®®, with a technical potential of up to 400 Mt CO./yr, according to one study®®. More
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broadly, both the logistics (piping) and the geological storage capacity requirements for large-

scale application of CCS infrastructure also carries large land use footprints.

In the clean energy transition, these different forces driving new material extraction are set
against reduced mining of fossil fuels. The current scale of fossil fuel extraction from coal, gas,
and oil surpasses those of all other materials together (excluding construction aggregates and
limestone) (Figure 1, Table 1). Focusing just on the energy transition, total extraction will be
halved from now until 2040 or shortly thereafter under the IEA’s Net Zero Emission pathway®’.
This dynamic is grounded in a sharp decline in the currently dominant fossil fuels, only partially
compensated by rising demand for materials required for wind, solar, EVs, batteries and
hydrogen. There is sufficient physical supply and economic potential for most of these material
resources'’. Nonetheless, the material specific mining increment is substantial. Depending on
scenario assumptions, the total material requirement flows associated with mineral production
increase by around by around 200-900% in the electricity sector and by 350-700% in the
transport sector respectively from 2015 to 2050%. Aggregates and clay-based materials are

extracted at higher rates than fossil fuels, but their impacts are comparatively lower.

Most of the “new” required minerals, metals and other materials have environmental and social
impaetsconsequences, as well as geopolitical risks of supply (Fig. 1). Sometimes, resources,
impacts and the capacity to refine and process them are highly localized®®. The Democratic
Republic of Congo, for example, has half the world's supply of cobalt, and China produces 90
per cent of the semiconductor wafers used to make solar cells®®. However, a large literature
shows that the need for minerals and metals necessary to develop low-carbon infrastructure
will augment the stress placed on people and the environment in extractive locations. The
orebodies of energy transition metals, for instance, are geographically concentrated in already
marginalized communities characterized by a co-occurrence of environmental, social and
governance risks'3%>%9, Existing decarbonization scenarios do not account for the fact that
local operational impacts associated with new and existing extraction projects are
fundamentally incompatible with global sustainability objectives and will exacerbate existing
inequalities and marginalization, e.g. of indigenous people and peasants, undermine local
governance but also pose wider socio-political risks negatively impacting economic growth,
human development®®-%2, Importantly, conflicts associated with environmental and social risk

translate into business costs, undermining the transition to a low carbon future®.

Of particular concern is the fast-tracking of mining operations for critical energy transition
minerals, such as lithium. Such practices threaten the rights of local and often indigenous
communities® (e.g., in Latin America and Canada) by circumventing their prior informed
consent and participation in decision-making processes. In the European Union, current

regulatory initiatives also push for accelerated application processes for new mines and

6
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processing plants for critical minerals®3. This not only undermines local governance but also
poses wider socio-political risks. A 'social license to operate' is important for companies to
manage local as well as national risks, as illustrated for copper®!®*.Without the socio-political
legitimacy conferred by local communities and stakeholders, corporate operations risk
triggering local conflicts which can have the capacity to generate significant financial costs,
influence national electoral outcomes, and shape public policy on a wider scale®?%. Big
projects such as large-scale solar parks in India or Northern Africa can similarly amplify

environmental and social risks®¢7.

There is an extensive body of literature that demonstrates how impacts can be substantially
mitigated by adopting responsible and advanced mining, refining and processing approaches.
Nonetheless, adverse social and environmental impacts cannot be wholly eliminated. At the
same time, the transition also has great potential to ameliorate the social burdens of the fossil
energy system, such as mitigating climate change, reducing air pollution from fossil fuels and
increasing energy security through decentralized production. Community-owned renewable

energy projects, as already in place®, could further empower local communities and reduce

the social burdens and inequalities of centrally owned resources.

The shift from fossil fuels to material extraction also has different impacts on planetary
boundaries: lower pressure on the climate change and ocean acidification boundaries, but
increased tensions for biosphere integrity, land-system change and freshwater change.
Shifting impacts on planetary boundaries for biogeochemical flows remain unclear.
Demand-side strategies reduce burdens

Demand-side strategies focus on how services can be provided to achieve higher wellbeing
at lower levels of energy and material use. This is achieved through social and behavioral
change, low-carbon infrastructures, resource-efficient design of material stocks, and circularity
strategies aimed at recycling materials and reducing overall material demand. Demand-side
strategies are concerned with both final consumption and the service provisioning systems
enabling that consumption®. Consequently, they make best use of demand-supply
interdependencies instead of maintaining traditional sectoral distinctions between end use
(e.g., buildings, transport), intermediate production (e.g., manufacturing) and upstream supply

(e.g., energy, materials).

