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Abstract
A shift from fossil fuel to renewable energy is crucial in achieving climate goals of 2 degrees
Celsius. However, the renewable energy technologies, solar photovoltaics, wind turbines, and
electric vehicles are metal-intensive, while the mining and smelting processes to obtain the
relevant metals are emissions-intensive. We estimate future PM2.5 emissions from mining and
smelting to meet the metal demand of renewable energy technologies in two climate
pathways to be around 0.3-0.6 Tg/yr in the 2030-2040 period, which could be around 10-30%
of total anthropogenic PM2.5 emissions in many countries in those years. The concentration of
mineral reserves in a few regions means the impacts are also regionally concentrated. The
regional distributions of global emissions relative to metal demand depend on the metal
production regionality and emission abatement measures. Stronger emissions abatement
could reduce metal-related emissions by over 90% and avoid emission hotspot creation.
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1. Introduction
Anthropogenic emissions of greenhouse gases (GHGs) from fossil fuel combustion are the
largest cause of climate change including global warming (Masson-Delmotte et al., 2021).
Projections of future global warming due to ongoing human activities suggest a temperature
increase of 2 to 6 degrees Celsius compared to pre-industrial levels (Masson-Delmotte et al.,
2021). To limit this temperature increase, various countries have committed to reducing their
greenhouse gas emissions by shifting their energy source to renewable energy such as solar
and wind (“The Paris Agreement, UNFCCC, 2016” ).
However, most of the renewable energy technologies are material intensive (Giurco et al.,
2019; Watari et al., 2019) and require conventional (steel, aluminum, copper) and rare-earth
(lithium, vanadium, neodymium) metals. The extraction and processing of these metals are
emissions-intensive activities and have caused or are causing local and transboundary
environmental damages (Csavina et al., 2011; Ghose & Majee, 2001; Kavouras et al., 2001).
On a production basis, the major renewable energy technologies solar photovoltaics and wind
turbines require more than two orders of magnitude more metals than fossil fuel technologies
(Valero et al., 2018; Watari et al., 2019). Studies suggest the metal requirement to make the
major renewable energy technologies including electric vehicles (EVs) might reach around 520 times the present-day levels in 2050 (e.g. Giurco et al., 2019). Mining and smelting are two
major metal-related processes to bring them into the economy. Both these processes are
emissions-intensive for air-quality relevant species such as particulate matter and SO2 (Dudka
& Adriano, 1997). Mining-related emissions occur during digging and extraction in open-pit
mines, loading and unloading from trucks to storage, storage and handling, and some initial
ore refinement at source (cutting or crushing, wetting, etc) (Ghose & Majee, 2001; Huertas et
al., 2012). Smelting-related emissions occur during high-temperature melting of metals to
reduce impurities (generally in a blast furnace) and some secondary melting with high-grade
oxygen to reach desired quality (generally in a basic oxygen furnace or in the presence of some
electrolytes) (US EPA, 2016). In terms of primary impacts, mining and smelting contribute to
more than 10% of ambient PM2.5 concentrations in various industrial cities such as Santiago in
Chile and Panzhihua in China and in countries such as Germany (Jorquera & Barraza, 2012;
Klimont et al., 2002; Xue et al., 2010). Besides, metal smelting is also a cause of heavy-metal
pollution, such as mercury and nickel, in many places (Tian et al., 2012; Wu et al., 2012).
However, there is no estimation of future impacts on air quality from the processes to obtain
these materials.
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More than 20 metals are required in the production of solar PVs, wind turbines, and EVs. Only
a few countries have economically feasible reserves and resources of many of these metals,
and hence these countries control the metals supply (e.g. Giurco et al., 2019). For example, the
Bolivia-Argentina-Chile triangle has over 50% of known reserves of lithium, a critical metal
for batteries (Seefeldt, 2020). However, along with supplying the metals, these regions also
bear the environmental impacts from mining and smelting (Kaunda, 2020). The dependence
on solar and wind for rapid decarbonization and the material intensity of these technologies
and the subsequent environmental impacts hence create a complex problem: global
decarbonization might create local pollution impacts (Lèbre et al., 2020; Mwaanga et al., 2019).
However, as countries move toward becoming independent in terms of their critical mineral
stock or acquiring raw ores for local processing into finished products, it could lead to changes
in where impacts might occur (e.g. Round Top Mountain, USA, Pingitore, 2019).
In this work, we estimate primary PM2.5 emissions from mining and smelting of metals
obtained specifically for making three technologies related to renewable energy – solar PV,
wind turbines, and EVs. We then contrast the regional distribution in metal demand (regions
creating a metal demand by adding renewable energy capacity) and supply (regions producing
metals) as well as emissions to estimate how regionally concentrated are impacts compared to
the demand.
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2. Methods
We estimate the atmospheric emissions of PM2.5 (particulate matter with diameter smaller than
2.5m) by multiplying activity (drivers that cause emissions, such as energy or amount of metal
mined) and emission factors (emission intensities of processes including abatement) (Bond et
al., 2004; Klimont et al., 2017).
Activity: We use the International Energy Agency’s World Energy Outlook 2020 (IEA, 2020)
projections of solar photovoltaics (‘solar’), wind turbines (‘wind’) and electric vehicles (‘EV’)
in their two scenarios, Stated Policies (termed here “Business-As-Usual”) with GHG emissions
similar to a Shared SocioEconomic Pathways (SSP) 3-7.0 scenario, and Sustainable
Development (termed here “Rapid Decarbonization”) with faster decarbonization than
Business-As-Usual, GHG emissions similar to SSP 1-2.6. The selection of these two scenarios,
which have different decarbonization rates, allows us to compare how the decarbonization rate
affects metal demand, total anthropogenic emissions, the role of mining and smelting toward
total air pollution, and the demand-supply-related regional distributions in the metal sector.
Metal composition and intensities are used from Watari et al., (2019) for all the three
technologies (Table S1). The metal intensities are assumed to remain constant throughout the
2020-2050 period but there could be possibilities of compact devices or devices that use
different materials in future. For the mining sector, the activity is estimated as the sum of the
steel, aluminum, and all non-ferrous metals multiplied by three (based on 2019 steel-to-ironore and aluminum-to-bauxite production ratios, BGS, 2019, USGS 2020) since the metal-toore data were scarce for most metals, and because many important critical metals are simply
obtained as by-products during conventional metal production (BGS, 2019). In terms of scope,
only the capacity (in GW for solar and wind) and fleet addition (in absolute numbers for EVs)
are considered. Other factors such as modifying the grid structure and adding batteries for
utility energy storage might represent a major fraction of metal demand (IEA, 2020) but these
factors are not considered here. IEA data then are downscaled from the original 26 mega
regions to 180 emission model regions using a downscaling routine described in SI Text 1. We
also explore a ‘Self-Producing’ scenario in which a region produces metal to meet its own
demand. This narrative allows us to analyze the effect of achieving the demand-supply equality
on the demand-emissions distributions in the two decarbonization pathways.
Emission Factors: PM2.5 emission factors are used from the GAINS (Greenhouse gas - Air
pollution INteractions and Synergies, Klimont et al., 2017) model for the metal mining and
smelting sectors. Two GAINS abatement pathways, “Projected Abatement” (abatement

