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As fossil fuels are phased out in favour of renewable energy, electric cars and
other low-carbon technologies, the future clean energy systemis likely to
require less overall mining than the current fossil-fuelled 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 theimportant outcome of reducing both the scale of the climate
challenge and material resource requirements. Interdisciplinary systems
modelling and analysis are needed to identify opportunities and trade-offs
for demand-led mitigation strategies that explicitly consider planetary
boundaries associated with Earth’s material resources.

Continuing fossil fuel development and consideration of currently
implemented policies implies that climate targets will be missed by
awide 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 sup-
port 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 ena-
bling low-carbon electrification of mobility and heating services—such

asbatteries for electric vehicles (EVs) and heat pumps for housing—are
becomingever 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 geopoliticalimplications associated with phase-out®). Large-scale
deployment of carbon dioxide removal (CDR) technologies—such as
directair carbon capture and storage—may even offer the opportunity
toreverse temperature increases further in the future.
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This optimistic scenario comes with intensifying and compound-
ing 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'. Maindriversinclude 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 foot-
prints. This expected surge inimpacts counteracts biodiversity protec-
tionand other healthy ecosystemtargets and s likely to meetincreased
conflicts with supply chain legislation and environmental protection
in mining countries, as well as resistance among non-governmental
organizations and the general public. Socially, the current energy
transition path risks creating new social burdens, including dispro-
portionate 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)**",

Environmental and social impacts and geopolitical relations, not
resource scarcity, constitute the main risks in metals and minerals
supply’®°. 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 and metals and construction
of transport infrastructures can have negative socio-environmental
impacts disproportionately affecting ecosystem-based livelihoods
(for example, fishermen, pastoralists)??, marginalized communities,
and lowerincome neighbourhoodsin both the Global North and Global
South. High-resolution mapping reveals that mining is a major force in
compromising biodiversity-rich areas by direct and indirect impacts,
forexample, viawidespread logging®**. While phasing out fossil fuels
willreduce the overallimpact of material extraction, alarge literature
shows that supply-side solutions to support the energy transition will
enlarge and intensify social and ecological injustices™*. Mining, fos-
sil fuels, dams and energy infrastructure cause more than 60% of all
documented environmental conflicts®. In this respect we argue that
demand-side strategies can subtantially mitigate the risks associated
with supply-side solutions.

Digital technologies, platforms and applications supportarapid
clean energy transition, helping to improve the resource efficiency of
service provisioning systems. However, relative efficiency gains can
beundermined by theresources required to build and operate digital
infrastructure, as well as rebound effects that grow absolute levels of
consumption and associated material demand”. Digitalization also
creates new types of environmental footprint related to material use
including copper ore, lithium, rare earth minerals and many other
materials.

Here we explain, illustrate and discuss a main emerging problem
with the transition towards climate neutrality: large-scale transitions
to arenewable energy supply, afforestation and potentially new CDR
technologies such as direct air carbon capture and storage can have
substantial trade-offs for material use, land use, the biosphere and
local social systems, requiring mitigation of their impact

In this Perspective, we first establish the critical environmental
andsocialburdensintroduced by decarbonizationstrategies, such as
increased mineral extraction with substantial ecological and societal
impacts. This foundationis essential for understanding the subsequent
part, whichadvocates for demand-side solutions as anecessary coun-
termeasure to these burdens.

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 (for example, steel, cement, aluminium) and land”*%%.
While the overall material footprint oflow-carbonelectricity goes down
by 85% compared with fossil alternatives, higher metal ore extraction
partly compensates for avoided fossil mass flow*°. CO, emissions asso-
ciated 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 aluminium in the electricity
sector is estimated to grow by afactor of 2in abaseline scenario or by
afactor of 2.6 in a 2 °C climate policy scenario®’. Annual demand for
neodymium in the 2 °C scenario could more than quadruple®. Sce-
narios achievingal.5 °C target have even larger material requirements.
Material stocksin 2050 could increase by up to 30% for copper,100% for
concrete, 150% for iron/steel and 260% for aluminium?. Most of these
materials have moderate or high recycling rates and once stocks are
builtup, they canbe used as asource of secondary materials. However,
primary material production will stillneed to increase to develop new
infrastructure®®,

Second, electrification is an essential strategy to decarbonize
mobility**. However, detailed life-cycle analyses show that EVs have
higher impacts than conventional fossil-fuelled vehicles in terms of
metal and mineral consumption and human toxicity potential, even
asthey reduce GHG emissions over the full life cycle*. In the EVindus-
try, substantial supply risks originate in rapidly rising demand for
battery-grade natural graphite, lithium and cobalt for batteries, and the
rare earth elements (REEs) dysprosium, terbium, praseodymium and
neodymium®. Also, in this case, most of these materials have moderate
or highrecyclingrates and once stocks are built up they can be used as
asource of secondary materials.

