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Rising greenhouse gas emissions
embodied in the global bioeconomy
supply chain

Check for updates

Livia Cabernard 1,2 , Clemens Schwingshackl 3, Stephan Pfister 2 & Stefanie Hellweg 2,4

The bioeconomy is key tomeeting climate targets. Here,we examine greenhouse gas emissions in the
global bioeconomy supply chain (1995–2022) using advanced multi-regional input-output analysis
and a global land-use change model. Considering agriculture, forestry, land use, and energy, we
assess the carbon footprint of biomass production and examine its end-use by provisioning systems.
The footprint increased by 3.3 Gt CO2-eq, with 80% driven by international trade, mainly beef and
biochemicals (biofuels, bioplastics, rubber). Biochemicals showed the largest relative increase,
doubling due to tropical land-use change (feedstock cultivation) and China’s energy-intensive
processing. Food from retail contributes most to the total biomass carbon footprint, while food from
restaurants and canteens account for >50% of carbon-footprint growth, with three times higher
carbon intensity than retail. Our findings emphasize the need for sustainable sourcing strategies and
that adopting renewables and halting land-use change could reduce the bioeconomy carbon footprint
by almost 60%.

To stabilize global temperatures at a 1.5 °C increase and achieve net-zero
greenhouse gas emissions (GHGs), promoting a sustainable and circular
bioeconomy is crucial1–3. The bioeconomy encompasses all sectors utilizing
biomass, spanning from living organisms like animals, plants, and micro-
organisms to derived organic materials and ecosystems. It integrates agri-
culture, forestry, and other land use (AFOLU), and related industries to
produce food, feed, bio-based products, energy, and services3–5. However,
the carbon footprint of the bioeconomy amounted to 17 GtCO2-eq in 2022,
contributing to almost 30% of global GHGs3. The AFOLU sector releases
CO2 emissions through land use, land use change, and forestry
(LULUCF)6–8, biogenic CH4 andN2O emissions from enteric fermentation,
rice cultivation, and fertilizer application. Additionally, GHGs occur from
energy used in biomass cultivation, harvesting, fertilizer production,
transportation and processing of food, textiles, biochemicals, wood, and
paper. These GHGs from the AFOLU sector and related energy supply are
referred to as the carbon footprint of biomass production in this study
(cradle-to-gate emissions), while downstreamGHGs such as from cooking,
heating, and cooling (e.g., in food stores, restaurants, canteens), as well as
biomass incineration, composting, landfill decay and wastewater treatment
are excluded.

Given the bioeconomy’s increasing interconnectedness through
international trade9,10, understanding its global environmental implications

is essential—especially for GHGs from biomass production, which often
occur in different regions thanwhere the products are consumed.However,
prevailing environmental policies, such as the Paris Agreement and the EU
GreenDeal, only considerdomesticGHGs,neglectingGHGemissions from
imported commodities11–13. Furthermore, there is a risk that such policies
inadvertently encourage the outsourcing of emissions to regions with less
strict environmental policies, exacerbating the global climate crisis14–16.
Therefore, a crucial prerequisite is access to detailed information on global
supply chains and their environmental impacts. By incorporating these
insights, policymakers can develop comprehensive strategies that account
for the entire life cycle of products and address the intricate challengesposed
by the interconnected global bioeconomy.

Environmentally-extended multi-regional input-output (MRIO)
analysis17,18 provides insights into the linkages between economic activities
and their environmental implications19. UsingMRIO analysis, GHGs from
specific regions and industries can be attributed to produced goods20,21, and
final sectors supplying these goods to meet final demand can be
identified22–24. This allows for the evaluation ofGHGemissions embodied in
international trade25,26 (Supplementary Notes 1). While global MRIO
databases19,27–32 exclude emissions from LULUCF, a few studies have
assessed GHGs of the AFOLU sector globally9,33, regionally34,35, and embo-
died in trade10. However, these studies did not account for emissions related
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to energy provision orGHGs of non-food biomass products such as textiles,
biochemicals, and paper. Methodological challenges also remain, including
double counting and the incomplete coverage of entire supply chains—
particularly upstream activities (e.g., coal used for biomass processing) and
downstream uses of specific biomass products to deliver provisioning sys-
tems. A provisioning system is an interconnected framework of ecological,
technological, institutional, and social components that convert natural
resources into goods and services to meet human needs3,36–38. Additionally,
previousMRIO studies allocated GHG emissions based on total supply and
demand. For example, if 80%of Brazil’s beef production in a given yearwere
consumed domestically, ~80% of the associated GHGs would be attributed
to domestic consumption. However, they did not examine how changes in
environmental impacts correspond to shifts in supply and demand, as can
be done using a marginal allocation approach39,40. This marginal approach
examines how specific changes over time affect the outcome relative to a
baseline year. For instance, if Brazil’s domestic beef consumption remained
constant while beef exports increased, any rise in GHGs associated with
Brazil’s beef production would be attributed to exports40.

Our study addresses these gaps by assessing GHGs associated with the
extraction and processing of food, textiles, biochemicals (biofuels, bioplas-
tics, other biochemicals and natural rubber), wood, and paper, encom-
passing the AFOLU sector and energy supply for biomass production,
termed the global biomass carbon footprint20. We use the highly-resolved
global MRIO database Resolved EXIOBASE version 3 (REX3)3,19,27,41,42,
which delineates between 189 countries and 163 sectors, and the time span
from1995 to 2022.We integrate LULUCF emissions from the Bookkeeping
of Land Use Emissions (BLUE) model7,43, other GHGs from AFOLU
(mainly biogenic CH4 and N2O emissions from enteric fermentation, rice
cultivation, and fertilizer application), and GHGs from the biomass-related
energy supply (e.g., for fertilizer production, biomass processing, and
transportation). Our methodology prevents double counting and links
biomass resources to their downstream end-uses for provisioning systems20,
building on the framework introduced in a recent UNEP report3 that linked
resources end-uses to provisioning systems. We extend this approach by
connecting specific biomass products to their end-uses, such as nutrition
(via food stores, restaurants, and canteens), energy and mobility (e.g., bio-
fuels), the built environment (e.g., wood), and other provisioning systems
(e.g., textiles for clothing, paper for education, and biochemicals for
healthcare services). Finally, a marginal allocation is applied to link changes
in GHG emissions in the bioeconomy supply chain to shifts in supply and
demand for understanding thedrivers of increases anddecreases inGHGs40.
The main objective of our study is to contribute to a comprehensive
understanding of the complex linkages and flows of GHGs in the global
bioeconomy supply chain by addressing three research questions (RQ):

RQ 1) Which regions are key exporters and importers of
biomass goods?

RQ 2) Which goods and emission sources drive changes in
consumption-based footprints in key importing regions?

RQ3)What are theprovisioning systemsand supply chainhotspots for
those goods that play a key role for mitigating GHGs?

Results
International trade in biomass products
Figure 1 illustrates the supply chain of the global biomass carbon footprint,
reaching 19.0 Gt CO2-eq in 2022. The footprint includes GHG emissions
from LULUCF (29%), other AFOLU (42%), and energy supply (29%,
see Supplementary Notes 2–4 and Supplementary Fig. 1 for an interpreta-
tion of the results of GHGs per emission source). In 2022, 29% of the global
biomass carbon footprint was embodied in trade among the eleven world
regions (Fig. 1c, d, colored flows), with an additional 7% attributed to intra-
regional trade (results not separately shown here), meaning that 36% of the
biomass carbon footprint is embodied in international trade.China, Europe,
USA, and Middle East are key importers of biomass goods, while Brazil,
Latin America, Southeast Asia + Pacific, and Africa are key exporters. For
example, over half of Southeast Asia + Pacific’s domestic biomass carbon

footprint is linked to exports, while half of the consumption-based footprint
in theMiddleEast, Europe, and theUSA is from imports (Fig. 1c, d).China’s
imports contribute strongest to GHGs in Southeast Asia + Pacific and
Brazil, while imports to theMiddleEast andEuropehave the greatest impact
in Africa. Similarly, the USA’s imports contribute strongest to GHGs in
Mexico and Canada.

Figure 2 illustrates the temporal changes in the global biomass carbon
footprint, with the top row showing total GHGs and the bottom row dis-
playingGHGs embedded in trade across elevenworld regions. From1995 to
2022, the global biomass carbon footprint has increased by 3.30 Gt CO2-eq
(+ 21%), with two-thirds of this increase (2.24 Gt CO2-eq) attributed to
rising international trade among the eleven regions (Fig. 2, bottomrow), and
another 12% (0.40Gt CO2-eq) attributed to rising intra-regional trade
(results not separately shown here). This means that 80% of the rising
biomass carbon footprint is attributed to rising international trade. Despite
reduced domestic LULUCF emissions, Brazil’s exported biomass carbon
footprint has quadrupled since 1995, driven by beef and oilseed exports to
China and theMiddle East (see interactive version of Fig. 2), which show the
strongest increase in imported GHGs. Since 1995, China’s and the Middle
East’s imported biomass carbon footprints have increased fivefold and
fourfold, respectively (Fig. 2d, bottom row). Consequently, China has
shifted fromanetexporter to anet importer,withmoreGHGsnow linked to
its consumption rather than its production of biomass products.

Using marginal allocation39,40, Fig. 3 highlights shifts in the interna-
tional trade of the global bioeconomy supply chain, linking regions where
GHG emissions are rising or falling to regions where biomass goods are
increasingly or decreasingly consumed due to trade. The figure shows that
the net increase of 2.24 Gt CO2-eq, referred to as 100% in the following,
results from both gains (+3.36 Gt CO2-eq,+150%) and reductions (−1.12
Gt CO2-eq, -50%) in GHGs embodied in trade. Notably, 80% of the rising
carbon footprint in trade is driven by increased imports fromChina (43%),
the Middle East (24%), and the USA (9%) (Fig. 3b, summing positive and
negative values). More than half of this increase is attributed to China’s
imports from Southeast Asia and the Pacific (17%) and Brazil (9%), the
Middle East’s imports from Africa (10%) and Brazil (5%), and the USA’s
imports from Latin America and Canada (10%). In contrast, the USA has
decreased its imports of vegetables, fruits, and nuts from China. The asso-
ciated lower LULUCF-related GHGs in China contributed to a 9% reduc-
tion inGHGs embodied in global trade. Similarly, Europe’s carbon footprint
from African imports (vegetables, fruits, nuts, and wheat) and Northwest
Asia’swood imports fromSoutheastAsia and the Pacific are associatedwith
additional reductions (−8% and −6%, respectively, Fig. 3). Among the
goods consumed, over half of the rising carbon footprint in trade is linked to
increased trade in beef (31%), biochemicals (17%), and textiles (10%), pri-
marily consumed by China (beef, biochemicals, textiles), the Middle East
(beef), the USA (beef, textiles, biochemicals), and Europe (textiles,
biochemicals).

