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Intermediate producers bear responsibility for emissions embedded in their supply chains. Here, we quantified
greenhouse gas (GHG) emissions associated with 63 sectors in 264 regions of the European Union in 2017. We
used a multi-regional input-output (MRIO) database with subnational European information on production and
trade structures, accounting for trade inside and outside Europe. We added a subnational environmental
extension for GHG emissions from an air emission database at the NUTS 2 level. We focused on quantifying the
subnational variation of sector GHG footprints. We also identified spatial and sectoral hotspots and quantified the
share of indirect emissions. We found that environmentally extended MRIO (EEMRIO) datasets with national
coverage instead of subnational coverage in the EU miss out on 33 % of the variation in sector GHG footprints.
The largest subnational variation in sector GHG footprints was found in Italy and Germany, particularly for metal
manufacturing. The EEMRIO dataset can support targeted measures, on regions and on sectors, to drive climate

change mitigation efforts in the EU.

1. Introduction

Industries and governments show a growing interest in understand-
ing emissions embodied in supply chains, both locally and nationally.
The scope of emission responsibility is not limited to direct emissions
occurring onsite or in a territory, e.g. from combusting fossil fuels, but
should include indirect emissions as well. This is, for example, reflected
in a broadening of corporate environmental responsibility, across supply
chains and borders (Cerin, 2002; OECD, 2001; WBCSD, 2004) and in the
EU directives on corporate sustainability reporting and due diligence
(Directives, 2022/3464 and 2024/1760). The rationale for looking
beyond direct emissions is the idea of shared responsibility. Multiple
actors can take action to mitigate a hotspot in the embodied emissions of
a product or service. For instance, a construction company might reduce
its electricity usage, or the electricity provider might decrease its
emission intensity, both resulting in lower embodied construction
emissions.

Environmentally extended multi-region input-output (EEMRIO)
analysis is a key part of the effort to develop methodologies to under-
stand embodied emissions (Wiedmann et al., 2011). EEMRIO is a
framework used to connect economic exchanges and environmental
data between sectors and regions. EEMRIO analysis is used to investigate
the distribution of environmental impacts across space, time, and along
supply chains, while accounting for the complexity of a globalized
economy (Hertwich and Wood, 2018; Wiedmann et al., 2011). It has
been used to study the global distribution of greenhouse gas (GHG)
emissions (Davis and Caldeira, 2010; Hertwich and Peters, 2009; Hert-
wich and Wood, 2018; Kanemoto et al., 2016), land use (Weinzettel
etal., 2013; Yu et al., 2013), material use (Bruckner et al., 2012; Li et al.,
2022; Wiedmann et al., 2015), biodiversity loss (Lenzen et al., 2012;
Verones et al., 2017; Wilting et al., 2017), and other impacts (Ivanova
et al., 2016; Steen-Olsen et al., 2012; Wood et al., 2018).

In EEMRIO studies, two main perspectives emerge to allocate emis-
sions: the consumption-based and the sector-based perspective.
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Consumption-based accounts allocate emissions to the final consumer of
a product or service and include both direct (i.e., on-site) emissions and
indirect emissions embodied in supply chains. Recent studies have
focused on achieving consumption-based accounts at geographical res-
olutions higher than the most common national level. Subnational ac-
counts support local environmental policies that are key in
environmental impact mitigation (Bertoldi et al., 2018; Fuhr et al., 2018;
Lombardi et al., 2016; Pablo-Romero et al., 2015) and are recommended
by the European Commission (European Commission, 2010. Subna-
tional consumption-based accounts have been modeled at the scales of
(1) cities (Athanassiadis et al., 2018; Chen et al., 2016, 2017; Gilles
et al., 2021; Moran et al., 2018; Wiedmann et al., 2016), (2) specific
countries (Deng et al., 2016; Jones and Kammen, 2014; Larsen and
Hertwich, 2011; Lenzen et al., 2004; Miehe et al., 2016; Minx et al.,
2013; Wang et al., 2023; Wen et al., 2021; Zhang and Anadon, 2014;
Zhou and Imura, 2011), and (3) for the European Union (EU) (Ivanova
et al., 2017; Wilting et al., 2021).