8

policies modeled based on current policies and trends) and “Strictest Abatement” (maximum
feasible reduction pathways for emissions in future) are also analyzed. The major focus on this
paper will be with Projected Abatement, and Strictest Abatement is used to assess the effect of
stricter abatement policies on emissions. We only estimate primary PM2.5 emissions in this
work and not the precursor sulfate or nitrate emissions for which smelting operations are shown
to be major contributors (e.g. Smith et al., 2011).
Thus, we analyze total eight cases: two decarbonization pathways (Business-As-Usual and
Rapid Decarbonization), two abatement scenarios (Projected Abatement and Strictest
Abatement), and two production regionalities (Actual and Self-Producing). The analysis is
performed for the global scale for the years 2020 to 2050, with a 5-year resolution. We then
use Equations 1, 2, and 3 to estimate metal demand from the IEA solar and wind capacity
addition and EV fleet projections, map the metal demand to relevant GAINS process sectors,
and estimate emissions from each GAINS sector in different years, respectively.

Equation 1: Estimating global metal demand
𝑀𝐷𝑚,𝑖,𝑡,𝑠 = ∑𝑛𝑟=1 ∆𝑅𝐴𝐶𝑖,𝑡,𝑟,𝑠 ∗ 𝑀𝐼𝑚,𝑡 (1)

Intermediate step: Mapping metal m to GAINS sector gs (how a metal production is
representation in GAINS)
1. Steel: Basic Oxygen Furnace, Electric Arc Furnace, Open Hearth Furnace
2. Aluminum: Primary and Secondary smelting
3. Non-Fe, Non-Al (‘NFME’): single sector representing all non-ferrous, non-aluminum
metals
4. Mining: single sector representing all metal mining

Equation 2: Mapping metal demand to the producing region
Metal activity in region r in GAINS sector gs = Global metal demand * Fraction of all-use
metal m produced in region r in GAINS sector gs
𝑀𝐶𝑚,𝑖,𝑡,𝑟,𝑠,𝑔𝑠 = 𝑀𝐷𝑚,𝑖,𝑡,𝑠 ∗