Consumption-based impacts of key importing regions
Figure 4 provides an in-depth assessment of the shifts in the supply chain for
the consumption-based biomass carbon footprint of China and theMiddle
East since 1995, connecting changes in supply and demand with corre-
sponding increases or decreases in GHG emissions using a marginal
allocation39,40. In China, shifts in supply chains are linked to considerable
increases (1.90 GtCO2-eq, 189%)anddecreases (–0.88 GtCO2-eq,–89%) in
its consumption-based biomass carbon footprint, resulting in a net increase
of 1.02 Gt CO2-eq referred to as 100% in Fig. 4 (top). Over 70% of this net
increase is driven by risingGHGemissions from energy supply, particularly
coal, used mainly in the processing of biochemicals, textiles, and paper
within China. As a result, non-food products have been the largest con-
tributors to China’s growing carbon footprint: biochemicals (26%), textiles
(22%), and paper (13%) together account for more than 60% of the net
increase in China’s consumption-based biomass carbon footprint since
1995. Conversely, decreased domestic LULUCF emissions associated with
the consumptionof dairy products, beef, other foods, andwoodhave led to a

https://doi.org/10.1038/s43247-025-02144-0 Article

Communications Earth & Environment |           (2025) 6:172 2

www.nature.com/commsenv


Fig. 1 | Supply chain analysis of the global biomass carbon footprint in 2022. The
sum of each horizontal bar of the flow chart refers to the biomass carbon footprint in
2022 (19.0 Gt CO2-eq, 100%) and allocates it to the different perspectives in the
global supply chain: a the life-cycle stage, b the source of emissions, c the region of
production, d consumption (footprint), e the consumed goods, and f the provi-
sioning systems. The flows between the horizontal bars show the linkages within the

global bioeconomy supply chain. Colored flows between production and con-
sumption regions (c, d) represent international trade among eleven regions, while
gray flows indicate intra-regional trade as well as domestic production and con-
sumption. An interactive version enables a detailed assessment of GHG dynamics in
the global bioeconomy supply chain from 1995 to 2022. The regional aggregation of
countries is illustrated in the Supplementary Fig. 8.
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72% decrease in China’s biomass carbon footprint. This decrease was
compensated by increasedLULUCF and otherAFOLU emissions related to
China’s increased consumption of imported goods (72%, Fig. 4, top), pri-
marily beef and feedstock for biochemicals from Brazil and Southeast Asia.
Notably, China’s carbon footprint from importing Brazilian feedstock for
biochemicals and beef has surged by over 100 and 30 times since 1995,
respectively (Fig. 2), especially following a Strategic Partnership between
China andBrazil in 2012 that strongly boosted trade in these commodities44.

In the Middle East, shifts in the supply chain are related to increases
(0.741 Gt CO2-eq) and only small decreases (–0.0674 Gt CO2-eq) in its
consumption-based biomass carbon footprint, resulting in a net increase of
0.674 Gt CO2-eq referred to as 100% in Fig. 4 (bottom). A third of this
increase is attributed to rising energy supply, especially coal,mostly released
domestically forprocessing textiles,wood, and food,while themaindriverof
Middle East’s biomass carbon footprint was rising imports: 76% of the
Middle East’s rising biomass carbon footprint is attributed to rising imports,
mainly biogenic CH4+N2O and LULUCF-related GHGs from beef
imports sourced from Africa and Brazil (Fig. 4, bottom). Notably, the
Middle East’s carbon footprint related to beef and dairy imported from
Africa has increased bymore than 30 and 10 times respectively, mainly due
to increased imports byEgypt andOman fromNigeria, Ethiopia, andKenya
(Fig. 2). Furthermore, theMiddleEast’s carbon footprint fromBrazilianbeef
imports has increased over 60-fold since 1995. This is attributed to stronger
economic partnerships, preferential trade agreements, and tariff
reductions45, such as the Brazil-Egypt Free Trade Agreement46 and the

Brazil-Saudi Arabia Economic Cooperation Agreement47. The provision of
halal-certifiedmeat by Brazil and African countries also accommodates the
dietary preferences of the Middle East48.

Further results for consumption-based biomass carbon footprints of
theUSA and Europe are illustrated in Supplementary Fig. 2 and interpreted
in Supplementary Notes 5.

Provisioning systems and key goods for GHGmitigation
Food provisioning contributes the most to the biomass carbon footprint
globally and regionally (Fig. 1d–f). More than half of the global food carbon
footprint is related to animal products, though the contribution of animal
products varies considerably by region. In Brazil, two-thirds of the food
carbon footprint is attributed to animal products, mainly beef from
domestic cattle farming. Despite a decline in LULUCF emissions in Brazil
since 2004, the per-capita carbon footprint of Brazilian beef consumption
remains higher than the per-capita biomass carbon footprints of Africa,
China, India, and Southeast Asia+ Pacific in 2022 (Supplementary Fig. 5).
Conversely, animal-based foodproducts account for less than20%of India’s
biomass carbon footprint, reflecting a stronger reliance on plant-based diets
(Fig. 1d–f). However, India faces high malnutrition challenges, under-
scoring the need for efforts to promote healthy and sustainable diets49.

Among provisioning systems, nutrition provided by restaurants and
canteens has contributed to more than half of the increase in the biomass
carbon footprint (Fig. 2).This trend is largelydrivenby the global increase in
dining out, fueled by urbanization and rising incomes50. China and the

Fig. 2 | Temporal evolution of the annual global biomass carbon footprint from
1995 to 2022 and role of international trade. Upper figure: Total biomass carbon
footprint. Lower figure: GHGs embodied in international trade among eleven world
regions. GHGs embodied in intra-regional trade (e.g., GHGs embodied in Ger-
many’s imports from Spain) and the consumption of domestically produced goods
are excluded in the lower Figure. GHGs are shown from six different perspectives

within the global supply chain: a the life-cycle stage, b the source of emissions, c the
region of production, d) consumption (footprint), e) the consumed goods, and f) the
provisioning systems. Note that the scales of the y-axis differ in the upper and lower
figure. Detailed insights on the intricate linkages and flows within the global
bioeconomy supply chain are provided by an interactive version of Figure 2, which
allows to recreate all results presented in the study.
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Middle East together contributed to over 50% of this increase, primarily
through consumption of animal-based foods. In 2024, two-thirds of global
nutrition was provided by food stores, with the remaining one-third taking
place in restaurants and canteens (Fig. 1e, f). As only 10–15% of global
calories are supplied by restaurants and canteens, their average global per-
calorie carbon footprint is about three times higher than that of food sold
through food stores. This disparity is partly due to the higher prevalence of
eating out in wealthier regions50, where consumption of meat and other
high-impact foods ismore common.Additionally, restaurants and canteens
tend to relymore heavily on imported foods: in 2022, over half of the carbon
footprint associated with traded food was linked to consumption in res-
taurants and canteens (Fig. 2). The impact is most notable for African beef
exports: over80%ofAfricanbeef importedbyEurope and theMiddleEast is
consumed in restaurants and canteens. This trend may be due to less
stringent food labeling regulations compared to food stores51, the demand
for quality and specialty cuts, ethnic cuisine, halal food markets, and other
customer preferences52–54. These factors underscore the critical role res-
taurants and canteens play in the distribution and environmental impact of
traded food.

Non-food products including wood, paper, textiles, and biochemicals
contribute to more than 20% of the global bioeconomy’s footprint in 2022,
and to almost 40% of the rise in the bioeconomy’s carbon footprint (Fig. 2).
Key drivers include energy-intensive production processes and a shift to
coal-based energy for textiles, biochemicals, andpaperproduction especially
in China and theMiddle East (textiles), as well as rising LULUCF emissions
in Brazil and Southeast Asia to extract feedstock for biochemicals. Bio-
chemicals show the largest relative increase in total carbon footprints
(Fig. 2e): Since 1995, the biochemicals’ carbon footprint has doubled,
reaching 0.871 Gt CO2-eq in 2022. Biochemicals also show the highest
reliance on international trade, followed by textiles (Supplementary Fig. 3):
In 2022, over 60% of the biochemical’s carbon footprint and almost 50% of
the textile’s carbon footprint is embodied in international trade.

Due to the importance of biochemicals for mitigating future GHG
emissions, we provide an in-depth analysis specifically for GHGs in
the biochemicals supply chain in Fig. 5, which include biofuels for
energy, bioplastics for packaging and construction, and rubber for
transportation (Fig. 5d–e). Nearly 50% of the biochemicals’ carbon
footprint is from energy provision, mostly fuel combustion for pro-
cessing, and about 40% is from LULUCF-related GHGs during feed-
stock cultivation (Fig. 5a, b). Most GHGs from feedstock extraction
occur in Brazil, Indonesia, and Malaysia, while processing emissions
occur mainly in China from coal combustion (Fig. 5a–c). China,
Europe, and the USA are key importers of GHGs embodied in bio-
chemicals (Fig. 5c, d). In 2022, more than 80% of Europe’s carbon
footprint from biochemicals was induced abroad. China’s consump-
tion has contributed the most to the rising carbon footprint of bio-
chemicals. Since 1995, China’s carbon footprint from biochemicals has
more than quadrupled, making up more than half of the increase in
the global carbon footprint of biochemicals (Supplementary Fig. 4).
Two-thirds of the biochemicals carbon footprint is attributed to bio-
fuels and other biochemicals production (e.g., bio-based solvents,
surfactants, lubricants, additives, and pharmaceuticals), while a third
is attributed to bioplastics and natural rubber production (see
interactive data visualizer with distinction for biochemicals for further
in-depth results).

