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Abstract

Transparency in global value chains of materials, fuels, and food is critical for the 
implementation of sustainability policies. Such policies should be led by the G20, who 
represent more than 80% of global material, fuel, and food consumption. Multi-regional input-
output (MRIO) analysis plays an important role for consumption-based assessment, including 
supply chains and their environmental impacts. However, previous accounting schemes were 
unable to fully assess the impacts of materials, fuels, and food. To close this gap, we provide 
an improved method to map key aspects of sustainability along value chains of materials, 
fuels, and food. The results show that the rise in global coal-related greenhouse gas (GHG) 
emissions between 1995 and 2015 was driven by the G20’s metals and construction materials 
industry. In 2015, the G20 accounted for 96% of global coal-related GHG emissions, of which 
almost half was from the extraction and processing of metals and construction materials in 
China and India. Major drivers include China’s rising infrastructure and exports of metals 
embodied in machinery, transport and electronics consumed by other G20 members. In 2015, 
the vast majority (70–95%) of the GHG emissions of metals consumed by the EU, USA, Canada, 
Australia, and other G20 members were emitted abroad, mostly in China. In contrast, hotspots 
in the impact displacement of water stress, land-use related biodiversity loss, and low-paid 
workforce involve the G20’s food imports from non-G20 members. Particularly high-income 
members have contributed to the G20’s rising environmental footprints by their increasing 
demand for materials, food and fuels extracted and processed in lower-income regions with 
less strict environmental policies, higher water stress and more biodiversity loss. Our results 
underline the G20’s importance of switching to renewable energy, substituting high-impact 
materials, improving supply chains, and using site-specific competitive advantages to reduce 
impacts on water and ecosystems. 

1. Introduction

In the United Nations Agenda for sustainable development, climate change, air pollution, 
water stress, and biodiversity loss are considered as the most important global environmental 
impacts that need to be addressed in the coming decades1-8. These environmental problems 
need to be tackled together with the socioeconomic pillar of sustainability, such as promoting 
decent work and economic growth and ensuring responsible consumption of material 
resources. In this study, we rely on the International Resource Panel (IRP) definition, where 
material resources include metals, non-metallic minerals, biomass and fossil resources that 
are processed into materials (steel, cement, textiles, plastics, paper, etc.), food products, and 
fossil fuels (coal, oil, etc.)1. In a recent report, the IRP has shown that the extraction and 
processing of material resources into ready-to-be used materials, food products, and fuels, 
summarized as material production in this study, causes about half of global greenhouse gas 
(GHG) emissions, one-third of global particulate matter (PM) health impacts and more than 
90% of global water stress and land-use related biodiversity loss9, 10. With the global material 
demand expected to more than double by 205011, 12, strategies for a more sustainable 
production and consumption are crucial to comply with the Paris Agreement and many 
Sustainable Development Goals. 
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To ensure sustainable production and consumption, joint action must be undertaken at both 
the bilateral and multilateral levels to facilitate negotiations among related nations, foster 
decision making, and promote international agreements13. The meeting of the Group of 
Twenty, called the G20, is a regular international gathering. It brings together the leaders of 
both high-income countries and emerging economies14-16. Altogether, the G20 represent 
about two-thirds of the world’s population, 80% of the world’s GDP, three-quarters of 
international trade17, and more than 80% of total global material production and 
consumption14. There is a process in which G20 members discuss challenges and actions 
related to sustainable material production and consumption18, 19. Due to the high policy level, 
the international meeting of the G20 could be very effective in mitigating material-related 
impacts, if dedicated to develop joint actions for sustainable production and consumption.

When evaluating various sustainability  actions, it is most effective to address the impacts 
caused along the entire value chain, including the upstream, midstream, and downstream 
chain20-23. Here, the upstream chain refers to all economic activities in the upstream (supply) 
chain of material production, such as the supply of electricity or transport activities to the 
mining or processing stages. The midstream chain refers to the extraction and processing of 
material resources into ready-to-be used materials, food, and fuels, grouped under the 
collective term materials here. The downstream chain refers to all activities afterwards, such 
as further manufacturing into finished products, use for construction, service, heating, and 
the associated supply of electricity and transport activities in the downstream chain. Each step 
can cause a set of environmental and socioeconomic impacts. The latter can also be beneficial, 
such as by employing workforce and creating value added. In the GHG protocol24, 25, the so-
called scope 3 emissions includes upstream and midstream (direct) emissions, while the 
inclusion of downstream emissions is optional26. In this study, scope 3 refers to the cumulative 
upstream and midstream impacts of material production for any type of impact category (as 
done in ref10), while downstream emissions are separately addressed for GHG emissions. 