Demand-side strategies achieve the important outcome of reducing both the scale of the
climate challenge and material resource requirements (Figure 2). First, demand-side
approaches avoid energy use and associated GHG emissions, directly lowering climate-
related risks while also reducing the required scale of the energy transition. Second, demand-

side approaches directly reduce adverse material impacts by dematerializing goods and

7
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services provision (‘narrow’ strategies for circularity). Third, demand-side strategies can
further enable circular material flows by extending product lifetimes and recovering and
reusing materials (‘slow’ and ‘close’ strategies). However, with few exceptions’®, demand-side
strategies have not yet been systematically explored at the nexus of climate change mitigation

and the material dimensions to the clean energy transition.

Demand-side solutions hold high potential for the previously discussed examples of energy,
mobility, buildings, food, digitalization, and CDR (Table 2). Strategies in the energy sector
include material-efficient technologies, low-carbon industrial processes, and increased
material recycling®. A shift from underutilized private cars (<1.2 passengers on average and
in use <1 hour per day) to shared pooled mobility achieves similar or better mobility services

at reduced material intensity”".

In the building sector, sufficiency (reduced floorspace per capita) and higher material efficiency
(increased yields, light design, material substitution, fewer domestic appliances, extended
service life, and increased service efficiency, reuse, and recycling) reduce material burdens
and associated GHG emissions’. More intense building use alone has as much potential as
all other measures combined’. In the food sector, transitioning away from meat (whether to
processed or unprocessed plant protein) is most effective*®”®. The material impact of CDR
technologies can be best avoided by minimizing their use, emphasizing overall demand-side

strategies, and advancing renewable energy technologies®.

In the case of digitalization and ICTs, demand-side solutions can narrow material cycles
through resource-efficient design and dematerialisation (e.g. functional convergence with
more services delivered through fewer devices’*7%). Material cycles can also be slowed by re-
designing ICT business models and consumption practices, enabling repair, longevity, lifetime
extension, resale, remanufacturing, component reuse, and modularity. Upscaling end-of-life
recovery and recycling capacities including through improved provenance and sorting systems

can close material cycles, enabled by simplifying material design choices’.

Despite these significant potentials, demand-side strategies are not without trade-offs.
Resource-efficient design of material stocks, and circularity strategies aimed at recycling

materials and reducing overall material demand, also have social and environmental costs.

Recycling raises environmental and justice questions. Resource-rich countries can face
significant challenges in securing investments for novel technologies such as battery recycling
and repurposing. These investments play a pivotal role in driving economic development and
job creation and ensuring equitable access to clean energy’’. Furthermore, tightening

environmental standards in some countries can lead to relocation of recycling operations,
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resulting in negative health outcomes for communities in other (often low-income) countries’®.
Another issue is the export of waste from high-income countries. Transporting large quantities
of waste has a high environmental impact, and the health and safety conditions under which
informal workers and communities collect and sort waste is a major concern in many low-

income countries”80,

Both examples emphasize that the clean energy transition will require not only technical and
economic changes but also a strategic approach to political issues of justice and equity in a

world with significant global inequalities and (historical) injustices.
New challenges require interdisciplinary approaches

The interdependencies between energy and materials, demand and supply, supply chains and
service provisioning systems, as well as diverse societal debates and policy paths across
sectors and geographies raise complex new research challenges. Navigating this landscape

requires systems analysis and integration between technical and social scientific expertise.

The global integrated assessment models (IAMs) are currently widely used to inform long-
term climate mitigation strategies but cannot address these intricacies. They need upgrades
enabling them to effectively analyze the material dimensions of low-carbon futures, particularly
in terms of sectoral interdependencies. |IAMs are widely used for providing a systems
perspective on decarbonization pathways and the design of global and national GHG
reduction strategies for the energy and land-use sectors®'-®2. However, IAMs do not consider
the interplay between materials and energy or the emerging challenges of a clean energy
transition (Figure 1)%'. For example, material demand in |IAMs is often either absent or
represented in monetary rather than physical units, or modelled as a simple function of
economic development. Demand is also segmented by sector — industry, transport, and
buildings. This overlooks important interactions between sectors, such as how infrastructure
and technologies used by the transport and buildings sectors directly influence industrial
demand through material consumption®#4. Climate mitigation strategies like EV deployment
or building insulation can reduce energy consumption but raise material demand®°.
Conversely, recycling or reusing materials can decrease material demand but push up energy

consumption.