Discussion
This study provides a comprehensive assessment of GHGs related to bio-
mass extraction and processing, identifying hotspots and drivers in the
global bioeconomysupply chain from1995 to2022 (Fig. 2).Using themulti-
regional input-output database REX3, we achieve high regional, sectoral,
and temporal resolution. Our approach traces the entire upstream and
downstream biomass supply chain, preventing double counting, and
incorporates marginal allocation to link changes in GHG emissions with

Fig. 3 | Increases and decreases in the global biomass carbon footprint embodied
in international trade among eleven world regions from 1995 to 2022. The
resulting net increase of 2.24 Gt CO2-eq, which is referred to as 100% in the text, is
linked to shifts in the global supply chain including the perspectives of international

trade among regions of production and consumption (a, b), and the consumption of
imported goods (b, c). The color code of the labels is the same for the left and the right
side of the figure. The regional aggregation of countries is illustrated in the Sup-
plementary Fig. 8.
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shifts in the bioeconomy (Figs. 3 and 4).While no comparable assessment of
GHG emissions across the entire bioeconomy supply chain exists, we
compare our findings to previous studies on food23,33,55, agricultural
products10,56,57, and biochemicals58,59 to showcase the improvements in our
approach. These comparisons help explain discrepancies with previously
reported values and highlight the enhanced precision and scope of our
method:

Full supply chain coverage
We find thatmore than 36%of the global bioeconomy’s carbon footprint in
2022 is linked to international trade, which is 50% higher than previous
studies on food systems that reported trade contributions of 22–26%10,33,56.
This increase is not only due to the inclusion of non-food products like
biochemicals and textiles, which heavily rely on international trade (Sup-
plementary Fig. 3), but also reflects methodological differences. For

example, Pinero et al.56 focus on impacts embodied in direct trade relations,
while Li et al.33 apply a physical tradeflow approach.Our approach20 offers a
more comprehensive mapping of both GHGs associated with upstream
activities (e.g., coal used in biomass processing) and downstream uses of
biomass products until their final consumption by provisioning systems
(Fig. 1). This enhanced methodology likely also explains why we find that
80% of the increase in the bioeconomy’s carbon footprint is attributable to
rising international trade—afigure over 50%higher than previous estimates
for food between 2000 and 201933.

Inclusion of regionalized energy supply
The carbon footprint of agri-food products (15.2 Gt CO2-eq in 2013) is
higher than that reported by Pinero et al.56 (13.0 Gt CO2-eq in 2013). This
discrepancymay be attributed to the regionalized energymix for processing
agri-food products, thereby accounting for the increased reliance on coal

Fig. 4 | Increases and decreases in the consumption-based biomass carbon
footprint of China and the Middle East from 1995 to 2022. The resulting net
increase of 1.02 Gt CO2-eq for China and 0.674 Gt CO2-eq for the Middle East,
referred to as 100% in the text, respectively, is linked to shifts in the global supply

chain including the perspectives of emissions source by production region (a, b) and
consumed goods (b, c). The color code of the labels is the same for the left and the
right sides of the figures. The regional aggregation of countries is illustrated in the
Supplementary Fig. 8.
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combustion in biomass processing, particularly in China, India, and the
Middle East, which was not distinguished in Pinero et al.56, but is con-
siderable. For instance, over half of the paper carbon footprint and over 40%
of the textile carbon footprint come from coal combustion in 2022 (Fig. 2).

Inclusion of LULUCF and food services
The food carbon footprint (13.2 Gt CO2-eq in 2011) is two times higher
compared to Wood et al.19,23 (6.2 Gt CO2-eq in 2011). This discrepancy

arises from our incorporation of LULUCF, contributing 29% to the
global food carbon footprint (Fig. 2). Additionally, our methodology20

accounts for GHGs of food consumed in restaurants and canteens,
constituting one-third of the global food carbon footprint (Fig. 1f). In
the standard Leontief model17 applied by Wood et al.23, these emissions
are not allocated to food, but to the respective end-use sectors (e.g.,
GHGs from food consumed in canteens within the construction sector
are allocated to the construction sector).

Fig. 5 | Supply chain analysis of the global biochemicals carbon footprint in 2022.
The sum of each horizontal bar of the flow chart refers to the biochemicals carbon
footprint in 2022 (0.871 Gt CO2-eq, 100%) and allocates it to the different per-
spectives in the global supply chain: a the life-cycle stage, b the source of emissions,
c the region of production, d consumption (footprint), and e the provisioning sys-
tems. The flows between the horizontal bars show the linkages within the global

biochemical supply chain. Colored flows between production and consumption
regions (c, d) represent international trade among eleven regions, while gray flows
indicate intra-regional trade as well as domestic production and consumption. The
regional aggregation of countries is illustrated in Supplementary Fig. 8. Separate
results for bioplastics and natural rubber, as well as biofuels and other biochemicals
are illustrated in an interactive data visualizer.
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Double counting prevention
The food carbon footprint found here (13.1 Gt CO2-eq in 2010) is slightly
lower than the bottom-up estimates from Poore and Nemecek57 (13.7 Gt
CO2-eq in 2010) and considerably lower than that by Xu et al.55 (17.5 Gt
CO2-eq in 2010). This discrepancy may result from our cradle-to-gate
perspective, while Poore and Nemecek57 adopted a cradle-to-grave per-
spective, including transport to end-consumer and GHGs from retail and
restaurants (e.g., cooking energy). Additionally, our approach prevents
double counting20,21, which might have led to overestimation in those
bottom-up studies. However, similar to Xu et al.55, we find that the global
carbon footprint of animal-based food is twice that of plant-based food.

Inclusion of biochemicals
Thecarbon footprint of biochemicals foundhere (871MtCO2-eq in2022) is
higher compared to bottom-up LCA estimates58 despite potential double
counting in these studies. In these studies, the carbon footprint was found to
range between 1.5–4 t CO2-eq/t biochemicals—multiplied with the global
productionof bio-basedchemicals (~90 to 150millionmetric tons per year),
this results in a lower carbon footprint ranging from 120-600Mt CO2-eq.
The reason for thehigherbiochemical carbon footprint foundhere is thatwe
also include LULUCF emissions. These emissions are excluded in previous
LCA assessments of biochemicals58,59, but are essential (43% of the bio-
chemicals carbon footprint, Fig. 5), as the feedstock for biochemicals pro-
duction ismainly extracted in regionswithhighdeforestation rates.Another
reason for the higher biochemicals carbon footprint foundhere is that ref. 58
calculated with the USA’s electricity mix, while our study takes the specific
electricity mixes of all regions into account, whereby the carbon footprint is
dominated by Chinese coal energy to supply biochemicals to the global
market (Fig. 5).

Our approach tomap the bioeconomy supply chain20,40, in conjunction
with the REX3 database42, enables in-depth assessments of 38 biomass
sectors of 189 countries, supporting sustainability policies in the global
bioeconomy (Fig. 2, Supplementary Tables 1, 2). However, several limita-
tions require consideration and future research:

Temporal resolution
REX3 incorporatesmodeledLULUCF emissions up to 2021, reportedGHG
data andmacro-economic accounts up to 2019, aswell as bilateral trade data
up to 202160, while subsequent data until 2022 are extrapolated61. Going
forward, future work should incorporate reported data reflecting recent
trends62, including impacts of the COVID-19 pandemic63 and recent geo-
political events64. Improved remote sensing data are also expected to
improve LULUCF data, reducing uncertainties7,65.

Sectoral resolution
While REX342 facilitates mapping global economic linkages, it lacks the
granular resolution in agri-food products compared to the FABIO29 data-
base, which covers these sectors in higher detail, but excludes other indus-
tries. Moreover, REX3 operates in monetary units, potentially
underestimating the carbon footprint of crops used for feed due to their
lowermonetaryvalue compared to thoseused for foodandbiochemicals. To
capitalize on complementary strengths, future research should explore fully
integrating the REX3 database42 with FABIO29. Unlike previous
approaches56 that have merely soft-linked the downstream use of agri-food
products, a more integrated approach involving a fully merged database41,66

should be considered. Since MRIO databases19,27,29,42 do not distinguish
biochemicals but aggregate them with fossil-based plastics and chemicals,
future work should disaggregate separate sectors for biofuels, bioplastics,
rubber, and other biochemicals.

Country resolution and data quality
REX3’s spatial resolution is limited to the country-scale, with lower data
quality for smaller economies or regionswith less comprehensive reporting,
especially those not separately represented in EXIOBASE319,41. This
increases uncertainty in consumption-based footprints for countries with

low population and income. Combining top-down MRIO models with
bottom-up approaches67,68 could reduce these uncertainties and improve
both sectoral and regional resolution.

Homogeneity and linearity assumptions
MRIO analysis assumes that all outputs within a sector use the same tech-
nology and inputs (homogeneity) and that relationships between inputs and
outputs are linear, which can oversimplify real-world complexities. More-
over, MRIO models are static and retrospective, limiting their use for sce-
nario analysis. Combining MRIO with computable general equilibrium
models69–71, could address these limitations.

Transportation and downstream emissions
This study underestimates GHGs from biomass transportation, which
accounts for 3–6%of the carbon footprint of food57,72,73, and asmuch as 19%
in a recent study on food transport74 that also included related cooling,
transport of machinery, fertilizers, and other inputs. Additionally, GHGs
from cooking, heating, and cooling food57, currently not separately reported
in MRIO databases19,42, should be differentiated. Future research should
integrate these emissions utilizing the ecoinvent database75 for greater
accuracy.

Provisioning systems
Whilewe link specific biomass products and relatedGHGs to their end-uses
within provisioning systems3,20, our MRIO approach does not differentiate
between basic and non-basic human needs. Future research should inves-
tigate how to meet basic needs while staying within planetary limits2,
building on previous work76–78.