One form of life-cycle assessment that allows assessing impacts along global value chains is 
environmentally-extended multi-regional-input-output (MRIO) analysis27-35. However, none 
of the standard accounting schemes in MRIO analysis13, 15, 20, 21, 30-60 was capable of accurately  
assessing the impacts of sectors and regions situated in the middle of the global value chain, 
called intermediate or midstream sectors and regions (SI Paragraph S1)10, 61-64. This implied a 
particular lack in information for material sectors and regions strongly connected by 
international trade, which have both an upstream and downstream chain. Recently, a method 
was developed to analyze the impacts of materials on a national level61-63, and extended to 
assess the impacts of any intermediate sector and region for any impact category of any MRIO 
database10. It was applied to assess the environmental and socioeconomic impacts of global 
material production10, 64-69, plastics production64, ICT manufacturing68, and the EU’s food 
consumption69. However, an application to the G20’s material production and consumption is 
missing in the scientific literature despite its importance for policy making, given the G20’s 
key role in collective action to promote sustainable material production and consumption. 

Although the inclusion of downstream impacts is optional in scope 3 assessment26, 
downstream emissions are critical for fossil resources as their combustion causes the vast 
majority of global GHG emissions70, 71. Previous studies10, 64-69 have tracked the use of 
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materials (and the impacts related to their production) in the downstream chain, such as to 
analyze which fraction of the emissions of steel production were attributed to steel used in 
construction. Also, one study has allocated GHG emissions of global plastics production to the 
type of fossil fuel that is combusted64. Finally, one study used a monetary-based downstream 
allocation of materials (SI Paragraph S2).61-63 However, the emissions released by the use of 
materials in the downstream chain, such as the GHG emissions released by fossil fuels 
combustion in the construction sector,  were not attributed to the material that releases the 
emissions (physical allocation).

To address these research gaps, we create an MRIO database with high sectoral resolution 
and indicator coverage for each G20 member (based on ref69), apply the methodology of ref10 
to assess the scope 3 impacts of the G20’s material value chain, and extend it to downstream 
emissions. This allows us to address the following research questions (RQ):

RQ 1) How to design an accounting system that fully considers the impacts of material value 
chains (Section 3.1)?

RQ 2) Which material value chains drive the G20’s rising GHG emissions (Section 3.2)?

RQ 3) How does the G20’s trade in materials affect key aspects of sustainability (Section 3.3)?

2. Methods and Data

2.1 Database compilation

Our methodology is based on multiregional input-output (MRIO) analysis, which aggregates 
the global economy into a specific number of regions and industrial sectors. It records their 
transactional flows and environmental and socioeconomic accounts for a specific time frame. 
To address the research gaps highlighted in the introduction, we compiled an MRIO database 
covering each of the G20 members, including China, the USA, the EU (with Germany, France, 
and Italy as single members), the United Kingdom, India, Russia, Japan, Brazil, Indonesia, 
Mexico, South Korea, Canada, Australia, Turkey, Saudi Arabia, South Africa, and Argentina (see 
e.g., Figure 6). The G20 database is based on EXIOBASE327, which was extended to Saudi 
Arabia and Argentina by integrating data from Eora2629, FAOSTAT72 and previous work73-76, 
following the procedure described in Cabernard & Pfister69 (see this publication and Paragraph 
S3 for further details). It distinguishes 163 sectors for 51 regions, covering each G20 member, 
and time series from 1995 to 2015. It includes the key environmental issues listed by the UN’s 
Agenda for sustainable development, namely GHG emissions, PM-related health impacts, 
water stress, land-use related biodiversity loss, which were implemented based on the impact 
assessment methods recommended by UNEP-SETAC77, as done before10, 69 (Paragraph S3). 
Furthermore, it adds the socioeconomic indicators workforce and value added. 