Third, the requirements for lower carbon footprintsin construc-
tion materials for buildings are driving a shift from mineral-based
materials to bio-based materials®. From a life-cycle perspective,
bio-based materials such as wood not only emit less CO, during the
manufacturing phase than cement and steel, but also store CO,**.
However, large-scale use of bio-based materials in construction raises
important trade-offs with other ecosystem services; it would alsoimply
the expansion of forestry to nearly 150 Mhaby 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 European Union (EU)*.

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 margin-
ally 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 (for example, during the production of
cultivated cells)*®.

Fourth, the increased use of digital technologies in the provi-
sion of goods and services is one of the fastest and most pervasive
forces shaping our societies, with disruptive consequences affect-
ing both demand and supply across all sectors®*®. Digitalization is
also acritical and integral element of the clean energy transition: for
balancingintermittent renewable supply inreal 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 virtualization and servitization to reduce demand for
energy-intensive products and activities*. However, digital infrastruc-
ture and devices have distinctive material footprints and relatively
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Fig.1| Comparative overview ofimpacts 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.

Of particular concern is the fast-tracking of mining operations
for critical energy transition minerals, such as lithium. Such prac-
tices threaten the rights of local and often Indigenous communities®
(for example, in Latin America and Canada) by circumventing their
prior informed consent and participation in decision-making pro-
cesses. Inthe EU, current regulatory initiatives also push for acceler-
ated application processes for new mines and processing plants for
critical minerals®. This not only undermines local governance but
also poses wider socio-political risks. A ‘social licence to operate’ is
important for companies to manage local as well as national risks, as
illustrated for copper®®*. Without the socio-political legitimacy con-
ferred by local communities and stakeholders, corporate operations
risk triggering local conflicts, which can have the capacity to generate
substantial financial costs, influence national electoral outcomes and
shape public policy onawider scale®*®, Big projects such as large-scale
solar parks in India or northern Africa can similarly amplify environ-
mental and social risks®**’.

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.
Atthe same time, the transition also has great potential to ameliorate
the social burdens of the fossil energy system, such as mitigating cli-
mate change, reducing air pollution from fossil fuels and increasing
energy security through decentralized production. Community-owned
renewable energy projects, asalready 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 differ-
ent 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 well-being at lower levels of energy and material use.
This is achieved through social and behavioural change, low-carbon
infrastructures, resource-efficient design of material stocks, and cir-
cularity strategies aimed at recycling materials and reducing overall
material demand. Demand-side strategies are concerned with both
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/ \
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Fig.2 | Shifting risks and response strategies from the clean energy
transition. Partially motivated by ref.163.

final consumption and the service-provisioning systems enabling that
consumption®. Consequently, they make best use of demand-supply
interdependencies instead of maintaining traditional sectoral distinc-
tions betweenend use (for example, buildings, transport), intermediate
production (for example, manufacturing) and upstream supply (for
example, energy, materials).

Demand-side strategies achieve the important outcome of reduc-
ing both the scale of the climate challenge and material resource
requirements (Fig. 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 services provision (‘narrow’
strategies for circularity). Third, demand-side strategies can further
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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 PVs in building designs
to reduce material demand of support structures,
optimized location of new installations to reduce the
need for network expansion and limits on sprawling
settlements

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

Mobility

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, and limiting sprawling
settlements

Buildings

Nutrition Curb meat consumption and shift to unprocessed plant

protein, sufficiency in line with dietary recommendations

Communication
and information
processing

CDR

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

Rapidly reduce GHG emissions to avoid the need for
large-scale carbon cature and storage infrastructure

enable circular material flows by extending product lifetimes and
recovering and reusing materials (‘slow” and ‘close’ strategies). How-
ever, with few exceptions’®, demand-side strategies have not yetbeen
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 dis-
cussed examples of energy, mobility, buildings, food, digitalizationand
CDR (Table2). Strategiesin the energy sector include material-efficient
technologies, low-carbonindustrial processes and increased material
recycling®. Ashift from underutilized private cars (<1.2 passengers on
average and inuse <1 hour per day) to shared pooled mobility achieves
similar or better mobility services at reduced material intensity”.