Policy Implications
We found that nearly 80% of the bioeconomy’s growing carbon footprint is
driven by increased international trade in biomass products, withChina, the
Middle East, and the USA being the largest importers, while Brazil, Latin
America, Southeast Asia + Pacific, and Africa are key exporters. Beef and
biochemicalswere themost important contributors among imported goods,
while food provision by restaurants and canteens had the highest impact
among provisioning systems, fueling the rise in both total and trade-related
emissions (Fig. 2). These results highlight the importance of extending
current policy frameworks11–13 to a consumption perspective to foster sus-
tainable sourcing strategies along the entire bioeconomy supply chain. A
notable regulatory action is the European Union’s EU Deforestation Reg-
ulation enacted in 202379, which bans the import of food andwood products
from deforested tropical areas and aims to establish strong audit and tra-
ceability mechanisms. Additionally, the EU Supply Chain Act80, passed by
the European Parliament in 2024, strengthens environmental protection
within global supply chains by holding large companies accountable for
identifying, preventing, and mitigating environmental risks throughout
their supply networks. Another example is food and textile labeling reg-
ulations in food stores and apparel stores51. Such policies are pivotal steps
forward, but need to take transnational leakage into account81. Therefore, it
is critical to expand these measures i) beyond Europe to major importers
such as China, the Middle East, and the USA, ii) across all biomass goods
including also biochemicals, and iii) across all provisioning systems, parti-
cularly restaurants and canteens.

While biochemicals play a key role in tackling climate goals, this study
also shows that biochemicals show the strongest relative increase in GHG
emissions, driven mainly by China’s consumption. The high fraction
embodied in trade (>60%) and high LULUCFs emissions further highlight
the importance of enhanced land conservation in combination with sus-
tainable sourcing strategies: The cultivation of bio-based feedstock on
undisturbed land would reduce the carbon footprint of biochemicals by up
to 43% (Fig. 5). Moreover, our results highlight the high leverage for
reducing the combustion-related carbon footprint of biochemicals pro-
ductionby switching to renewables, as themain contributor of the chemicals
industry’sGHGs is the energyprovision, especiallyChinese coal energy, and
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not the feedstock14,82. Our findings show that shifting to renewable energy
could reduce combustion-related GHGs by more than 50% for biochem-
icals, more than 80% for textiles, and by nearly 30% for the entire biomass
carbon footprint (Fig. 1b). However, transitioning to renewables would also
lead to an expansion of cropland and/or forestry to meet increased bioe-
nergy demand, which, in turn, would raise GHGs due to the considerable
contribution of LULUCF emissions (Fig. 5). This underscores the need for
integrated strategies that promote the adoption of renewables while miti-
gating LULUCF emissions, which could reduce the bioeconomy carbon
footprint by nearly 60% (Fig. 1).

In this study, biochemicals include biofuels, bioplastics, other bio-
chemicals, and natural rubber. While the limited product resolution in
MRIOprevents us from isolating the carbon footprint of each sub-group,we
can distinguish between bioplastics and natural rubber (33% of GHGs), as
well as biofuels and other biochemicals (67% of GHGs; see extended
interactivedata visualizer).Withbioplastics andnatural rubber representing
~25%of themarket share83,84, their average carbon intensity (GHGsper euro
of output) is therefore slightly higher than that of biofuels and other bio-
chemicals (~75%market share)85,86. The difference is far more pronounced
permass of product, with bioplastics andnatural rubber accounting for only
~5%84,87 compared to ~95% for biofuels and other biochemicals86,88. As a
result, the average carbon intensity (GHGs per mass of output) is con-
siderably higher for bioplastics and natural rubber than for biofuels and
other biochemicals. This disparity is likely due tomore energy-intensive and
complexproductionprocesses (e.g., polymerization, purification)89, thehigh
carbon intensity of specific inputs like stabilizers, chemical additives, and
fossil-derived materials90, and lower yield efficiency for bioplastics and, to
some extent, natural rubber91. For instance, producing 1 ton of bioplastics
requires more feedstock than producing 1 ton of biofuels like bioethanol91.
Further research is essential to provide a more detailed assessment of GHG
emissions in the global supply chains of bioplastics, natural rubber, biofuels,
and other biochemicals in comparison to their production volumes.

Consistent with previous studies on food systems10,33,55–57, we find that
rising meat consumption, primarily driven by affluence, is a major con-
tributor to the carbon footprint of the entire bioeconomy. Furthermore, we
emphasize the important role of restaurants and canteens in the distribution
of these carbon-intensive foods, particularly in regions like China and the
MiddleEast. These regionshavebeen the strongest contributors to the rising
carbon footprint of restaurants and canteens, fueled by rising urbanization
and incomes50. Despite these trends, per-capita biomass carbon footprints
remain higher in the USA and Europe (Supplementary Fig. 5). Therefore, a
shift towards more plant-based diets5 is crucial and could achieve a 50%
reduction in the food carbon footprint92,93. To facilitate these transitions,
implementing economic incentives suchas carbon taxes94–96 and eliminating
subsidies for carbon-intensive products such as animal-based foods97. This
is crucial since regions with high projections in population growth (e.g.,
Africa and Southeast Asia) are likely to replicate the consumption patterns
of wealthier regions (Supplementary Fig. 5). Additionally, it is vital to
address rising carbon footprints driven by affluence78 through fostering
consumer awareness and sustainable lifestyle changes98. Thesemeasures are
indispensable for addressing the dual climate and biodiversity crisis, given
the considerable impact of the global bioeconomy3,5,40. This study’s
approach20 and dataset42 highlight the interconnectedness of the global
bioeconomy’s supply chain and emphasize the need for coordinated
international efforts to meet climate and biodiversity targets.

Methods
Resolved EXIOBASE version 3 (REX3)
Various global multi-regional input-output (MRIO) databases exist19,27–32,
differing in regional, sectoral, and temporal resolution. We utilized the
Resolved EXIOBASE3 database version 3 (REX3)3,40–42, which covers 189
countries, 163 sectors, and the time span from1995 to2022.REX3 is built on
EXIOBASE319,27 (version 3.8.2), which aggregates the global economy into
44 countries and five rest-of-the-world regions. REX3 extends the spatial
resolution to 189 individual countries by integrating data from Eora2628

while maintaining the high sectoral resolution of EXIOBASE3. Addition-
ally,REX3 incorporates productiondata fromFAOSTATandbilateral trade
data from the BACI database60 for all biomass sectors, including crops,
animal farming, forestry, and the processing of food, textiles, paper, and
wood. REX3 is provided open-access40,42, and further described in Sup-
plementary Notes 6, while earlier versions are described in refs. 41,66.

Using the Global Warming Potentials for 100 years (GWP100) from
IPCC99, we included three categories of GHGs in REX3, measured in CO2-
equivalents (CO2-eq). The first category covers CO2 emissions from land
use, land-use change, and forestry (LULUCF). The second category
encompasses biogenic CH4 and N2O emissions from agriculture, forestry,
and other land use (AFOLU), including emissions from enteric fermenta-
tion, rice cultivation, manure management, synthetic fertilizer application,
and CO2 from peat decomposition. This study refers to this category as
“biogenic CH4 and N2O emissions,” as CO2 from peat decay is minimal
(<1%). The third category includes GHGs from energy supply used in
biomass production,mainlyCO2 from fuel combustion andCH4 from fossil
fuel extraction. CO2 emissions from biomass combustion are excluded in
line with IPCC99 guidelines, because of the assumption of re-sequestration
by biomass regrowth.However, this approach is debated due to the time gap
between CO2 release and re-sequestration for slow-growing biomass and its
warming effect100.

LULUCF emissions
For LULUCF emissions, we used data from the spatially explicit BLUE
model by Hansis et al.43, covering 1995 to 2021 at a 0.25° resolution
(~28 km)7, with 2021 data also applied to 2022. The BLUE model, exten-
sively used for quantifying LULUCF-related carbon fluxes, informs
global7,9,10 and country-level101,102 land use, management, and mitigation
policies, including those by the IPCC5. It accounts for deforestation, affor-
estation, forest management, and agricultural practices to calculate CO2

emissions and removals from land-use changes and management. This
includes the conversion of natural land to cropland and pastures, the
abandonment of cropland and pastures, the degradation from primary to
secondary land through the use of natural vegetation as rangeland, the decay
of harvested wood products and biomass left on-site after harvest, and
vegetation regrowth after wood harvest.

We allocated CO2 emissions from deforestation to agriculture, the
primary driver of land-use change emissions, rather than to wood, con-
sidered a by-product40,103. Conversely, wood harvest predominantly drives
changes in carbon stock in forests (both living biomass and soil), while
cropland and pasturemanagement cause relativelyminor changes.We also
considered carbon emissions from peatland fires and drainage based on
modeled and observed data7, allocating these emissions to cropland and
pastures, as peatland is usually converted for agricultural purposes. For
example, if 80%of the change in agricultural land in Indonesia from2021 to
2022 was due to cropland, 80% of the peatland emissions were allocated to
Indonesia’s cropland sector. Carbon removals from the abandonment of
cropland and pastures, presented as a single flux in BLUE (without dis-
tinction between cropland and pastures), were proportionally allocated
based on carbon fluxes from the conversion of natural land to these uses.

We calculated net LULUCF-induced carbon fluxes for cropland, ani-
mal farming, and forestry per country and year. For cropland, this involved
combining carbon fluxes from land conversion to cropland expansion,
peatland conversion to cropland, and cropland abandonment. For animal
farming, we aggregated carbon emissions from the conversion of natural
land to pastures, peatland conversion to pastures, carbon removals from
pasture abandonment, and emissions from land degradation due to ran-
geland use. For forestry, the net carbon flux included CO2 emissions from
the decay of harvested wood products and on-site biomass, and carbon
removals from vegetation regrowth after wood harvest. Negative net values
were set to zero to avoid negative emissions in REX3, resulting in slightly
higher global LULUCF emissions compared to the BLUE model (4–10%
globally, depending on the year, Supplementary Fig. 6). These differences
are mainly attributed to negative LULUCF emissions of cropland
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abandonment in Europe, the USA (1995–2019), and Northwest Asia
(1995–2010, Supplementary Fig. 7).