Sector-based EEMRIO accounts also include direct and indirect
emissions, but allocate these to intermediate producers rather than to
final consumers. This perspective leads to a better understanding of the
intermediate enablers of pollution. It also provides opportunities for
sector-specific and cross-sectoral action, the latter of which is recom-
mended by the IPCC to target synergies and avoid burden shifting (IPCC
et al., 2022a). Several studies have focused on sector footprints, at the
national level (Acquaye et al., 2017; Foran et al., 2005; Wilting and van
Oorschot, 2017) and globally (Hertwich and Wood, 2018). Wilting and
van Oorschot (2017) quantified the impact of Dutch economic sectors on
biodiversity and showed that large shares of the impacts are embodied in
supply chains. Hertwich and Wood (2018) assessed the indirect COy
emissions of aggregated industries at the global scale and showed that
the share of indirect emissions has been growing with time, particularly
for industrial sectors. Insights into subnational environmental footprints
are scarce, especially from a sector-based perspective and at the Euro-
pean scale. Such accounts are urgently needed to inform relevant policy
action to drive climate change mitigation efforts at the regional level in
the EU.

The goal of the paper was to quantify the subnational variation of
sector GHG footprints in the EU. We also identified hotspots and
investigated the share of indirect emissions, per region and sector. To
this end, we investigated GHG emissions embodied in the supply chains
of European sectors at the nomenclature of territorial units for statistics
(NUTS) 2 level. We developed an EEMRIO dataset that features 264
regions and 63 sectors by combining an MRIO database, EUREGIO
(Ivanova et al., 2019; Thissen et al., 2018), and an air emission database,
the Copernicus Atmosphere Monitoring Service Regional inventory
(CAMS-REG) (Denier Van Der Gon et al., 2017; Kuenen et al., 2022). In
the EU, EUREGIO includes inter-regional trade flows at the NUTS 2 level
while CAMS-REG provides emissions on a high-resolution grid (approx.
7 x 7 km?), allowing to capture GHG emissions embodied in regional
supply chains. This is the first study to quantify and evaluate subnational
GHG footprints across the EU from a sector-based perspective with
subnational data for both trade relationships as well as GHG emissions.

2. Methods
2.1. Deriving subnational environmental footprints

We developed a new subnational EEMRIO dataset to quantify the
sector-based GHG emissions of economic sectors in the EU. Following
the approach developed by Wilting and van Oorschot (2017), and
Hertwich and Wood (2018), economic activity along the supply chains
was derived using the Leontief inverse (Leontief, 1970) and multiplied
by the production of intermediate producers, instead of the final demand
typically used in consumption-based accounts. The emissions embodied
in this activity were then mapped using direct GHG emissions per pro-
duction unit for each sector. The supply chain emissions of pollutant p
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for sector j (in kg pollutant) were calculated using:
epi=dp(I—A)"x], m

Upper case letters indicate matrices, while lower case stands for
vectors. The hat indicates a diagonal matrix. d, and x; were diagonalized
to map impacts along supply chains. Considering an EEMRIO table with
r regions, s sectors, and p pollutants, we have:

- d, is the (1 x .s) vector of direct emission intensities for pollutant p.

- A is the (r.s x r.s) matrix of input coefficients a; which is the input
from region-sector i needed to produce a unitary output of region-
sector j. I is the (r.s x r.s) identity matrix. (I — A)’1 is the Leontief
inverse matrix.

- x; is the (r.s x 1) adjusted vector of production. All values are null

except for the value of element j which is equal to the total output of
sector j divided by the diagonal element of sector j in the Leontief
inverse (Wilting and van Oorschot, 2017). This differs from
consumption-based EEMRIO analyses where the final demand would
be used instead.

Emissions for each pollutant, e,;, were then characterized and
summed into total (direct and indirect) sector GHG footprints e; (in kg
CO2eq):

= ZPGWPP""eP s (2)

Where GWP, (kg CO2eq/kg pollutant) are the 100-year global warming
potentials for pollutant p defined by IPCC (Forster et al., 2021).

2.2. Data

2.2.1. Input-output

EUREGIO is a global MRIO database that includes subnational Eu-
ropean information on demand, production, and trade structures
(Ivanova et al., 2019; Thissen et al., 2018). The EUREGIO database was
used to build the matrix of input-output coefficients and the adjusted
vectors of production (A and xj in Equation (1), respectively). We used
the 2017 version of the EUREGIO database which covers 63 sectors and
308 regions. The 308 regions of the EUREGIO database include 264
subnational regions for 21 countries in the EU and UK, following the
NUTS 2 classification (Eurostat, 2022), 43 individual countries outside
of the EU, and one rest-of-the-world region. The subnational part of
EUREGIO was constructed based on European freight survey data,
which allows the database to represent inter-sectoral supply chains at
the regional level in the EU. See Tables S1 and S2 in the supplementary
information (SI) for more information on regions and sectors
classification.