2.2 Assessment

We applied the following four steps to the G20 database: First, we used the common Leontief 
framework78 to assess the total environmental and socioeconomic impacts from a production 
and consumption perspective (SI Paragraph S4). Second, we split the production and 
consumption-based impacts into scope 3 impacts of material production (including upstream 

Page 4 of 20AUTHOR SUBMITTED MANUSCRIPT - ERL-113094.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
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 A

cc
ep

te
d 

M
an

us
cr

ip
t



4

and midstream impacts) and the impacts caused in the downstream chain by the remaining 
economy and households, based on the methodology of ref10, 61, 62 (SI Paragraph S5). Third, 
we split the scope 3 GHG emissions of material production and the GHG emissions released in 
the downstream chain by the process of GHG emissions and type of fuel combustion, by 
extending the approach of ref64 to downstream emissions (SI Paragraph S6). Finally, we 
decomposed the respective equations related to scope 3 and downstream emissions to map 
the intermediate steps in the G20’s material value chain, called carbon flow analysis here (SI 
Paragraph S7). The intermediate steps are illustrated by showing the G20’s GHG emissions 
from different perspectives (e.g., consumption region, end-use sector; material groups; 
upstream, midstream, and downstream emissions; process of GHG emissions release; 
production region) and by mapping the linkages between these perspectives (e.g., the end-
sectors’ use of metals, non-metallic minerals, biomass, and fossil resources; the impacts of 
these material groups split by upstream, midstream and downstream emissions; the link to 
the emission sources such as fossil fuel combustion). 

3. Results and Discussion

In the following, Section 3.1 explains why none of the previous standard accounting schemes 
was suitable to assess the G20’s material-related scope 3 GHG emissions (RQ 1). Moreover, it 
reveals the effects of including downstream emissions and mapping the intermediate steps in 
the G20’s material value chain. Based on our improved accounting scheme for material-
related impacts, Section 3.2 identifies key drivers of the G20’s rising GHG emissions (RQ 2). 
Finally, Section 3.3 shows the degree of the G20’s displacement of impacts to other G20 
members and the rest of the world (RQ 3).

3.1 Methodical improvements 

In this section, we explain the differences of our method compared to previous accounting 
schemes for both scope 3 and downstream GHG emissions of materials produced and 
consumed by the G20. In contrast to this study’s method, standard production-based 
accounting focuses on direct impacts of resource extraction and processing, and thus neglects 
upstream impacts (e.g., the upstream impacts of material production caused by the electricity 
or transport sector are allocated to the electricity and transport sector instead of the material 
sectors). This would result in an underestimation of scope 3 GHG emissions by 60% for metals, 
and by more than 25% for nonmetallic-minerals, biomass, and fossil resources (30% for all 
materials, Figure 1a vs 1d). On the other hand, standard consumption-based accounting13, 15, 

20, 30-33, 35-40, 58, 79 allocates all impacts to end-use sectors, and hence misses the impacts of 
intermediate uses of materials (e.g., the impacts of metals in electronics, cement in 
construction, food in restaurants, and fossil resources in transport are allocated to these end-
use sectors instead of the material sectors). This would result in an underestimation of scope 3 
GHG emissions by 20% for biomass, and more than a factor of two, five, and ten for fossil 
resources, metals, and non-metallic minerals, respectively (Figure 1b vs 1d). Vice versa, 
standard scope 3 accounting20, 58, 59 would overestimate the GHG emissions by more than 40% 
for biomass and fossil resources, and more than 100% for metals and nonmetallic minerals 
(80% for all materials, Figure 1c vs 1d). This is attributed to double-counting of the emissions 
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of those material sectors situated in each other’s supply chain (e.g., part of the scope 3 impact 
of material A is double counted in the scope 3 impacts of material B because part of material 
A is used to produce material B). Thus, none of the previous MRIO approaches allowed for a 
comprehensive and accurate assessment of the G20’s material-related scope 3 GHG 
emissions.

A comparison of this study’s downstream approach to the monetary-based downstream 
allocation of Dente et al61-63 is shown in Figure 1e–f, where scope 3 emissions are the same as 
in Figure 1d (based on the method of Cabernard et al10), but downstream emissions were 
calculated based on the approach of Dente et al61-63 and this study’s approach, respectively. 
In the approach of ref61-63, downstream GHG emissions of material resources are comparably 
small and distributed among all material resource types (Figure 1e). Due to the monetary 
allocation in ref61-63, more than one-third of the G20’s GHG emissions are attributed to the 
remaining economy (e.g., further manufacturing, public transport, service, etc.) and 
households (private transport and heating), and thus not related to materials. The approach 
taken in this study allows emissions of the remaining economy and households to be fully 
attributed to material resources causing the emissions, mainly fossil fuels through combustion 
and, to a lesser extent, biomass through decomposition (Figure 1f). Thus, the inclusion of 
downstream GHG emissions increases the G20’s scope 3 GHG emissions of biomass by 5% and 
those of fossil resources by a factor of three. Further comparison of this study’s results with 
those of Dente et al61-63 are shown in the SI by the example of Japan’s material value chain 
(Figure S2 and S3, Paragraph S8).