Net carbon fluxes for cropland were allocated to eight crop cultivation
sectors in REX3, proportional to changes in cropland area per country and
year. For example, if 20% of cropland area change in Brazil from 2021 to
2022 was due to oilseeds, 20% of Brazil’s net LULUCF emissions for
cropland were allocated to the oilseeds sector in REX3. As this method
overlooks crop-specific land-use change patterns, future work should offer
land-use change emissions for specific land transitions between different
crop types by combining carbon budget models with remote sensing
techniques and deep learning models104. Similarly, net carbon fluxes for
animal farmingwere allocated to two cattle farming sectors (meat anddairy)
based on respective land-use area changes. Net carbon fluxes for forestry
were allocated to the forestry sector.

Other AFOLU (biogenic CH4 and N2O)
Biogenic CH4 and N2O emissions from EXIOBASE3, based on FAOSTAT,
were converted to CO2-equivalents using the IPCC-recommended Global
Warming Potentials over 100 years (GWP100)99 of 27 and 273, respectively.
These emissions were combined with CO2 emissions from peat decay to
calculate the total CO2-equivalents. To derive impact coefficients (kg CO2-
eq/Euro), totalCO2-equivalentsweredividedby the total output (inEuro) of
each sector and region in EXIOBASE3. For the disaggregated 145 Rest-of-
the-World countries, sector-specific impact coefficients from each EXIO-
BASE3 rest-of-world region were used. For instance, impact coefficients for
biogenic CH4 emissions from cattle farming in the rest-of-America region
were applied to all cattle farming sectors within that region, such as Chile
and Peru.

Energy-related GHGs (coal, oil, gas)
For energy-relatedGHGs in biomass production,CH4 emissions from fossil
fuel extraction were converted to CO2-equivalents using the IPCC-
recommended99 GWP100 of 29.8 and added to CO2 emissions from fuel
combustion. Impact coefficients (kgCO2-eq/Euro)were derivedbydividing
the total CO2-equivalents by the total output (in Euro) of each sector and
region. Sector-specific impact coefficients from EXIOBASE3 were used for
the disaggregated 145 rest-of-the-world countries. For example, impact
coefficients for energy-related GHGs in beef processing within the rest-of-
America region were uniformly applied across beef processing sectors in
countries like Chile and Peru. Emissions from coal, oil, and gas used in
biomass production were differentiated using fuel-specific contribution
matrices as described in ref. 14.

Supply chain analysis of the global biomass carbon footprint
To assess the global biomass carbon footprint without double counting
covering the entire upstream and downstream chain of biomass products,
we applied the supply chain impact mapping method from Cabernard
et al.20 basedonDente et al.21, similar toprior studiesonglobalmaterial20 and
plastics production14. In addition to the perspectives of production and
consumption of standard MRIO analysis18,23–26, this approach adds an
intermediate perspective to the global supply chain, and connects it in a
multi-dimensional impact array (one dimension for each perspective). In
our study, we constructed a six-dimensional impact array with the
dimensions of 5 × 164 × 189 × 189 × 164 × 5 for each year from 1995 to
2022. The 1st dimension represents the emission sources, including
LULUCF, other AFOLU (biogenic CH4 and N2O emissions), as well as
energy supply through coal, oil, and gas, respectively. The 2nd dimension
corresponds to the producing sectors and households responsible for
releasing GHGs, while the 3rd dimension refers to the producing countries
where these GHGs are emitted. The 4th dimension encompasses the con-
suming countries, considering emissions related to imports while excluding
exports. The 5th dimension captures the supply chain impacts of produced
biomass goods (e.g., food, textiles, paper, wood, biochemicals), as well as the
impacts of the remaining global economy and households. The 6th
dimension corresponds to five provisioning system of final consumption,

including nutrition provided by food stores and restaurants + canteens,
energy +mobility, the built environment, and other provisioning systems
(e.g., clothing and education).

The intermediate perspective represented in the 5thdimension is based
on the principle of dividing the global economy into a target economy and a
non-target economy20,21. Specifically, we considered sectors involved in the
extraction and processing of biomass products, such as food, textiles, bio-
chemicals, wood, and paper, as target-sectors (a total of 38 target sectors,
Supplementary Table 1). All countries were considered target regions,
resulting in 7182 target-sector-regions representing the global productionof
biomass products, and 23,625 non-target sector regions representing the
remaining global economy (125 non-target sectors × 189 countries). The
allocation ofGHGs to target sector regions is based on the principle that, for
instance, if crops are used to feed animals, produce textiles (e.g., cotton) or
biochemicals (e.g., bioplastics), the GHGs of these crops are allocated to the
produced commodities, respectively. However, if biochemicals like bio-
plastics are used for foodpackaging or textiles, their impacts are not counted
again among food or textiles to prevent double counting. As a result, this
procedure enables us to assess the full supply chain impacts of biomass
products (target-sectors) without double counting, while also considering
the impacts of the remaining global economy and households, which are
stored in the 5th dimension of the impact array. In essence, the sum of the
6D-impact array equals the standard Leontief model while providing
additional informationon the linkages in the global supply chain, suchas the
bioeconomy.

As the REX3 database does not distinguish between biochemicals and
other chemicals, wemade additional assumptions.We considered LULUCF
and otherAFOLU (CH4+N2O) emissions (1st dimension) related to crops
cultivation (2nd dimension) used for chemicals (5th dimension). Since
~5–10%of global chemicals production is based onbiomass feedstock105, we
allocated an average of 7.5% of the combustion-related GHGs of total
chemicals production to biochemicals.

Marginal allocation
Using the principle of marginal allocation39,40, we linked changes in GHG
emission to shifts in supply and demand of the global bioeconomy supply
chain. This was done by subtracting the 6D-impact matrix from the year
1995 from the year 2022.The result is amatrixwith the samedimension, but
including both positive and negative values. These positive and negative
values refer to changes in global supply chain dynamics that were driving
increases and decreases in the global biomass carbon footprint, while the
sum refers to the net change in the global biomass carbon footprint from
1995 to 2022. To examine the supply chain dynamics driving the changes in
the global biomass carbon footprint embodied in international trade, we
set allflows referring to the consumption of domestically produced goods to
zero and aggregated the 1st, 2nd and 6th dimension of the 6D-impact array
(Fig. 3). To evaluate the changes in the supply chain of the consumption-
based biomass carbon footprint of China, the Middle East, the USA and
Europewe selected the respective consumption region in the 4th dimension
of the 6D-impact array while aggregating the 2th and 6th dimension (Fig. 4
and Supplementary Fig. 2).

Provisioning systems
We build on the definition of provisioning system from Fanning et al.36

applied in a UNEP report of the International Resource Panel3 to link end-
use of resources to provisioning systems. This approach ensures that
resource usage and its associated impacts are attributed to the systems
responsible for final consumption. For the global bioeconomy, we distin-
guish the provisioning systems of nutrition (provided by food stores, res-
taurants, and canteens), energy and mobility, the built environment, and
other provisioning systems. Nutrition provided by food stores refers to the
carbon footprint of food products directly consumed by the final demand.
Nutrition provided by restaurants and canteens refers to the carbon foot-
print of food demanded by other sectors (e.g., restaurants and the education
sector for university canteens) and hence indirectly consumed by the final
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demand via non-target sectors. Energy and mobility, as well as the built
environment, refer to the carbon footprint of these provisioning systems
from a consumption perspective due to the end-use of biomass goods (e.g.,
biofuels for energy, rubber for mobility, and wood for construction). Other
provisioning systems include everything else (e.g., textiles for clothing, paper
for education and communication, rubber and biopharmaceuticals in
healthcare systems). For instance, the linkage between biomass products
and the remaining economy (5th dimension) versus the built environment
(6th dimension) indicates which fraction of the global carbon footprint of
the built environment is related to the bioeconomy (e.g., wood), and which
fraction is related to other sectors in the supply chain (e.g., steel and cement
processing).

Regional grouping
The 189 countries in the REX3 database were grouped into eleven regions
for analysis (Supplementary Fig. 8). Countries that contributemore than 5%
to the global biomass carbon footprint, either through production or con-
sumption, were analyzed individually: Brazil, the USA, China, India, and
Indonesia. The remaining countrieswere organized into six broader regions
based on their trade behavior. These include Latin America+ Canada and
Southeast Asia + Pacific, which are net exporters of GHGs embodied in
biomass products, and Europe and the Middle East, which are net impor-
ters. Additionally, Northwest Asia includes amix of both net-exporting and
net-importing countries for GHGs embodied in biomass goods. This
categorization highlights the distinct roles these regions play in the global
bioeconomy supply chain, particularly in terms of their trade dynamics and
contributions to the embodied GHG emissions.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The source data of the figures are provided in a zenodo repository. More-
over, all results presented in this study can be recreated with an interactive
data visualizer, which also allows to download all results as csv.files. Further
in-depth results with distinction for biochemicals (bioplastics and natural
rubber, biofuels and other biochemicals) are available here. Additional
results presented in this study are illustrated and discussed in the Supple-
mentary Information. The GHG data on LULUCF emissions and distinc-
tion of emission sources in REX3 are provided in a zenodo repository. For
LULUCF emissions, we used data from the spatially explicit Bookkeeping of
Land Use Emission (BLUE)model by Hansis et al.43 used in Schwingshackl
et al.102. The raw data can be found in the zenodo respository under:
Files/LUC_Blue_Data_for_REX.csv. The additional GHG extension in
REX3 canbe combinedwith theREX3database to calculateGHGemissions
(including LULUCF) embodied in global supply chains for 189 countries
and 163 sectors (1995 to 2022). All data are shared via a Creative Commons
Attribution4.0 International License.WhileEXIOBASEv.3.8.2was used for
this study, the REX3 database shared in the Zenodo repository is based on
EXIOBASE v.3.8, as this is the earliest EXIOBASE version that can still be
shared via a Creative Commons Attribution 4.0 International License.

Code availability
The zenodo repository also includes the MATLAB code to calculate all
results. The file Integrate_Blue_into_REX3.m includes the code to integrate
the LULUCF data from the BLUEmodel, which are stored under the folder
Files/LUC_Blue_Data_for_REX.csv. The code Impact_coeff_e-
mission_source.m calculates the impact coefficients for the different emis-
sion sources and uses the price vector from the folder Files/
price_final_REX.mat as input. The file SCIM_calculations_6D.m calculates
the 6D impact array, while the file Compile_data_for_sankeys.m compiles
the data for the Sankey, and the file Compile_data_for_tableau_6D.m
compiles data for tableau to create the interactive tool. The codes rely on the
REX3 database.