𝑀𝐼𝐸𝐴𝑚,𝑖,𝑡,𝑠,𝑔𝑠,𝑟
𝑀𝐼𝐸𝐴𝑚,𝑖,𝑡,𝑠,𝑔𝑠

(2)
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Equation 3: Emissions
𝐸𝑚,𝑖,𝑡,𝑟,𝑠 = 𝑀𝐶𝑚𝑖,𝑡,𝑟,𝑠,𝑔𝑠 ∗ 𝐸𝐹𝑖,𝑔𝑠,𝑟 ∗ (1 − 𝐴𝐵𝐴𝑇𝑖,𝑔𝑠,𝑟 ) (3)

Equation 4 for Self-Producing case: Mapping of metal demand to GAINS sectors
𝑀𝐶𝑚,𝑖,𝑡,𝑟,𝑠,𝑔𝑠 = 𝑀𝐷𝑚,𝑖,𝑡,𝑟,𝑠 ∗

𝑀𝐼𝐸𝐴𝑚,𝑖,𝑡,𝑠,𝑔𝑠,𝑟
𝑀𝐼𝐸𝐴𝑚,𝑖,𝑡,𝑠,𝑟

Where m = metal, i = year, t = technology, r = region, s = scenario, RAC = renewable energy
capacity addition (GW/yr), MI = metal intensity of renewable energy technologies (e.g. ton
metal / GW solar addition), MD = metal demand (ton / yr), MC = GAINS metal activity (ton /
yr), c = country of region, MIEA = metal activity in IEA all-use projections (ton /yr), gs =
GAINS sector (EARC, BAOX, etc), E = emissions (Gg/yr), EF = Emission Factor (Gg PM2.5 /
ton activity), ABAT = efficiency of control measures (dimensionless; PM2.5 out / PM2.5 in).

Unequal regional distribution of metal demand and production means only a few regions bear
most of the emissions burden, and impacts are not necessarily felt where decarbonization
occurs. It is thus important to understand how a regional or global policy on decarbonization
causes disproportionately higher emissions elsewhere or leads to creation of emissions
hotspots. We use the Gini framework (Gastwirth, 1972; Lorenz, 1905) to compare the regional
distributions of emissions to metal demand in different scenarios. The Gini index represents
how a variable is distributed compared to the other and has been used in social economics (e.g.
population vs income distributions). The Gini index can be derived by plotting in Cartesian
coordinates where the x-axis is the cumulative normalized rank of a variable A from the lowest
to the highest and the y-axis is the cumulative normalized variable B from the lowest to the
highest. Then, the Gini index can be calculated as the ratio of the area between the perfect
equality line and the curve divided by the total area under the perfect equality line. A Gini
value closer to zero would indicate emissions are occurring where demand is occurring. And a
Gini value closer to one would indicate most emissions are comparatively more concentrated
in fewer regions than demand is.
Hence, a total of 8 cases are studies in this work – two decarbonization scenarios with two
abatement pathways, and two production regionalities (Table 1).
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Table 1: Cases studies in this work
Decarbonization

Metal Production Regionality

Abatement on Metal-related processes

Business-As-Usual

Actual

Projected

Business-As-Usual

Actual

Strictest

Business-As-Usual

Self-Producing

Projected

Business-As-Usual

Self-Producing

Strictest

Rapid Decarbonization

Actual

Projected

Rapid Decarbonization

Actual

Strictest

Rapid Decarbonization

Self-Producing

Projected

Rapid Decarbonization

Self-Producing

Strictest

Scenario
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3. Results and Discussion
3.1 Metal demand
The estimated global metal demand is 100-500 million tons per year by solar, wind, and EVs
in Business-As-Usual (IEA Stated Policies Scenario) and Rapid Decarbonization (IEA
Sustainable Development Scenario) scenarios between 2020 and 2050 (Figure S1, Table S2).
Metal demand is dominated by solar in all years in both the scenarios (Figure S1) due to its
high metal intensity dominated by iron and steel, and the overall role in capacity addition. EVs
pose around 20% of renewables-related metal demand in Business-As-Usual and 30% in Rapid
Decarbonization. Total metal demand by wind turbines is the least, at around 1-4% in both the
scenarios. Steel dominates the metal mix and demand, followed by aluminum and non-ferrous
metals (Table S1 and S2). The metal demand toward renewables represents about 8-17% of
all-use (metal use for construction, machinery, etc) demand for steel, 10-28% for non-ferrous
metals, and 4-12% for aluminum (Table S2).
Regionally, low- and middle-income countries represent most of the metal demand due to their
projected renewable energy addition (IEA, 2020). India and China account for 20-45% metal
demand (Figure S2-S4) via solar, wind, and EVs. High-income regions represent a major
demand in the first half of the 2020-2050 period but then have a slower growth, except for EVs
where their growth is higher in the second half (Figure S2-S4). The relative metal demand is
much higher from Asian, African, and Latin American countries in the Rapid Decarbonization
than Business-As-Usual for all the three technologies, and Rapid Decarbonization in general
has more regional diversity in demand than Business-As-Usual.