As discussed earlier, the currently dominant supply-side strategies for decarbonization imply
large and worrying footprints for material extraction at a planetary scale. This reinforces the
need for new analytical tools capable of representing the systemic interplay between energy
and material dimensions. Progress is being made with focused empirical questions such as:
What are the specific material needs of decarbonization strategies? How are material

footprints developing over time? How are material sources and sinks spatially distributed, and
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with what environmental consequences? Ongoing research in these areas needs rebalancing
to better represent the Global South, and to address key questions around the material

equivalent of climate justice.

Another set of fundamental questions relates to the compatibility of current net-zero strategies
with planetary boundaries®. What strategies can mitigate both GHG emissions and material
use in industrialized countries? How can emerging economies attain welfare and material
comfort with lower material requirements? What is the scope for repurposing or reusing
materials from stranded fossil-based assets, and what are the implications for GHG

emissions?

Answering these questions requires gathering and scaling up technology- and material-
specific knowledge to explicitly represent and simulate the material dimension in scenarios of
climate change mitigation and global environmental change”. Here, IAMs can build on the
research methods and data collection efforts in the industrial ecology (IE) field®'. Material flow
models provide a quantitative understanding of the material cycle stages from extraction,
production, and use, up to disposal or other end-of-life options. This allows for the identification
of materials inefficiencies and losses, as well as circularity potentials and opportunities for

improvement.

Connecting industrial ecology (IE) tools (materials) with integrated assessment modelling
(IAM) (energy, land) represents the frontier for advancing systems analysis of the trade-offs
involved in the clean energy transition. Accounting for material demand in IAMs requires: first,
an enhanced quantitative representation of specific sectors in physical terms, including
products and service levels (e.g. building types and floorspace levels for residential and
commercial sectors with associated material requirements®:88); second, re-configuring models
to depict industry as an intermediate sector, and not as end-use sector, whose output is
consistent with demand from households, the public sector, and investments; and third,
detailed coupling between IAM and IE models® to link material cycles, including mining,
manufacturing and end-of-life treatment to the services and products. This linkage would allow
the generation of material demand futures coupled to projected energy transitions, and vice
versa, the estimation of energy requirements for producing required materials. Economic
aspects of material cycles are also important but typically not covered by industrial ecology
methods, whereas they are at the core of decision making in IAMs. Related data is hard to
find and typically proprietary which amplifies the challenge of integrated modeling in this

domain.

In addition to IE-IAM model coupling, a complementary approach to projecting global energy

and material systems draws on artificial intelligence (Al) and empirical big data techniques.

10
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These methods are increasingly linked to climate change mitigation and adaptation®. In
particular, studies with explicit spatial resolution have delivered promising results in predicting
building attributes, and material and energy demand with high generalization capacity®'2.
Using satellite imagery and volunteered geographic information from OpenStreetMap, studies
have created high-resolution maps of material stocks in buildings and infrastructures®, and
identified rooftop areas for solar PV that avoid land-use conflicts®*. The flexibility of these
approaches allows analyses to be extended to areas with sparse official data where
conventional material flow models cannot be applied®, particularly in the Global South.
Incorporating temporal dynamics can further reveal long-term trends, such as urban
expansion®, and help project future material demand of settlements. If data of appropriate
spatial resolution are unavailable, Al techniques can facilitate the downscaling and upscaling
of data via clustering and disaggregation methods®*, While these use cases show some
promise, the application of Al to material and energy analyses of urban areas is a recent

development: its full potential has yet to been fully explored.

These methodological advances for understanding the feedbacks between energy, land and
material systems are required not just to design robust mitigation scenarios but also to
evaluate demand-led strategies such as material efficiency and sharing economies that
reduce both energy and material demand. The importance of demand-side measures, and the
policies for incentivizing their adoption, have so far not been well captured in either global or
regional pathway analyses (for a recent notable exception see the analysis of China’s bulk

material loops’®).

Material and energy demand interact with human behavior and cultural context®. Resource
efficiency savings, including those advanced by the circular economy, are often compromised
by rebound effects'®. Leverage points for reducing material intensive supply and demand
include changing norms, the provision of low-carbon services and infrastructures, combined
with the update of new services and technical solutions®. Policy instruments, such as carbon
pricing, and equivalent pricing of harmful material extraction, are central for keeping overall

demand in check",

There is also an urgent need for ex ante assessments of justice and equity implications of
policy paths, together with their socio-political feasibility. This underlines the importance of an
approach that integrates social science insights with advanced modelling techniques to
analyze the complex relationship between social impacts, material flow dynamics and policy
development. A holistic, interdisciplinary perspective is essential to ensure that the material

and societal burdens of the energy transition are mitigated. Correspondingly, the complex,

11
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multi-level dynamics of these socio-political risks require a nuanced and integrated approach

to resource governance and corporate responsibility.