Received: 16 October 2024; Accepted: 18 February 2025;

References
1. Hoegh-Guldberg,O. et al. Thehuman imperativeof stabilizingglobal

climate change at 1.5 C. Science 365, eaaw6974 (2019).
2. Masson-Delmotte, V. et al. Global Warming of 1.5 C: IPCC Special

Report on Impacts of Global Warming of 1.5 C above Pre-industrial
Levels in Context of Strengthening Response to Climate Change,
Sustainable Development, and efforts to Eradicate Poverty
(Cambridge University Press, 2022).

3. Hellweg, S., Cabernard, L., Kulionis, V., Oberschelp, C. & Pfister, S.
UNEP IRP Global Resource Outlook 2024. Chapter 3: Given that
resource use is driving the triple planetary crisis, sustainable
resourcemanagement is urgently needed. 2024. https://www.unep.
org/resources/Global-Resource-Outlook-2024. [Accessed in Feb
2025].

4. Fritsche, U. et al. Future transitions for the bioeconomy towards
sustainable development and a climate-neutral economy—
knowledge synthesis final report. Publications Office of the
European Union, Luxembourg 95 (2020).

5. Nabuurs, G.-J. et al. in Climate Change 2022: Mitigation of Climate
Change. 747–860 (Cambridge University Press, 2023).

6. Foley, J. A. et al. Global consequences of land use. science 309,
570–574 (2005).

7. Friedlingstein, P. et al. Global carbon budget 2022. Earth Syst. Sci.
Data 14, 4811–4900 (2022).

8. Chini, L. et al. Land-use harmonization datasets for annual global
carbon budgets. Earth Syst. Sci. Data 13, 4175–4189 (2021).

9. Hong, C. et al. Global and regional drivers of land-use emissions in
1961–2017. Nature 589, 554–561 (2021).

10. Hong, C. et al. Land-use emissions embodied in international trade.
Science 376, 597–603 (2022).

11. Hainsch, K. et al. Energy transition scenarios:What policies, societal
attitudes, and technology developments will realize the EU Green
Deal? Energy 239, 122067 (2022).

12. Fetting, C. The European Green Deal. ESDN Report 53 (2020).
13. UN. Paris Agreement. 2017 (HeinOnline, 2015).
14. Cabernard, L., Pfister, S., Oberschelp, C. & Hellweg, S. Growing

environmental footprint of plastics driven by coal combustion. Nat.
Sustain. 5, 139–148 (2022).

15. Hoang, N. T. & Kanemoto, K. Mapping the deforestation footprint of
nations reveals growing threat to tropical forests. Nat. Ecol. Evol. 5,
845–853 (2021).

16. Kanemoto, K., Moran, D. & Hertwich, E. G. Mapping the carbon
footprint of nations. Environ. Sci. Technol. 50, 10512–10517 (2016).

17. Leontief, W. Input-Output Economics (Oxford University Press,
1986).

18. Leontief, W. & Strout, A. in Structural Interdependence and
Economic Development 119–150 (Springer, 1963).

19. Stadler, K. et al. EXIOBASE 3: developing a time series of detailed
environmentally extendedmulti-regional input-output tables. J. Ind.
Ecol. 22, 502–515 (2018).

20. Cabernard, L., Pfister, S. & Hellweg, S. A new method for analyzing
sustainability performance of global supply chains and its
application to material resources. Sci. Total Environ. 684, 164–177
(2019).

21. Dente, S. M. R., Aoki-Suzuki, C., Tanaka, D. & Hashimoto, S.
Revealing the life cycle greenhouse gas emissions of materials:
the Japanese case. Resour., Conserv. Recycl. 133, 395–403
(2018).

22. Tukker, A., Pollitt, H. & Henkemans, M. (Taylor & Francis, 2020).
23. Wood, R. et al. Growth in Environmental Footprints and

Environmental Impacts Embodied in Trade: Resource Efficiency
Indicators from EXIOBASE3. J. Ind. Ecol. 22, 553–564 (2018).

https://doi.org/10.1038/s43247-025-02144-0 Article

Communications Earth & Environment |           (2025) 6:172 11

https://zenodo.org/records/14858675
https://public.tableau.com/app/profile/livia.cabernard/viz/GreenhouseGasEmissionsintheGlobalBioeconomySupplyChain/Dashboard6D
https://public.tableau.com/app/profile/livia.cabernard/viz/GreenhouseGasEmissionsintheGlobalBioeconomySupplyChain/Dashboard6D
https://public.tableau.com/app/profile/livia.cabernard/viz/GHGsintheGlobalBioeconomySupplyChainwithbiochemicalsdistinction/Dashboard6D
https://doi.org/10.5281/zenodo.14724086
https://doi.org/10.5281/zenodo.14724086
https://doi.org/10.5281/zenodo.10354283
https://doi.org/10.5281/zenodo.10354283
https://doi.org/10.5281/zenodo.14724086
https://doi.org/10.5281/zenodo.10354283
https://www.unep.org/resources/Global-Resource-Outlook-2024
https://www.unep.org/resources/Global-Resource-Outlook-2024
https://www.unep.org/resources/Global-Resource-Outlook-2024
www.nature.com/commsenv


24. Bruckner, M. et al. Quantifying the global cropland footprint of the
European Union’s non-food bioeconomy. Environ. Res. Lett. 14,
045011 (2019).

25. Lenzen, M. et al. International trade drives biodiversity threats in
developing nations. Nature 486, 109–112 (2012).

26. Wiedmann, T. & Lenzen, M. Environmental and social footprints of
international trade. Nat. Geosci. 11, 314–321 (2018).

27. Stadler, K. et al. EXIOBASE3 (version 3.8.2) [Data set]. Zenodo.
https://zenodo.org/records/5589597 (2021).

28. Lenzen,M., Moran, D., Kanemoto, K. & Geschke, A. Building Eora: a
global multi-region input–output database at high country and
sector resolution. Econ. Syst. Res. 25, 20–49 (2013).

29. Bruckner, M. et al. FABIO—The construction of the food and
agriculture biomass input–output model. Environ. Sci. Technol. 53,
11302–11312 (2019).

30. Lenzen, M. et al. GLORIA MRIO. (2023).
31. Andrew, R. M. & Peters, G. P. A multi-region input–output table

based on the global trade analysis project database (GTAP-MRIO).
Econ. Syst. Res. 25, 99–121 (2013).

32. Aguiar, A., Narayanan,B. &McDougall, R. Anoverviewof theGTAP9
data base. J. Glob. Econ. Anal. 1, 181–208 (2016).

33. Li, Y. et al. Changes in global food consumption increase GHG
emissions despite efficiency gains along global supply chains. Nat.
Food 4, 483–495 (2023).

34. Barona, E., Ramankutty, N., Hyman, G. & Coomes, O. T. The role of
pasture and soybean in deforestation of the Brazilian Amazon.
Environ. Res. Lett. 5, 024002 (2010).

35. Morton, D. C. et al. Cropland expansion changes deforestation
dynamics in the southern Brazilian Amazon. Proc. Natl. Acad. Sci.
103, 14637–14641 (2006).

36. Fanning, A. L., O’Neill, D. W. & Büchs, M. Provisioning systems for a
good life within planetary boundaries. Glob. Environ. Chang. 64,
102135 (2020).

37. Lamb, W. F. & Steinberger, J. K. Human well-being and climate
change mitigation.Wiley Interdiscip. Rev.: Clim. Chang. 8, e485
(2017).

38. Brand-Correa, L. I. & Steinberger, J. K. A framework for decoupling
human need satisfaction from energy use. Ecol. Econ. 141, 43–52
(2017).

39. Ayres, R. U. in The history and future of economics The “Marginal
Revolution” in Economics, 195–229 (Springer, 2023).

40. Cabernard, L., Pfister, S. &Hellweg,S. Biodiversity impactsof recent
land-use change driven by increases in agri-food imports. Nat.
Sustain. (2024).

41. Cabernard, L. & Pfister, S. A highly resolved MRIO database for
analyzing environmental footprints and Green Economy Progress.
Sci. Total Environ. 755, 142587 (2021).

42. Cabernard, L., Pfister, S. & Hellweg, S. Resolved Exiobase version 3
(REX3) [Data set]. Zenodo. https://zenodo.org/records/10354283
(2024).

43. Hansis, E., Davis, S. J. & Pongratz, J. Relevance of methodological
choices for accounting of land use change carbon fluxes. Glob.
Biogeochem. Cycles 29, 1230–1246 (2015).

44. Zhao, S., Chang, T., Ni, Y. & Zhou, P. An empirical study of trade in
goods between China and Brazil: analysis of competitiveness and
complementarity. Economies 11, 224 (2023).

45. Trade And Development: The Evolving Relationship Between Mena
and Africa. Thomson Reuters Datastream, IMF (World Economic
Outlook Database). https://mena.thomsonreuters.com/content/
dam/openweb/documents/pdf/mena/white-paper/MENA_
TradeInvestment_WhitePaper_v1.pdf. [Accessed in Feb 2025].

46. Egypt-Mercosur Free Trade Agreement. Ministério das Relações
Exteriores. 2023. https://www.gov.br/mre/pt-br/embaixada-cairo/
ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%
20Mercosur-Egypt%20Free%20Trade%20Agreement%20%

28FTA%29%20is%20the,and%20entered%20into%20force%
20on%20September%201%2C%202017. [Accessed in Feb 2025].

47. Brazil and Saudi Arabia strengthen bilateral affairs. Brazil
government. 2023. https://www.gov.br/planalto/en/latest-news/
2023/11/brazil-and-saudi-arabia-strengthen-bilateral-affairs2023.
[Accessed in Feb 2025].

48. Ahmed Osman, O. In Halal and Kosher Food: Integration of Quality
and Safety for Global Market Trends 1–15 (Springer, 2023).