Figure 1. Greenhouse gas (GHG) emissions related to the G20’s production and consumption of 
materials calculated with the standard Leontief model (a and b) 20, 30-33, 36-40, 58, 79, scope 3 accounting 
with double-counting (c)20, 58, 59 and without double-counting (d–f, based on Cabernard et al10) 
combined with the downstream allocation of Dente et al61-63 (e) and this study’s downstream 
approach (f). The intermediate steps in the G20’s material value chain based on this study’s method 
(f) are shown in Figure 2. 

The carbon flow analysis of the G20’s material value chain is shown in Figure 2. It extends the 
standard Leontief model20, 30-33, 35-40, 58, 79 where GHG emissions are allocated to either the 
region and sector of production and consumption (Figure 2a–b and 2f) by showing the 
intermediate steps in the G20’s material value chain (Figure 2b–f). It differs from the method 
of Dente et al61-63 by fully allocating the emissions of the end-sectors to the type of material 
resource causing the emissions (Figure 2b–c). Moreover, it extends the method of Cabernard 
et al10 by including not only upstream and midstream emissions (scope 3: Figure 2d1–d2), but 
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also downstream emissions (Figure 2d3) and the link to the emission source (Figure 2d–e). The 
split of the four material groups by upstream, midstream, and downstream emissions shows 
that 14% of the G20’s GHGs were emitted in the upstream chain, 24% and 21% were released 
midstream by extraction and processing, respectively, and 41% were released in the 
downstream chain (Figure 2c–d). The link to the emission sources shows that upstream 
emissions were mainly released by coal electricity (Figure 2d–e). Most emissions of the 
processing stage were related to metals and non-metallic minerals, whose emissions were 
released by calcification and fossil fuel combustion (Figure 2c–e). Fossil fuels combustion 
caused not only the vast majority of the emissions in the downstream chain of materials, such 
as by heating and transport through households (27% of the G20’s carbon footprint, Figure 
2b–d), but also in the upstream and midstream chain of material production (Figure 2d–e).  
The analysis of the end-sector’s use of materials reveals that half of the carbon footprint of 
the G20’s electronics, machinery and car industry is attributed to metals, while the other half 
is attributed to fossil resources (Figure 2b–c). For the G20’s construction industry, more than 
half of its carbon footprint is attributed to cement, bricks, and other concrete elements, and 
the remaining fraction is attributed to metals (20%) and fossil resources (25%). 
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machinery, car
industry (13%)
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(food, wood,

paper textiles)
Fossil resources(56%)

(fuels, chemicals, plastics)
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Figure 2. Carbon flow analysis of the G20’s material value chain, including their consumption (a1, 
carbon footprint) and production for exports to non-G20 members (a2) in 2015 (totally 39 Gt CO2-
equivalents, 100%). Each bar sums up to 100% and shows the G20’s GHG emissions from different 
perspectives in the global value chain, such as a) the regions where materials are finally used, b) the 
product or sector where materials are finally used for supplying final consumption, c) the four material 
groups, d) the split by upstream, midstream, and downstream impacts, e) the processes which release 
GHG emissions, and f) the regions where GHG emissions are released, which includes the G20’s 
domestic GHG emissions (f1) and those released by non-G20 members due the G20’s imports (f2). The 
small graphs to the left show the temporal development from 1995 to 2015.