2.2.2. Environmental extension

CAMS-REG-V4.2 data was used to add an environmental extension to
EUREGIO. Specifically, the matrix of direct emission intensities was
built, which contains direct emissions per unit of production in kg
CO2eq/EUR (yielding d, in Equation (1)). We focused our analysis on
GHG emissions, i.e. CO2, CHy, and NoO which were characterized using
Equation (2). CAMS-REG is a historic, European inventory of air emis-
sions at a high spatial resolution (Denier Van Der Gon et al., 2017;
Kuenen et al., 2022). Emissions are compiled from national inventories,
harmonized, and spatially distributed in a gridded form (at the resolu-
tion of 0.05° x 0.1°) and classified into 115 sectors for the year 2017
(Kuenen et al., 2022). Data from CAMS-REG were used for all the NUTS
2 regions of EUREGIO as well as for Estonia, Iceland, Norway,
Luxembourg, Croatia, Malta, Lithuania, Latvia, Lithuania, and Cyprus.
For emissions of regions not covered by CAMS-REG, IEA emissions sta-
tistics were used for CO,, CHy4, and N5O (IEA, 2021) from 2015, which is
the closest available date to the 2017 EUREGIO version used.
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CAMS-REG emissions were attributed to EUREGIO NUTS 2 regions
by using a spatial join analysis. Official NUTS 2 shapes were recovered
from the GISCO statistical unit dataset (Eurostat, 2023). While emissions
for CO, and CHy4 are part of the standard release of CAMS-REG, N2O
emissions were obtained directly from the database developers. Because
N2O is not part of the standard release of CAMS-REG, it was only
available at the national level rather than on the grid needed for the
spatial join analysis. Since CAMS-REG uses the same spatial proxies to
spatially distribute most substances, we assumed that NyO follows the
same spatial distribution pattern as CO; in order to attribute national
emissions of NoO to each NUTS 2 region. Specifically, we used the shares
of CO, emissions of subnational regions relative to the national totals.
Moreover, international water transportation could not be attributed to
regions using the spatial join analysis as it is not recorded per country of
origin. Instead, to spatially attribute international water transportation
emissions, EUREGIO was used by calculating the economic output for a
region relative to the output summed over all regions.

CAMS-REG and EUREGIO are based on two different sectoral clas-
sifications which were bridged. CAMS-REG follows a custom classifica-
tion, based on the nomenclature for reporting (NFR) classification, while
EUREGIO follows the nomenclature of economic activities (NACE). Two
main sources were used to establish the bridge and find one-to-one
matches where possible or allocation candidates otherwise (EMEP,
2023; Eurostat, 2015). For 106 out of 115 CAMS-REG sectors,
one-to-one correspondences with EUREGIO sectors were found (see
Table S3 in the SI). For the remaining 9 sectors, additional proxy data
were used to perform one-to-many allocations from CAMS-REG to
EUREGIO (i.e., to disaggregate CAMS-REG data into EUREGIO’s sec-
tors). This was done for road and railway transportation as well as
combustion emissions for agriculture, fishery, forestry, the tertiary
sector, and some manufacturing industries (transport equipment, ma-
chinery, mining & quarrying, wood, construction, and textile & leather).
Details on the one-to-many allocations can be found in the SI. Finally, all
passenger cars, mopeds, residential heating, and civil aviation were
allocated to households.

2.3. Quantifying the importance of subnational variation

We define subnational variation as the variation in sector GHG
footprints between NUTS 2 regions within a country. To quantify the
importance of subnational variation, we used a linear regression model
to investigate the relationship between a sector GHG footprints, its
sector classification, and its country (Elshout et al., 2015). The purpose
of this statistical analysis, also known as a variance decomposition
analysis or analysis of variance (ANOVA), is to quantify how much
variation is explained by differences between sectors, between coun-
tries, and between NUTS-2 regions within a country.

To eliminate the influence of sector size, sector GHG footprints per
EUR of production value (GHG,) were calculated as the GHG footprint of
sector j (ej, as defined in Equation (2)) divided by its total production:

GHG, = ¢ /x;, 3

Where x; (EUR) is the vector of total output of sector j, not to be confused
with x; from Equation (1). GHG, should not be confused with the vector
of direct emission intensities (d, in Equation (1)), as GHG, is a total (or
cumulative) emission intensity also including indirect emissions (i.e.,
emissions embedded in the sector supply chain). GHG, can be inter-
preted as a Leontief multiplier, expressed in kgCO2eq/EUR.