3.2 Emissions
Figure 1a and 1b show the absolute regional PM2.5 emissions from mining and smelting to meet
the metal demand of global renewables in the Business-As-Usual and Rapid Decarbonization
pathways with the Projected Abatement measures. The Rapid Decarbonization values are
almost twice as Business-As-Usual in many years for the Projected Abatement case, similar to
metal demand. The emissions regionality in Business-As-Usual and Rapid Decarbonization is
similar, with India and China dominating emissions in both. USA, Russia, Eastern Europe and
rest-of-Asia account for about 30% of emissions. Non-India non-China Asian countries,
African, and Latin American countries have similar contribution to emission in Business-AsUsual and Rapid Decarbonization. This is a deviation from metal demand, where these regions
have a higher share in Rapid Decarbonization than Business-As-Usual.
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Stronger abatement in future years could lead to almost 90% emissions reduction in both the
pathways (Figure S5). Smelter plants in countries such as India might undergo rapid cleaning
compared to other similar countries such as China, and hence its contribution between the two
abatement scenarios could become much lower. However, because dominant regions in the
Projected Abatement case such as India and China could clean up more in the Strictest
Abatement (Maximum Feasible Reduction) case, the relative contribution from regions such
as EU and USA could then become higher.
There are interesting patterns when the emissions are disaggregated by metals and processes.
Technology-wise, Solar and EVs represent most of the emissions in Business-As-Usual and
Rapid Decarbonization with both Projected Abatement and Strictest Abatement (Figure S6).
Process-wise, smelting represents about 95% of total PM2.5 emissions and mining the rest
(Figure S6). Steel, non-Ferrous metals (NFMEs), and Aluminum smelting represent about
80%, 10%, and 5% of the total, with similar contributions in Projected Abatement and Strictest
Abatement cases. However, as abatement selectively operates more on point sources in future
years, the contribution of mining might increase even in the Strictest Abatement case (Figure
S7). Using a single metal-to-ore ratio and a single emission factor for different mining process
might contribute to a bias toward low emissions from mining. A point to note here is that as
current mines run out of feasible, high-grade ores, economies might either shift production to
newer, feasible mines (along with creating new smelter plants near them) or dig more to get
the same ore amount (e.g. Mohr et al., 2015). Either of these mining choices might strongly
affect where and how activity could occur in future.
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Figure 1: PM2.5 emissions from metal mining and smelting toward making renewable energy
devices in Business-As-Usual (a) and Rapid Decarbonization (b) scenarios by region with
Projected Abatement policies.
Globally, the PM2.5 emissions from mining and smelting to meet metal demand for renewables
are small but most of these emissions occur in a few regions (Figure 1), and in an even smaller
area (mostly near industrial cities or near mines) in those regions (e.g. Banza Lubaba Nkulu et
al., 2018), hence a different set of population is affected. For context, the absolute emission
values of 300-600 Gg/yr in Business-As-Usual and Rapid Decarbonization are around 5-10%
of present-day global anthropogenic Black Carbon emissions or 2.5-5% of global industrial
and power sector’s PM2.5 emissions (Klimont et al., 2017).
Figure 2 shows the absolute anthropogenic combustion and metal-related emissions in the two
decarbonization scenarios, along with the percent contribution of mining and smelting to total
anthropogenic emissions for India, China, and Rest of the World. PM2.5 emissions from mining
and smelting to meet global renewable energy demand could reach 5-15% of total
anthropogenic combustion-related PM2.5 emissions in India and China in both the
decarbonization scenarios with Projected Abatement policies. PM2.5 emission contribution due
to mining and smelting is amplified in the Rapid Decarbonization scenario due to its faster
decarbonization demanding more metals and hence emissions from metal sector and
simultaneously reducing fossil fuel contribution. However, overall anthropogenic combustion
PM2.5 emissions are also lower in the Rapid Decarbonization scenario compared to BusinessAs-Usual, thus far more offsetting for the increased metal-related emissions, even with
moderate abatement policies.
Detailed region-specific information is shown in Figures S8 and S9 for the Projected and
Strictest Abatement policies, respectively. Metal-related and anthropogenic combustion PM2.5
emissions in the Strictest Abatement case are much lower for most of the regions compared to
Projected Abatement (Figure S9) especially after 2035 when the abatement differences in the
two scenarios become larger. However, in regions such as Australia/New Zealand, Canada,
USA, and Mexico, and China, abatement on other combustion processes might be stronger than
on metal-related processes, making the relative contribution of the metal sector higher in
Strictest Abatement than Projected Abatement (Figure S8 and S9).
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A)

D)

B)

E)

C)

F)