3.2 Key materials driving the G20’s GHG emissions

Based on the methodical improvements discussed above, this section provides new insights 
on the drivers of the G20’s rising GHG emissions, which have increased by 44% from 1995 to 
2015 (Figure 2). The increasing reliance on coal to extract and process materials, especially 
metals and construction materials in China and India, was a key driver of the G20’s rising GHG 
emissions. As a result, the G20’s coal-based GHG emissions have more than doubled, while 
the G20’s oil-based GHG emissions increased only slightly over the past two decades (+15%, 
Figure 2e). In 2015, the G20 were responsible for 96% of global coal-related GHG emissions, 
whereof two-thirds were emitted during electricity and heat generation for material 
production (upstream and midstream emissions), while the remaining third was released in 
the downstream chain (downstream emissions, Figure 2d–e). Almost half of the G20’s coal-
based GHG emissions were related to the extraction and processing of metals and 
construction materials, mostly in China and India (Year 2015). The G20’s GHG emissions of 
metals and construction materials have more than doubled since 1995, contributing to a 
quarter of the G20’s total GHG emissions in 2015 (Figure 2c). From a demand side, this 
increase was mainly driven by China’s growing infrastructure. China’s GHG emissions related 
to the production of metals and construction materials have more than quadrupled since 1995 
(both from a production and consumption perspective). The same growth rate applies for the 
GHG emissions of China’s construction, electronics, machinery and car industry, which relied 
on these materials (Figure 2a–c). 

In the following, we focus on the use of coal for the extraction and processing of metals and 
construction materials, as Figure 2 had shown the pivotal role of these materials for the rise 
in global GHG emissions. The use of coal for the G20’s production of metals and construction 
materials has increased sixfold between 1995 and 2015 (Figure 3). In contrast, the global use 
of coal for everything else than these materials has increased by only 16%. In 2015, half of 
global coal was used for the G20’s production of metals and construction materials, mostly 
steel and cement in China and India (Figure 3b, Figure S4). From 1995 to 2015, the use of coal 
for the production of metals and construction materials in China and India has increased by a 
factor of 12 and six, respectively. Moreover, coal used for China’s cement production has 
increased by a factor of more than hundred. In 2015, almost half of global coal was combusted 
for the production of metals and construction materials in China and India. As most of this 
coal was extracted domestically, China used two-thirds of its entire coal for the production of 
these materials in 2015. In India, even 85% of the total domestic coal was used for the 
production of metals and construction materials.
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Figure 3. a) Global coal extraction split by its use for minerals production and the remaining economy 
(everything else than minerals production), and b) region where coal is used for minerals production 
(b1) and where minerals are finally consumed (b2).

As global coal mining is driven by the G20’s production of metals and construction materials, 
the combustion of that coal drove the rising carbon footprint of these materials. An in-depth 
analysis on the carbon footprint of metals and the role of coal combustion is shown in Figure 4. 
The split by the type of fuel combusted shows that coal-based GHG emissions for metals 
production have tripled since 1995, while the remaining GHG emissions increased by only 20% 
(Figure 4b). Consequently, coal-based emissions contributed to 60% of the global carbon 
footprint of metals in 2015. The split into upstream and midstream emissions reveals that 
more than half of coal-based emissions were released in the upstream chain of metals 
production, mostly by coal mining and electricity generation (Figure 4a–b). The link to the 
region where metals are produced and consumed shows that the vast majority of the carbon 
footprint of metals was attributed to the G20, both from a production (92%) and a 
consumption perspective (82%, Figure 4c–d). This explains why the G20’s metals carbon 
footprint was three times higher compared to the non-G20 average on a per-capita level (year 
2015, Figure 5).  

The link between metals producer and consumer shows that most metals produced in China 
and India were also consumed in China and India, mostly in construction, machinery, and 
transport (Figure 4c–e). Still, one third of the GHG emissions released by China’s and India’s 
metals production were attributed to exports (Figure 4c–e). China’s and India’s rising exports 
of metals (and strong reliance on coal to produce these metals) explains why the share of coal-
based emissions in the metals carbon footprint has considerably increased for all G20 
members (except Brazil and South Korea) and the non-G20 regions from a consumption 
perspective (Figure 5). In 2015, the vast majority (70–95%) of the GHG emissions of metals 
consumed by the EU, USA, Canada, Australia, and other G20 members were emitted abroad, 
mostly in China, due to coal combustion in the supply chain.
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Figure 5. Change in the G20’s metals-related GHG emissions from a consumption perspective (metals 
carbon footprint) on a per-capita level plotted against a) the share of coal-based emissions in total 
GHG emissions and b) the fraction of the metals carbon footprint caused abroad (due to metals 
imports, either as raw material or embodied in other products) plotted against the GDP for all G20 
members. The metals carbon footprint includes all GHG emissions related to a region’s metals 
consumption (including the emissions embodied in metals imports, but excluding the emissions of 
metals embodied in exports).
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3.3 The G20’s rising impacts and role of material trade