49. Rao, N. D. et al. Healthy, affordable and climate-friendly diets in
India. Glob. Environ. Chang. 49, 154–165 (2018).

50. Smith, L. C., Dupriez, O. & Troubat, N. Assessment of the reliability
and relevance of the food data collected in national household
consumption and expenditure surveys. Int. Household Surv. Netw.
82 (2014).

51. EURegulation No 1169/2011. REGULATION (EU) No 1169/2011 OF
THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 25
October 2011 on the provision of food information to consumers.
2011. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:
32011R1169. (Accessed in Feb 2025).

52. Henchion, M. M., McCarthy, M. & Resconi, V. C. Beef quality
attributes: a systematic review of consumer perspectives.Meat Sci.
128, 1–7 (2017).

53. Therkildsen,M., Spleth, P., Lange, E.-M.&Hedelund,P. The flavor of
high-quality beef–a review. Acta Agric. Scand. Sect. A—Anim. Sci.
67, 85–95 (2017).

54. Verbeke, W. et al. European beef consumers’ interest in a beef
eating-quality guarantee: insights from a qualitative study in four EU
countries. Appetite 54, 289–296 (2010).

55. Xu, X. et al. Global greenhouse gas emissions from animal-based
foods are twice those of plant-based foods. Nat. Food 2, 724–732
(2021).

56. Pinero, P. et al. Agro-food greenhouse gas emissions are
increasingly driven by foreign demand. preprint. https://doi.org/10.
21203/rs.3.rs-1838737/v1.

57. Poore, J. & Nemecek, T. Reducing food’s environmental impacts
through producers and consumers. Science 360, 987–992 (2018).

58. Huang, K. et al. Greenhouse gas emission mitigation potential of
chemicals produced from biomass. ACS Sustain. Chem. Eng. 9,
14480–14487 (2021).

59. Ögmundarson, Ó., Herrgård, M. J., Forster, J., Hauschild, M. Z. &
Fantke, P. Addressing environmental sustainability of biochemicals.
Nat. Sustain. 3, 167–174 (2020).

60. Gaulier, G. & Zignago, S. Baci: international trade database at the
product-level (1995-2021). 2010. https://www.cepii.fr/CEPII/en/bdd_
modele/bdd_modele_item.asp?id=37. [Accessed in Feb 2025].

61. International Monetary Fund. Data. 2022. https://www.imf.org/en/
Data. [Accessed in Feb 2025].

62. Crippa,M. et al.GHGEmissions of allWorld Countries. (Publications
Office of the European Union, Luxembourg, 2023, https://doi.org/
10.2760/953332, JRC134504, 2023).

63. Kumar, A., Singh, P., Raizada, P. & Hussain, C. M. Impact of COVID-
19 on greenhouse gases emissions: a critical review. Sci. total
Environ. 806, 150349 (2022).

64. Laber, M., Klimek, P., Bruckner, M., Yang, L. & Thurner, S. Shock
propagation from the Russia–Ukraine conflict on international
multilayer food production network determines global food
availability. Nat. Food 4, 508–517 (2023).

65. Friedlingstein, P. et al. Global carbon budget 2023. Earth Syst. Sci.
Data 15, 5301–5369 (2023).

66. Cabernard, L. & Pfister, S. Hotspots of mining-related biodiversity
loss in global supply chains and the potential for reduction by
renewable electricity (2022).

67. Froemelt, A., Geschke, A. & Wiedmann, T. Quantifying carbon flows
in Switzerland: top-downmeets bottom-upmodelling. Environ. Res.
Lett. 16, 014018 (2021).

https://doi.org/10.1038/s43247-025-02144-0 Article

Communications Earth & Environment |           (2025) 6:172 12

https://zenodo.org/records/5589597
https://zenodo.org/records/5589597
https://zenodo.org/records/10354283
https://zenodo.org/records/10354283
https://mena.thomsonreuters.com/content/dam/openweb/documents/pdf/mena/white-paper/MENA_TradeInvestment_WhitePaper_v1.pdf
https://mena.thomsonreuters.com/content/dam/openweb/documents/pdf/mena/white-paper/MENA_TradeInvestment_WhitePaper_v1.pdf
https://mena.thomsonreuters.com/content/dam/openweb/documents/pdf/mena/white-paper/MENA_TradeInvestment_WhitePaper_v1.pdf
https://mena.thomsonreuters.com/content/dam/openweb/documents/pdf/mena/white-paper/MENA_TradeInvestment_WhitePaper_v1.pdf
https://www.gov.br/mre/pt-br/embaixada-cairo/ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%20Mercosur-Egypt%20Free%20Trade%20Agreement%20%28FTA%29%20is%20the,and%20entered%20into%20force%20on%20September%201%2C%202017
https://www.gov.br/mre/pt-br/embaixada-cairo/ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%20Mercosur-Egypt%20Free%20Trade%20Agreement%20%28FTA%29%20is%20the,and%20entered%20into%20force%20on%20September%201%2C%202017
https://www.gov.br/mre/pt-br/embaixada-cairo/ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%20Mercosur-Egypt%20Free%20Trade%20Agreement%20%28FTA%29%20is%20the,and%20entered%20into%20force%20on%20September%201%2C%202017
https://www.gov.br/mre/pt-br/embaixada-cairo/ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%20Mercosur-Egypt%20Free%20Trade%20Agreement%20%28FTA%29%20is%20the,and%20entered%20into%20force%20on%20September%201%2C%202017
https://www.gov.br/mre/pt-br/embaixada-cairo/ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%20Mercosur-Egypt%20Free%20Trade%20Agreement%20%28FTA%29%20is%20the,and%20entered%20into%20force%20on%20September%201%2C%202017
https://www.gov.br/mre/pt-br/embaixada-cairo/ingles/promocao-comercial_en/alc-mercosul-egito#:~:text=The%20Mercosur-Egypt%20Free%20Trade%20Agreement%20%28FTA%29%20is%20the,and%20entered%20into%20force%20on%20September%201%2C%202017
https://www.gov.br/planalto/en/latest-news/2023/11/brazil-and-saudi-arabia-strengthen-bilateral-affairs2023
https://www.gov.br/planalto/en/latest-news/2023/11/brazil-and-saudi-arabia-strengthen-bilateral-affairs2023
https://www.gov.br/planalto/en/latest-news/2023/11/brazil-and-saudi-arabia-strengthen-bilateral-affairs2023
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32011R1169
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32011R1169
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32011R1169
https://doi.org/10.21203/rs.3.rs-1838737/v1
https://doi.org/10.21203/rs.3.rs-1838737/v1
https://doi.org/10.21203/rs.3.rs-1838737/v1
https://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=37
https://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=37
https://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=37
https://www.imf.org/en/Data
https://www.imf.org/en/Data
https://www.imf.org/en/Data
https://doi.org/10.2760/953332
https://doi.org/10.2760/953332
https://doi.org/10.2760/953332
www.nature.com/commsenv


68. Ye, Q. et al. A hybrid multi-regional input-output model of China:
Integrating the physical agricultural biomass and food system into
the monetary supply chain. Resour. Conserv. Recycl.177, 105981
(2022).

69. Aguiar, A,Chepeliev,M,Corong, E. L&McDougall, RTheGTAPdata
base: version 10. J. Glob. Econ. Anal. 4, 1–27 (2019).

70. Lefèvre, J. Integrated assessment models and input–output
analysis: bridging fields for advancing sustainability scenarios
research. Econ. Syst. Res., 1–24 (2023).

71. Burfisher, M. E. Introduction to Computable General Equilibrium
Models (Cambridge University Press, 2021).

72. Garnett, T. Where are the best opportunities for reducing
greenhouse gas emissions in the food system (including the food
chain)? Food Policy 36, S23–S32 (2011).

73. Weber, C. L. & Matthews, H. S. Food-miles and the relative climate
impacts of food choices in the United States. Environ. Sci. Technol.
42 (2008).

74. Li, M. et al. Global food miles account for nearly 20% of total food-
systems emissions. Nat. Food 3, 445–453 (2022).

75. Wernet, G. et al. The ecoinvent database version 3 (part I): overview
and methodology. Int. J. Life Cycle Assess. 21, 1218–1230 (2016).

76. Steinberger, J., Guerin, G., Hofferberth, E. & Pirgmaier, E.
Democratizing provisioning systems: a prerequisite for living well
within limits. Sustain. Sci. Pract. Policy 20, 2401186 (2024).

77. Vogel, J., Steinberger, J. K., O’Neill, D. W., Lamb, W. F. &
Krishnakumar, J. Socio-economic conditions for satisfying human
needs at low energy use: An international analysis of social
provisioning. Glob. Environ. Change 69, 102287 (2021).

78. Wiedmann, T., Lenzen, M., Keyßer, L. T. & Steinberger, J. K.
Scientists’ warning on affluence. Nat. Commun. 11, 1–10 (2020).

79. European Commission. Regulation on deforestation-free products.
(n.d.). Environment. 2023. https://environment.ec.europa.eu/topics/
forests/deforestation/regulation-deforestation-free-products_en.
[Accessed in Feb 2025].

80. EU Supply Chain Act. DIRECTIVE (EU) 2024/1760 OF THE
EUROPEANPARLIAMENTANDOF THECOUNCIL of 13 June 2024
on corporate sustainability due diligence and amending Directive
(EU) 2019/1937 and Regulation (EU) 2023/2859. EU Parliament. Off.
J. Eur. Union. 2024. https://eur-lex.europa.eu/legal-content/EN/
TXT/PDF/?uri=OJ:L_202401760. [Accessed in Feb 2025].

81. Gan, J. & McCarl, B. A. Measuring transnational leakage of forest
conservation. Ecol. Econ. 64, 423–432 (2007).

82. Bauer, F., Tilsted, J. P., Pfister, S., Oberschelp, C. & Kulionis, V.
Mapping GHGemissions and prospects for renewable energy in the
chemical industry. Curr. Opin. Chem. Eng. 39, 100881 (2023).

83. Bioplastics Market Size & Trends. Grand View Research. https://
www.grandviewresearch.com/industry-analysis/bioplastics-
industry. [Accessed in Feb 2025].