Anthropogenic combustion
Mining and smelting
Figure 2: Absolute PM2.5 emissions from anthropogenic combustion (black) and mining and
smelting for metals for renewable technologies (orange) shown for the Business-As-Usual and
Rapid Decarbonization scenarios (left axis in A-F) for India, China, and Rest of the World.
PM2.5 emissions by mining and smelting to meet metal demand for renewables, shown as
percent of total (mining and smelting and fossil fuel combustion) (red line, right axis in A-F).
3.3 Regional distributions of metal demand, production, and emissions
Figure 3a and 3b show the relative regional contributions to metal demand, production, and
smelting-related PM2.5 emissions in the two abatement scenarios for the Business-As-Usual
and Rapid Decarbonization pathways for the year 2050 when Actual production regionality is
considered. Most metal demand is driven by China, India, and rest of Asia and fulfilled in
roughly similar proportions. However, emissions mainly occur in India if Projected
Abatements are considered, and in China if Strictest Abatements are considered in both the
decarbonization scenarios. This is only due to the differences in those region’s emission factors
and abatement measures. Other regions such as Russia and Europe have relatively lower metal
demand but have higher contribution to production and hence also bear relatively higher
emissions burden compared to their share in demand.
Figure 3c and 3d show the same information as 3a and 3b, for the ‘Self-Producing’ case where
the demand-supply regionality is assumed to be the same. This case represents a world with a
form of ‘just’ transition in which countries aim at keeping energy jobs and finance in their own
countries by increasing investments in the renewables and hence the metal sector. Under this
15

‘self-producing’ assumption, contribution to emissions by Asian and African countries
increases relative to the Actual production case. This is mainly due to their relatively higher
emission factors and lower projected abatement. Under the Strictest Abatement, the GAINS
model assumes faster reduction in India and China than the rest of Asia. Hence, the relative
contribution by rest of Asia could dominate the global metals-related emissions. The demand
and emissions in the Self-Producing narrative seems to be slightly evenly distributed compared
to Actual when Projected Abatements are considered (Figure 3). However, emissions could
probably get concentrated over fewer regions if Strictest Abatement measures are considered
in the Self-Producing case.

Actual Production Regionality

Self-Producing Regionality

A)

C)

B)

D)

Figure 3: Percent of total metal demand, production, and related emissions aggregated across
the three renewable technologies and all-metal smelting, for the Business-As-Usual and Rapid
Decarbonization scenarios with Moderate Abatement policies with Actual supply regionality
(a and b), and with supply regionality assumed to be same as demand regionality (c and d).
Figure 4 shows the Gini Index timeseries for the 8 cases studies in this work – two
decarbonization scenarios with two abatement pathways, and two production regionalities
(data in Table S3). Business-As-Usual cases are colored red and Rapid Decarbonization are
colored green. The linewidths are proportional to the total emissions in each case. The Gini
Index points to how evenly distributed are emissions relative to demand by region in each case
(Columns 3 and 4 compared to Column 1 in Figure 3a-d). Regional distributions of emissions
relative to the demand could become more even or uneven in time as different regions demand
metals via their renewables addition programmes, their metal production capacity changes, and
as they adopt different abatement policies to meet air quality targets. Strictest Abatement cases
16

with Business-As-Usual and Rapid Decarbonization cases have lesser distributional
differences than the Projected Abatement cases, indicating the important role of abatement
policies in reducing concentration of emissions in a few regions. The demand-emissions
distributions are more or less independent of the rate of decarbonization (Business-As-Usual
versus Rapid Decarbonization) but probably depend on the abatement and production
regionality considerations. The Self-Producing cases have relatively higher distributional
differences (possibilities of more emission hotspots) than most Actual production cases. It is
worth noting here that a ‘just’ transition goal should include two aspects: 1. Low overall global
emissions from the metals sector, and 2. Low concentration of emissions and hence impacts in
a few regions. However, in a scenario in which countries mine and smelt metals for their own
renewables programme, it could lead to overall higher global emissions (Self-Producing cases
having thicker lines in Figure 4 than Actual Production cases), along with concentration of
emissions in fewer regions than in the real world where production is distributed because of
comparative advantage based on labor and finance.

Figure 4: The Gini index trend for Demand-Emissions distributions for all the cases analyzed
in this work. Linewidths are linearly proportional to 2025-2050 total emissions from smelting
in each case. The Gini Index shows how regionally are emissions distributed compared to the
where demand is happening. A Gini value closer to zero indicates emissions are occurring
where demand is occurring. Values closer to one indicate most emissions are comparatively
more concentrated in fewer regions than demand is. BAU = Business-As-Usual
The underlying cumulative distributions and their timeseries are shown in Figure S10-S18 for
activity and emissions at various disaggregations. Solar, wind, and EVs have similar demandproduction distribution for the Business-As-Usual and Rapid Decarbonization scenarios in
almost all the years (Figure S10-S12), with the distribution being slightly more uneven in Rapid
Decarbonization in some of the years. Non-Ferrous metals might have the most unevenly
distributed demand-production regionality, followed by steel and aluminum (Figure S13-S15).
17