Demand-side strategies emerge as holistic solutions

The clean energy transition to address climate change may be just in time to keep global
warming within limits consistent with human survival. Yet, many communities encounter new
essential challenges to their livelihoods, as the mineral demand underpinning the energy
transition creates new environmental and social risks. To date, analytical and policy focus has
rightly been on the energy and land-use dimensions to the climate challenge. While the new
stressors are not at the scale of fossil fuel extraction and current agricultural practices'®?, they
will nonetheless compromise sustainability in new locations at large scales. This implies that
demand-side strategies, as detailed in the recent IPCC report*®, matter not only for climate
change mitigation but simultaneously serve to limit material-related environmental and social
burdens. For example, urban planning and transport system strategies, such as compact
cities, transit-oriented development, the 15-minute city, and novel systems of shared pooled
mobility, can improve accessibility, while decreasing the demand for cars, and thus materials
needed for electric motors and batteries. Future research should aim to develop a
comprehensive understanding of demand-side measures, including experience of their
implementation and mapping of available data on their effectiveness. Given the extensive and
interdisciplinary nature of this literature, which sometimes presents ambivalent results, such a
review could be a crucial aid to policy and practice. Most importantly, this review should also
seek to establish links with studies on the specific environmental and social impacts of
extractive projects, in order to focus efforts on the most pressing problem areas. The tools and
thinking underpinning global climate mitigation need to be updated, linked, and extended to
provide robust policy advice on the supply and demand-side strategies that jointly address the

energy and material dimensions of future sustainable development pathways.

Table 1. The clean energy transition impacts or is influenced by Overview-of key materials, services,
current extraction rates, demand evolution, environmental, social and geopolitical risks, supply chain
concentration and relevant-transition dynamics-of-the-clean-energy-transition. As social impacts are highly
context-dependent and extractive projects have both negative and positive social impacts, the table should be
read as an indication of overall trends in social burdens resulting from specific extraction practices in relation to
different natural resources. We conceptualize social burdens as perceived difficulties or disadvantages that
extractive projects impose on communities or societies. Burdens can include the need for resettlement, increased
cost of living, forced acquisitions, or conflicts over land use and property rights. Social burdens are typically
unevenly distributed, with marginalized and vulnerable populations bearing a disproportionate share of the
burden. Find a complete list of references cited in the table in the Supplementary Material.
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Table 2. Summary of demand-side strategies that contribute both to climate change mitigation and material

resource challenges.

Service

Demand-side strategies to mitigate adverse material impacts

Energy

Limit energy and material demand including through more efficient design of plants
to reduce material footprints, integrated solar PV in building designs to reduce
material demand of support structures, optimize location of new installations to
reduce the need for network expansion, limits on sprawling settlements

Mobility

Use vehicles as shared devices to downsize the size of the vehicle fleet; rapidly
expand public transport systems

Buildings

Increase lifetime of existing buildings and infrastructure by following circular
economy and sufficiency principles, such as repairing buildings, sharing spaces,
intensifying use of existing buildings, material efficiency and natural building
materials, limit sprawling settlements

Nutrition

Curb meat consumption and shift to unprocessed plant protein, sufficiency in line
with dietary recommendations

Communication and
information processing

Material efficiency in design and manufacturing of ICTs, value capture from material
recovery and recirculation

Carbon dioxide removal

Rapid GHG emission reductions avoid the need for large-scale CCS infrastructure

Environmental Impacts

Aluminium

Limestone

very small current extraction volumes
(<0.01 Gt/yr)

small current extraction volumes
(>0.001 & <5 Gt/yr)

Coal large current extraction volumes
oil oa (5 & <11Gt/yr)

very large current extraction volumes
Gas (>11 Gt/yr)

‘ ‘ high geopolitical risk
Aggregates low geopolitical risk

Cu @‘ localized impacts —

not globally widespread

td Fe

Social Impacts

Figure 1. Comparative overview of impacts of extracting and supplying emerging materials and fossil fuels. The
relative location of materials and fuels is by expert judgement underpinned by the insights from Table 1. Only the
extraction and processing stages are included, not fossil fuel combustion.
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New social and
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Clean energy
transition:
renewable power,
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scale of the material system (risk
to planetary health)

Figure 2. Shifting risks and response strategies from the clean energy transition. Partially motivated by76°.
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