Inthe 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’.

Inthe case of digitalization and information and communication
technologies (ICTs), demand-side solutions can narrow material cycles
through resource-efficient design and dematerialization (for example,
functional convergence with more services delivered through fewer
devices™”). Material cycles can also be slowed by redesigning ICT
business models and consumption practices, enabling repair, longev-
ity, 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 substantial 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 substantial challenges in securing
investments for novel technologies such as batteryrecycling and repur-
posing. These investments play a pivotal role in driving economic
development andjob creationand ensuring equitable access to clean
energy”’. Furthermore, tightening environmental standards in some
countries can lead to relocation of recycling operations, 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 environ-
mental 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’*°,

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 sub-
stantial 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 geogra-
phies raise complex new research challenges. Navigating this landscape
requires systems analysis and integration between technical and social
scientific expertise.

Globalintegrated assessment models (IAMs) are currently widely
used to inform long-term climate mitigation strategies but cannot
addressthese intricacies. They need upgrades enabling them to effec-
tively analyse the material dimensions of low-carbon futures, particu-
larly in terms of sectoral interdependencies. IAMs are widely used for
providing asystems perspective ondecarbonization 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 (Fig. 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 build-
ings. This overlooks important interactions between sectors, such as
how infrastructure and technologies used by the transport and build-
ings sectors directly influence industrial demand through material
consumption®*%*, Climate mitigation strategies like EV deployment or
buildinginsulation 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 strate-
gies 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. Progressis 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 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 equiva-
lent of climate justice.

Another set of fundamental questions relates to the compatibility
of current net-zero strategies with planetary boundaries®®. What strate-
gies can mitigate both GHG emissions and material use inindustrialized
countries? How can emerging economies attain welfare and mate-
rial 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?
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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 under-
standing 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 forimprovement.

ConnectingIE tools (materials) with IAMs (energy, land) represents
thefrontier for advancing systems analysis of the trade-offsinvolvedin
the clean energy transition. Accounting for material demand in IAMs
requires the following: (1) an enhanced quantitative representation
of specific sectors in physical terms, including products and service
levels (for example, building types and floorspace levels for residential
and commercial sectors with associated material requirements®*);
(2) reconfiguring models to depictindustry as anintermediate sector
and not as end-use sector, whose output is consistent with demand
from households, the public sector and investments; and (3) detailed
couplingbetween 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.
Economicaspects of material cycles are alsoimportant but typically not
covered by IE methods, whereas they are at the core of decision-making
inIAMs. Related data are hard to find and typically proprietary, which
amplifies the challenge of integrated modelling in this domain.

Inaddition to IE-IAM model coupling, acomplementary approach
to projecting global energy and material systems draws on artificial
intelligence (Al) and empirical big data techniques. These methods
areincreasingly 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” . Using satellite
imagery and volunteered geographic information from OpenStreet-
Map, studies have created high-resolution maps of material stocks in
buildings and infrastructures®, and identified rooftop areas for solar
PVs that avoid land-use conflicts’. The flexibility of these approaches
allows analysesto 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 resolu-
tion are unavailable, Al techniques can facilitate the downscaling and
upscaling of datavia 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 methodologicaladvances 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 adop-
tion, 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 behaviour
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
demandinclude 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 keep-
ing overall demand in check'".

Thereisalsoanurgent 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 inte-
grates social science insights with advanced modelling techniques
to analyse 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 bur-
dens of the energy transition are mitigated. Correspondingly, the
complex, multi-level dynamics of these socio-political risks require
anuanced and integrated approach to resource governance and cor-
porate 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, ana-
lytical 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 mitiga-
tionbut simultaneously serve to limit material-related environmental
and social burdens. For example, urban planning and transport sys-
temstrategies suchas compactcities, 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
shouldaimto develop acomprehensive understanding of demand-side
measures, including experience of their implementation and map-
ping of available data on their effectiveness. Given the extensive and
interdisciplinary nature of this literature, which sometimes presents
ambivalent results, such areview 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 tobe 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.
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