Demand and supply-related distributions could become more uneven in future as more regions
demand renewable technologies in both the scenarios but only a few produce. The level of
abatement also affects the demand-emissions distributions in the three technologies (Figure
S16-S18). As stronger abatement in later years happens in many regions, it might progressively
make the demand-emissions distributions more even for the solar PV and wind turbine
technologies, but probably not for EVs (Figure S16-S18). Hence, stronger abatement could not
only reduce overall emissions but also the overall inequality regardless of the activity pathway.
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4. Summary and Conclusion
A shift from fossil fuel to renewable energy is crucial in achieving climate targets. However,
the order of magnitude higher material intensity of most renewable energy devices compared
to fossil fuel technologies, and the emission-intensive methods to obtain those materials
generates environmental impacts at various spatial scales. This work quantifies the PM2.5
emissions from mining and smelting due to metal requirement for achieving the renewable
energy goals in two IEA scenarios. Total metal demand to make solar photovoltaics, wind
turbines, and electric vehicles could reach around 100-500 million tons per year in future. This
metal demand is estimated be around 8-17% of all-use values for steel and 10-28% for nonferrous metals. The global PM2.5 emissions from mining and smelting to meet the renewable
energy sector’s metal demand is estimated to reach around 300-600 Gg/yr some of the future
years, representing about 5% of present-day industrial and power generation-related PM2.5
emissions. India and China are projected to bear most of the PM2.5 emissions burden to make
metals for renewable energy regardless of the abatement levels. PM2.5 emissions from mining
and smelting could reach about 15% of combustion-related PM2.5 emissions in many regions
in a conservative scenario, and about 30% in the rapid decarbonization scenario. However,
only a small number of regions produce most of the metals. The distributions of emissions by
regions compared to metal-demanding regions could become more uneven in future but
depends on the decarbonization rate, abatement policies, and where production happens.
Stricter abatement levels could aid in decreasing the metal demand-emissions-related
distributions along with decreasing overall anthropogenic emissions. A hypothetical scenario
where countries produced metals for their own demand was also explored as a notion of
demand-production equality. If all countries mined and smelted to meet their own metal
demand, it could lead to overall higher global emissions and more uneven regional distributions
of emissions relative to the Actual production case, where production is distributed based on
comparative advantage.
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Supplementary Information
SI Text 1: Downscaling routine
This text describes the downscaling routine for IEA 26 regions to GAINS 180 regions for
capacity addition data for solar PV and wind turbines.
GAINS has a downscaling routine to convert IEA energy generation by technology from its 26
regions to 180 GAINS regions (refs). However, capacity addition of solar PV and wind turbine
is not represented using that routine. Here we estimate capacity addition (e.g. GW of Solar PV)
from energy generation (e.g. kWh) from IEA 26 regions to GAINS 180 regions using equation
S1.
∆𝐶𝐴𝐷𝐷𝑟,𝑡 = ∆𝐶𝐴𝐷𝐷𝑠,𝑡

∆𝐸𝐴𝐷𝐷𝑟,𝑡
∑ ∆𝐸𝐴𝐷𝐷𝑟,𝑡

(S1)

Where CADD is the estimated capacity addition in the GAINS region r in year t; EADD is the
difference in energy generation between two time periods in GAINS region r in year t; and s is
the IEA region the region GAINS region r belongs to.
For example, assume one IEA region, Asia, is made of two GAINS regions (India and China).
Then, in a given year, the capacity addition of solar PV or wind turbine in India is assumed to
be proportional to the fraction of Asia’s solar energy added in India.
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Table S1: Metal intensities in solar, wind, and EVs, from Watari et al., 2019
Categories assumed in GAINS: Red = Aluminum, Blue = Iron and steel, and rest = NFME
Metal
Al
Bo
Cd
Ce
Cr
Co
Cu
Dy
Er
Gd
Ga
Ge
In
Fe
La
Pb
Li
Mg
Mn
Mo
Nd
Ni
Nb
Pt
Pr
Se
Si
Ag
Te
Tb
Sn
V
Zn

Metal
Aluminum
Boron
Cadmium
Cerium
Chromium
Cobalt
Copper
Dysprosium
Erbium
Gadolinium
Gallium
Germanium
Indium
Iron (includes Steel)
Lanthanum
Lead
Lithium
Magnesium
Manganese
Molybdenum
Neodymium
Nickel
Niobium
Platinum
Praseodymium
Selenium
Silicon
Silver
Tellurium
Terbium
Tin
Vanadium
Zinc

Solar (ton / GW)
33500
0
0
0
1880
0
3765
0
0
0
0
0
0
1200000
0
39
0
0
0
200
0
1800
0
0
0
0
6428
30
0
0
332
2
1400