As Section 3.2 has shown that high-income members increasingly consume metals produced 
in coal-based economies, this section analyzes how trade in materials affects the G20’s total 
impacts, considering not only GHG emissions but also other key aspects of sustainability. Our 
results show strong differences in the per-capita footprints among the G20 members, and that 
international trade in materials adds to this imbalance (Figure 6 and 7, see SI Paragraph S9–
S11 for further results). EU countries, the USA, and Canada are the only members who 
managed to decrease their carbon and PM health impact footprints while simultaneously 
improving the economic wealth, called absolute decoupling (Figure 6a). Nevertheless, their 
per-capita carbon footprints are still several times higher compared to China, whose carbon 
footprint has more than doubled since 1995. The decoupling achievements of EU countries, 
the USA, and Canada were entirely attributed to domestic technology improvements, which 
compensated for the rising GHG emissions and PM health impacts caused abroad due material 
imports (Figure 6b). In 2015, EU countries induced more than a third of their carbon and PM 
health footprint abroad, and this was largely (>85%) attributed to imports of metals 
(particularly steel and aluminum), fuels (oil and gas), and plastics. These imports occurred 
either as raw materials (e.g., oil, gas, plastics) or were embodied in other products, such as 
metals embodied in imported electronics, machinery, and transport equipment. 

Outsourcing of material production from higher-income to lower-income regions with less 
stringent environmental policies, higher water stress, and more biodiversity loss has 
contributed to the G20’s rising environmental footprints since 1995 (Figure 6 and 7, SI Figure 
S8–S12). Similar to the carbon and PM health footprint, EU countries induced more than half 
of their water stress and land-use related biodiversity loss footprint abroad, largely (>80%) 
attributed to material imports. Consequently, the EU’s water stress and land-use related 
biodiversity loss was two times higher from a consumption than a production perspective 
(Figure 7). While the EU’s carbon and PM health footprint caused abroad was mainly related 
to imports of metals and fossil-based products from G20 members, the EU’s water stress and 
biodiversity loss footprint induced abroad was mainly attributed to biomass products. These 
were mostly food imports from non-G20 members (SI Figure S13 and S14). Similar to the 
environmental impacts, almost 80% of the workforce required for the EU’s material demand 
was occupied abroad and this primarily involved low-paid agricultural work in non-G20 
members (SI Figure S10e, Figure S15). Consequently, the number of workers required for the 
EU’s consumption was two times higher than the EU’s domestic workforce (Figure 7f). 
Nevertheless, the vast majority of the value added created to supply the EU’s material 
demand was generated within the EU (Figure 7g, SI Figure S10g). 
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Figure 6.  Change in a) the G20’s GHG emissions and PM health impacts from a consumption 
perspective (carbon footprint) on a per-capita level and b) share of the G20’s carbon and PM health 
footprint caused abroad, mainly due to material imports (SI Figure S6a–b) in 1995 and 2015 (as single 
data points for these two years) plotted against the GDP for all G20 members. The carbon and PM 
health footprint includes all emissions related to a region’s consumption (including the emissions of 
imports, but excluding the emissions of exports). 

Footprints of other high-income regions like Australia, Canada, Japan, and South Korea show 
a similar pattern of high domestic value creation and increased outsourcing of environmental 
impacts and low-paid workforce due to material imports (Figure 7, Figure S8–S12). Australia 
stands out as the region with the highest per-capita impacts from both a production and 
consumption perspective for all environmental indicators except domestic PM health impacts 
(Figure 7). On a per-capita level, Australia further stands out as the region with most raw 
material exports (mainly iron and steel, aluminum, copper, coal, and cattle meat), but the 
highest reliance on foreign low-paid workforce in the agriculture, farming, and mining sector 
of non-G20 regions to produce food, textiles, metals, chemicals, plastics, and other materials 
for export to Australia (Figure S17). Overall, three workers (in full-time-equivalents) are 
needed to supply the consumption of two people in Australia in 2015. The number of workers 
occupied worldwide to supply Australia’s material and food demand is bigger than the number 
of people working in Australia’s entire economy.  
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Figure 7. Temporal development of the environmental and socioeconomic impacts of the G20 
members on a per-capita level split by scope 3 impacts of material production (metals, non-metallic 
minerals, biomass, fossil resources) and the remaining downstream economy and by households 
(mainly fossil fuels for GHG emissions, see Figure 2c) from a production (P) and consumption (C) 
perspective. G20 members with higher production than consumption accounts are net exporter of 
impacts, while countries with higher consumption than production accounts are net importer of 
impacts. Note that global land-use related biodiversity loss shows a decreasing trend in EXIOBASE327, 

33, which is in contrast to other studies44.