84. Natural Rubber Market Analysis: Industry Market Size, Plant
Capacity, Production, Operating Efficiency, Demand & Supply,
Type, End-User Industries, Sales Channel, Regional Demand,
Company Share, Manufacturing Process, Foreign Trade,
2015–2032. Decode the Future of Natural Rubber. https://www.
chemanalyst.com/industry-report/natural-rubber-market-2844.
[Accessed in Feb 2025].

85. Market value of biofuels production worldwide from 2021 to 2023,
with a forecast until 2030. https://www.statista.com/statistics/
217179/global-biofuels-market-size/. [Accessed in Feb 2025].

86. IEABioenergy. Bio-BasedChemicals. A 2020Update. 2020. https://
www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-
chemicals-a-2020-update-final-200213.pdf. [Accessed in Feb
2025].

87. European Environment Agency. Global bio-based plastics
production capacity. 2024. https://www.eea.europa.eu/en/
circularity/sectoral-modules/plastics/global-bio-based-plastics-

production-capacity#:~:text=Total%20global%20production%
20capacities%20of,1%20%25%20of%20global%20plastics%
20production. [Accessed in Feb 2025].

88. Production of biofuels worldwide in 2023, with a forecast until 2030,
by product type. https://www.statista.com/statistics/1440696/
biofuel-production-forecast-by-product-type/. [Accessed in Feb
2025].

89. Abu Ubaidah, A. S., Mohamad Puad, N. I., Hamzah, F., Azmi, A. S. &
Ahmad Nor, Y. Synthesis of bioplastics and the effects of additives
on the mechanical, thermal and biodegradable properties. Polym.
Renew. Resour. 15, 430–490 (2024).

90. Mohapatra, S. et al. in Bioplastics for Sustainability 355–369
(Elsevier, 2024).

91. Adom, F., Dunn, J. B., Han, J. & Sather, N. Life-cycle fossil energy
consumption and greenhouse gas emissions of bioderived
chemicals and their conventional counterparts. Environ. Sci.
Technol. 48, 14624–14631 (2014).

92. Sun,Z. et al. Dietary change in high-incomenationsalonecan lead to
substantial double climate dividend. Nat. Food 3, 29–37 (2022).

93. Jarmul, S. et al. Climate changemitigation through dietary change: a
systematic review of empirical and modelling studies on the
environmental footprints and health effects of ‘sustainable diets’.
Environ. Res. Lett. 15, 123014 (2020).

94. Arndt, C., Miller, M., Tarp, F., Zinaman, O. & Arent, D. The Political
Economy of Clean Energy Transitions. (Oxford University Press,
2017).

95. Luciani, G. in The Geopolitics of the Global Energy Transition
305–318 (Springer, 2020).

96. World Economic Forum (WEF). Net-Zero Challenge: The Supply
Chain Opportunity. 2021. https://www.weforum.org/reports/net-
zero-challenge-the-supply-chain-opportunity. [Accessed in Feb
2025].

97. Frank-Oster, C. in Ecological Systems Integrity 85–95 (Routledge,
2015).

98. Vita, G. et al. The environmental impact of green consumption and
sufficiency lifestyles scenarios in Europe: connecting local
sustainability visions to global consequences. Ecol. Econ. 164,
106322 (2019).

99. Forster, P. et al. The Earth’s energy budget, climate feedbacks, and
climate sensitivity. In Climate Change 2021: The Physical Science
Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change. 2021.
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-7/#7.6.
[Accessed in Feb 2025].

100. Cherubini, F., Bright, R. M. & Strømman, A. H. Site-specific global
warming potentials of biogenic CO2 for bioenergy: contributions
from carbon fluxes and albedo dynamics. Environ. Res. Lett. 7,
045902 (2012).

101. Obermeier, W. A. et al. Country-level estimates of gross and net
carbon fluxes from land use, land-use change and forestry. Earth
Syst. Sci. Data Discuss. 16, 1–58 (2023).

102. Schwingshackl, C. et al. Differences in land-based mitigation
estimates reconciled by separating natural and land-use CO2 fluxes
at the country level. One Earth 5, 1367–1376 (2022).

103. FAO. Global Forest Resources Assessment 2020: Main Report.
Rome. 2020. https://www.fao.org/3/ca9825en/ca9825en.pdf.
[Accessed in Feb 2025].

104. Kussul, N., Lavreniuk, M., Skakun, S. & Shelestov, A. Deep learning
classification of land cover and crop types using remote sensing
data. IEEE Geosci. Remote Sens. Lett. 14, 778–782 (2017).

105. de Jong, E., Higson, A., Walsh, P. & Wellisch, M. Bio-based
chemicals. A 2020 update. IEA Bioenergy. 2020. https://www.
ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-
chemicals-a-2020-update-final-200213.pdf. [Accessed in Feb
2025].

https://doi.org/10.1038/s43247-025-02144-0 Article

Communications Earth & Environment |           (2025) 6:172 13

https://environment.ec.europa.eu/topics/forests/deforestation/regulation-deforestation-free-products_en
https://environment.ec.europa.eu/topics/forests/deforestation/regulation-deforestation-free-products_en
https://environment.ec.europa.eu/topics/forests/deforestation/regulation-deforestation-free-products_en
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202401760
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202401760
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202401760
https://www.grandviewresearch.com/industry-analysis/bioplastics-industry
https://www.grandviewresearch.com/industry-analysis/bioplastics-industry
https://www.grandviewresearch.com/industry-analysis/bioplastics-industry
https://www.grandviewresearch.com/industry-analysis/bioplastics-industry
https://www.chemanalyst.com/industry-report/natural-rubber-market-2844
https://www.chemanalyst.com/industry-report/natural-rubber-market-2844
https://www.chemanalyst.com/industry-report/natural-rubber-market-2844
https://www.statista.com/statistics/217179/global-biofuels-market-size/
https://www.statista.com/statistics/217179/global-biofuels-market-size/
https://www.statista.com/statistics/217179/global-biofuels-market-size/
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics/global-bio-based-plastics-production-capacity#:~:text=Total%20global%20production%20capacities%20of,1%20%25%20of%20global%20plastics%20production
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics/global-bio-based-plastics-production-capacity#:~:text=Total%20global%20production%20capacities%20of,1%20%25%20of%20global%20plastics%20production
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics/global-bio-based-plastics-production-capacity#:~:text=Total%20global%20production%20capacities%20of,1%20%25%20of%20global%20plastics%20production
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics/global-bio-based-plastics-production-capacity#:~:text=Total%20global%20production%20capacities%20of,1%20%25%20of%20global%20plastics%20production
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics/global-bio-based-plastics-production-capacity#:~:text=Total%20global%20production%20capacities%20of,1%20%25%20of%20global%20plastics%20production
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics/global-bio-based-plastics-production-capacity#:~:text=Total%20global%20production%20capacities%20of,1%20%25%20of%20global%20plastics%20production
https://www.statista.com/statistics/1440696/biofuel-production-forecast-by-product-type/
https://www.statista.com/statistics/1440696/biofuel-production-forecast-by-product-type/
https://www.statista.com/statistics/1440696/biofuel-production-forecast-by-product-type/
https://www.weforum.org/reports/net-zero-challenge-the-supply-chain-opportunity
https://www.weforum.org/reports/net-zero-challenge-the-supply-chain-opportunity
https://www.weforum.org/reports/net-zero-challenge-the-supply-chain-opportunity
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-7/#7.6
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-7/#7.6
https://www.fao.org/3/ca9825en/ca9825en.pdf
https://www.fao.org/3/ca9825en/ca9825en.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
www.nature.com/commsenv


Acknowledgements
We thank ChristieWalker fromETH Zurich for proofreading our manuscript.
The work of S.H. was supported by NCCR Catalysis (grant number
180544), a National Centre of Competence in Research of the Swiss
National Science Foundation. The work of S.P. was supported by the
Swiss State Secretariat for Education, Research and Innovation (SERI)
under contract number 22.00383, as part of the BIOTRAILS Project funded
by the European Union under Grant Agreement No. 101082008. Views and
opinions expressed are however those of the author(s) only and do not
necessarily reflect those of the European Union or the European Research
Executive Agency.

Author contributions
L.C. designed the research, compiled the database, calculated, visualized
and interpreted the results, and wrote the manuscript. C.S. provided the
LULUCFdata from theBLUEmodel, interpreted the results, and contributed
to manuscript writing. S.P. and S.H. designed the research, interpreted the
results, and contributed to manuscript writing.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Inclusion and ethics statement
This article adheres to ethical authorship principles, ensuring fair and
transparent attribution of contributions. The authors have actively
engaged in inclusive research practices. Ethical considerations,
including conflict of interest disclosures and adherence to publication
integrity standards, have been fully observed. No conflicts of interest
are declared.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-025-02144-0.

Correspondence and requests for materials should be addressed to
Livia Cabernard.

Peer review information Communications Earth & Environment thanks
Miguel Brandão, Stefan Bringezu and the other, anonymous, reviewer(s) for
their contribution to the peer review of this work. Primary Handling Editor:
Alice Drinkwater. [A peer review file is available.]

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s43247-025-02144-0 Article

Communications Earth & Environment |           (2025) 6:172 14

https://doi.org/10.1038/s43247-025-02144-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Rising greenhouse gas emissions embodied in the global bioeconomy supply chain
	Results
	International trade in biomass products
	Consumption-based impacts of key importing regions
	Provisioning systems and key goods for GHG mitigation

	Discussion
	Full supply chain coverage
	Inclusion of regionalized energy supply
	Inclusion of LULUCF and food services
	Double counting prevention
	Inclusion of biochemicals
	Temporal resolution
	Sectoral resolution
	Country resolution and data quality
	Homogeneity and linearity assumptions
	Transportation and downstream emissions
	Provisioning systems
	Policy Implications

	Methods
	Resolved EXIOBASE version 3 (REX3)
	LULUCF emissions
	Other AFOLU (biogenic CH4 and N2O)
	Energy-related GHGs (coal, oil, gas)
	Supply chain analysis of the global biomass carbon footprint
	Marginal allocation
	Provisioning systems
	Regional grouping
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Inclusion and ethics statement
	Additional information