Wind (ton / GW)
1372
1
0
0
683
0
2497
16
0
0
0
0
0
119985
0
0
0
0
57
335
148
427
38
0
3
0
0
0
0
1
90
90
5450

EV (ton / unit)
0.127302
0
0
0
0.01185
0.01346
0.0925
0.000279
0
0
0
0
0
0.9095
0
0.00031
0.006768
0.0002
0.03605
0
0.000969
0.034589
0
0
0.000001
0
0
0
0
0
0
0
0.0001

24

Table S2: Shows the absolute demand and as percent of IEA all-use for steel, aluminum, and
non-ferrous non-aluminum for Business-As-Usual and Rapid Decarbonization pathways. All
units in Million tons per year finished metal unless noted otherwise.
Steel
Business-As-Usual
Metal demand (Million tons)

Total

Total as percent of all-use production

48.4

170.9

8.8

7.1

25.2

178.8

8.3

168.0

7.7

33.6

209.3

9.1

2035

186.8

8.0

41.4

236.3

9.7

2040

205.4

6.7

38.6

250.7

9.8

2045

209.5

7.0

34.6

251.2

9.4

2050

198.5

7.4

27.8

233.7

8.5

Year

Solar

Wind

EV

2020

116.2

6.3

2025

146.5

2030

Rapid Decarbonization
Metal demand (Million tons)

Total

Total as percent of all-use production

Year

Solar

Wind

EV

2020

119.0

6.8

48.4

174.2

8.9

2025

255.4

12.3

29.5

297.2

13.2

2030

330.1

15.0

54.9

400.0

16.4

2035

342.2

15.2

78.7

436.0

17.3

2040

325.1

14.0

94.3

433.4

16.9

2045

273.1

12.4

85.8

371.3

14.6

2050

205.7

9.2

75.5

290.4

11.6

Aluminum
Business-As-Usual
Metal demand (Million tons)

Total

Total as percent of all-use production

6.4

9.7

7.0

0.1

3.3

7.5

4.9

4.7

0.1

4.4

9.2

5.5

2035

5.2

0.1

5.5

10.8

5.8

2040

5.7

0.1

5.1

10.9

5.5

2045

5.8

0.1

4.6

10.5

5.0

2050

5.5

0.1

3.7

9.3

4.3

Year

Solar

Wind

EV

2020

3.2

0.1

2025

4.1

2030

Rapid Decarbonization
Metal demand (Million tons)

Total

Total as percent of all-use production

Year

Solar

Wind

EV

2020

3.3

0.1

6.4

9.8

7.0

2025

7.1

0.1

3.9

11.2

7.4

2030

9.2

0.2

7.2

16.6

10.2

2035

9.6

0.2

10.4

20.1

11.6
25

2040

9.1

0.2

12.4

21.7

12.0

2045

7.6

0.1

11.3

19.1

10.4

2050

5.7

0.1

10.0

15.8

8.7

NFME
Business-As-Usual
Metal demand (Million tons)

Total

Total as percent of all-use production

Year

Solar

Wind

EV

2020

1.5

0.5

10.1

12.2

16.6

2025

1.9

0.6

5.3

7.8

10.7

2030

2.2

0.6

7.0

9.9

13.1

2035

2.5

0.7

8.7

11.8

15.2

2040

2.7

0.6

8.1

11.3

14.8

2045

2.8

0.6

7.2

10.6

12.9

2050

2.6

0.6

5.8

9.0

10.6

Rapid Decarbonization
Metal demand (Million tons)

Total

Total as percent of all-use production

Year

Solar

Wind

EV

2020

1.6

0.6

10.1

12.2

16.7

2025

3.4

1.0

6.2

10.6

13.9

2030

4.4

1.2

11.5

17.1

20.6

2035

4.5

1.2

16.4

22.2

25.4

2040

4.3

1.2

19.7

25.1

28.0

2045

3.6

1.0

17.9

22.6

24.0

2050

2.7

0.8

15.8

19.2

20.1
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Table S3: Gini Index values for the sum of all metals across all technologies for the two
decarbonization scenarios under two abatement pathways and two production regionalities.
Actual Production Regionality