4. Conclusion and Outlook

This is the first study assessing the intermediate steps in the G20’s material value chains, 
contrasting key aspects of sustainability, and highlighting the relevant hotspots, trade 
patterns, and key materials. Our analysis shows that previous standard accounting schemes 
in MRIO analysis would have either underestimated or overestimated the G20’s material-
related scope 3 GHG emissions (by more than 60% for metals and more than 20% for non-
metallic minerals, biomass, and fossil resources). The inclusion of downstream emissions 
further increases the G20’s scope 3 GHG emissions of fossil resources by a factor of three 
(compared to ref10). However, this study’s downstream approach should be improved for 
analyzing GHG emissions related to biomass combustion, especially due to their importance 
for the future energy transition80. In addition to the analysis of GHG emissions performed 
here, this study’s downstream approach could be applied to PM health impacts (e.g., as done 
in ref64 for plastics). Also, further work is needed to include GHG emissions related to land use 
and related changes and forestry, as these data are lacking in EXIOBASE327. Due to the limited 
quality and availability of mining-related water and land use data, future work should also 
improve mining-related water and land impacts. Moreover, future research is needed to 
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analyze this study’s results for uncertainty, which could be addressed by extending the 
approach of Lenzen et al81 and Zhang et al82 to this study’s methodology and database. 

This study reveals that the rise in global coal emissions was mainly driven by the G20’s 
production of metals and construction materials. In 2015, half of global coal was used for the 
production of metals and construction materials (while the other half was used for everything 
else than the production of these materials). We further conclude that the G20’s displacement 
of climate and PM health impacts is mainly attributed to trade in materials within the G20, 
mostly high-income members such as the EU and USA who increasingly consume coal-
intensive metals produced in China and India. In contrast, hotspots in the impact displacement 
of water stress, biodiversity loss, and low-paid workforce involve the G20’s food imports from 
non-G20 members. An important countermeasure would be to internalize the external costs 
of supply chain impacts in the prices of commodities. A carbon price, such as carbon taxes, 
cap-and-trade emissions schemes, and renewable energy subsidies, would strongly improve 
the environmental performance of the production of metals and construction materials. 
Monetary incentives are also crucial to reduce the other key environmental impacts listed by 
the UN agenda. The internalization of external costs into end-users price should be discussed 
at the multilateral level, such as the G20 meeting due to its high policy level18, 19, and 
implemented at the national and bilateral level, such as in bilateral trade agreements among 
the G20 members for reducing climate and health impacts (e.g., between the EU and China)83 
(see SI Paragraph S11 for further conclusions). 

Conclusively, our results show that materials produced and consumed by the G20 play a 
pivotal role in complying with the Paris Agreement and many sustainable development goals. 
However, current trends are not sufficient to reach these targets. In the coming decades, the 
large build-up of infrastructure and the growing population anticipated for emerging 
economies will result in strong demands for materials, especially metals and construction 
materials, identified here as the main driver of coal emissions. Material-efficient urban design 
and circular economy solutions are of utmost importance to reduce the environmental 
impacts (e.g. sustainably sourced wood to substitute cement and steel84, 85). A fast exit from 
coal, a switch to renewable energies, and the electrification and emergence of carbon-
capturing technologies is pivotal, but will also increase the demand for materials, particularly 
metals86-88. As shown here, most of the G20’s GHG emissions are ultimately attributed to fossil 
fuels combustion (Figure 2e), and thus the potential of renewable energies is substantial. This 
requires investment along the entire value chain and thus the engagement of producer and 
consumer, both represented in the G20. Major producers involve China and India, whose 
production of metals and construction materials drove the rise in global coal emissions. Major 
consumers involve high-income countries, such as the EU and USA, who have the financial 
power, but have increasingly outsourced their material production to regions with less strict 
environmental policies, higher water stress, and more biodiversity loss. This study’s method, 
database, and results support sustainable policy making by allowing for greater transparency 
in the supply chain assessment of nations, sectors, and materials, including the associated 
impacts. This information is important for estimating external costs and identifying consumer 
responsibilities to compensate or mitigate them. 
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