Self-Production Regionality

Projected Abatement

Projected Abatement

Decarbonization Pathway

Decarbonization Pathway

Business-As-Usual

Rapid Decarbonization

Business-As-Usual

Rapid Decarbonization

2025

0.59

0.56

2025

0.56

0.59

2030

0.54

0.57

2030

0.53

0.56

2035

0.50

0.57

2035

0.48

0.53

2040

0.46

0.55

2040

0.46

0.51

2045

0.47

0.53

2045

0.46

0.48

2050

0.54

0.54

2050

0.49

0.43

Strictest Abatement

Strictest Abatement

Decarbonization Pathway

Decarbonization Pathway

Business-As-Usual

Rapid Decarbonization

Business-As-Usual

Rapid Decarbonization

2025

0.56

0.54

2025

0.56

0.59

2030

0.47

0.51

2030

0.55

0.58

2035

0.36

0.45

2035

0.54

0.58

2040

0.42

0.36

2040

0.64

0.68

2045

0.40

0.37

2045

0.66

0.68

2050

0.36

0.47

2050

0.70

0.67

27

Figure S1: a) Metal demand, in million tons per year, by EVs, solar PVs, and Wind energy
addition in Business-As-Usual (left sub-bars), and Rapid Decarbonization (right sub-bars,
hatched); b) Same as (a) but percent of total.
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Figure S2: Relative metal demand by region for Business-As-Usual (left) and Rapid
Decarbonization (right) for Solar PVs.
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Figure S3: Relative metal demand by region for Business-As-Usual (left) and Rapid
Decarbonization (right) for Wind turbines.
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Figure S4: Relative metal demand by region for Business-As-Usual (left) and Rapid
Decarbonization (right) for Electric vehicles.
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Figure S5: PM2.5 emissions from metal mining and smelting toward making renewable energy
devices in Business-As-Usual (a) and Rapid Decarbonization (b) scenarios by region with
Strictest Abatement policies.
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Figure S6: Absolute (top) and relative (bottom) PM2.5 emissions from metal mining and
smelting toward making renewable energy devices in Business-As-Usual (left) and Rapid
Decarbonization (right) scenarios by technology. Left- and right sub-bars in each subplot show
the Projected Abatement (current legislation, BAU abatement), and Strictest Abatement
(stronger abatement) abatement policies, respectively. Strictest Abatement and Projected
Abatement are same for 2020.

33

Figure S7: Absolute (top) and relative (bottom) PM2.5 emissions from metal mining and
smelting toward making renewable energy devices in Business-As-Usual (left) and Rapid
Decarbonization (right) scenarios by metal and process. Left- and right sub-bars in each subplot
show the Projected Abatement (current legislation, BAU abatement), and Strictest Abatement
(stronger abatement) abatement policies, respectively. Strictest Abatement and Projected
Abatement are same for 2020.
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Business-As-Usual
Rapid Decarbonization

Figure S8: PM2.5 emissions by mining and smelting to meet metal demand for renewables,
shown as percent of total (mining and smelting and fossil fuel combustion) in the Business-AsUsual and Rapid Decarbonization scenarios for Projected Abatement.
Labels
1. AUNZ = Australia/New Zealand
2. CA US MEX = Canada, USA, Mexico
3. CASP = Central Asia
4. EU = European Union
5. JP KOR = Japan and Korea
6. ME = Middle East
7. NOAFR = North Africa
8. OASIA = Other Asia
9. OEU = Other Europe
10. RUS = Russia
11. S America = South America
12. SAFR = South Africa
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Business-As-Usual
Rapid Decarbonization

Figure S9: PM2.5 emissions by mining and smelting to meet metal demand for renewables,
shown as percent of total (mining and smelting and fossil fuel combustion) in the Business-AsUsual and Rapid Decarbonization scenarios for Strictest Abatement.
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Figure S10: Global cumulative distribution of demand and supply of all metals in the BusinessAs-Usual (red) and Rapid Decarbonization (green) scenarios for the years 2025-2050 for Solar
PV.
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Figure S11: Global cumulative distribution of demand and supply of all metals in the BusinessAs-Usual (red) and Rapid Decarbonization (green) scenarios for the years 2025-2050 for Wind
turbines.
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Figure S12: Global cumulative distribution of demand and supply of all metals in the BusinessAs-Usual (red) and Rapid Decarbonization (green) scenarios for the years 2025-2050 for
Electric vehicles.
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Figure S13: Global cumulative distribution of demand and supply of individual metals in the
Business-As-Usual scenarios for the years 2020-2050 for Solar PV.
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Figure S14: Global cumulative distribution of demand and supply of individual metals in the
Business-As-Usual scenarios for the years 2020-2050 for Wind turbines. Labels same as Figure
S13.
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Figure S15: Global cumulative distribution of demand and supply of individual metals in the
Business-As-Usual for the years 2020-2050 for Electric vehicles. Labels same as Figure S13.
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Business-As-Usual

Figure S16: Global cumulative metal demand and emissions in the Business-As-Usual
pathway, with Actual (red) and Self-Producing (green) scenarios in Projected Abatement
(solid) and Strictest Abatement (green).
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Rapid Decarbonization

Figure S17: Global cumulative metal demand and emissions in the Rapid Decarbonization
pathway, with Actual (red) and Self-Producing (green) scenarios in Projected Abatement
(solid) and Strictest Abatement (dashed).
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