The sector and country explanatory variables of the linear model are
categorical and were coded with dummy variables. We log-transformed
our data as the distribution of sector GHG footprints per EUR of pro-
duction value was positively skewed.

log,,(GHG,) ~ sector + country + sector*country

The R? value of this model quantifies the amount of variation that
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can be explained by the country and sector of the sector-specific GHG
footprints at the subnational scale. The remaining unexplained variance
(1-R?) was assumed to be caused by subnational variation, which is the
metric of interest here. To test this assumption, we created a modified
dataset where the subnational variation was eliminated. This was done
by setting all footprints per EUR of production value to their national
average. With this modified dataset, we found an R? value of 1, con-
firming our assumption. We limited our analysis to the 21 countries for
which we have subnational accounts (see Table S1 in the SI). Finally, our
model selection was confirmed by using the Akaike information crite-
rion (AIC) to prevent overfitting, see Table S4 in the SI.

3. Results
3.1. Subnational variation in the EU

The variance decomposition analysis showed that 67 % of the vari-
ation in sector GHG footprints per EUR of production value in the EU is
explained by differences between countries and sectors (see Table S4 in
the SI). This leaves 33 % unexplained variation due to subnational
factors.

Fig. 1 shows the subnational variation of sector GHG footprints per
EUR of production value (GHG,, as defined in Equation (3)), per sector
and country, across the EU. These results demonstrate the high vari-
ability of sector GHG footprints within countries which confirms the
findings of the variance decomposition analysis. The subnational vari-
ation of GHG, was measured using coefficients of variation (CVs),
calculated as the ratio of the standard deviation and mean. The highest
within-country variations were found in Italy and Germany and were
driven by the high subnational variation of the Italian basic metal and
coke & petroleum industries, and the German basic metal sector. The
lowest country-level variations were observed in Ireland, Denmark, and
Slovenia. At the sector level, the highest variations were observed for the
manufacturing of basic metals, and coke & petroleum. The lowest var-
iations were found for postal and insurance services, and the
manufacturing of rubber & plastic. For groups of sectors, the highest
variation is observed for ‘energy’, followed in decreasing order by ‘in-
dustry’, ‘agriculture, forestry, and other land uses (AFOLU)’, ‘transport’,
‘buildings’, and ‘services’.

3.2. Sector GHG footprints per EUR of production value

Fig. 2 shows the GHG footprints per EUR of production value (GHG,,
as defined in Equation (3)) over 264 regions and for four sectors, which
were selected as examples. We choose to highlight four sectors here to
illustrate the potential uses and interpretation of our results. The
remaining 59 sectors are shown in the SI'in Figs. S1 and S2. Basic metals,
and coke & petroleum have relatively high GHG footprints per EUR of
production value, averaging at 1.6 and 1.5 kgCO2eq/EUR, respectively.
Construction, and rubber & plastic have relatively low footprints of 0.3
and 0.2 kgCO2eq/EUR, respectively. Results also show the wide varia-
tion of footprints per EUR of production value between countries. For
coke & petroleum manufacturing, Italy shows an average footprint of 12
kgCO2eq/EUR, more than six times the second highest for Romania at
1.9 kgCO2eq/EUR. Basic metal manufacturing in Italy and Finland also
results in high footprints of 4.9 and 3.0 kgCO2eq/EUR, respectively. The
lowest footprints were found in Slovenia and Austria for coke & petro-
leum, at 0.04 and 0.10 kgCO2eq/EUR, respectively.

Fig. 2 also corroborates the findings of the previous section, showing
the high variation of footprints per EUR of production value within
countries. The largest absolute range of GHG footprints was observed for
coke & petroleum manufacturing in Italy, ranging from 0.08 kgCOzeq/
EUR in Trentino to 103 kgCO2eq/EUR in Sardinia. Similarly, German
basic metals manufacturing ranges from 0.14 kgCO,eq/EUR in upper
Bavaria to 73 kgCO.eq/EUR in Bremen. In contrast, the lowest absolute
range was observed for the Irish coke & petroleum sector, ranging
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Fig. 1. Heat map of subnational variation of sector GHG footprints per EUR of production value, measured in 21 countries (x-axis) and 63 sectors (y-axis). CV stands
for coefficient of variation which is the ratio of the standard deviation and mean of GHG, (as defined in Equation (3)). Sectors were grouped into six categories based
on IPCC classification, where AFOLU stands for agriculture, forestry, and other land uses. Pink cells show missing data. The sector and country averages are un-
weighted averages of the sector-region CVs. A correspondence between the short sector labels and their NACE codes can be found in the SI.

between 0.13 and 0.14 kgCOzeq/EUR.

Fig. 3 shows the proportion of indirect emissions embedded in the
supply chain of the four selected sectors. The remaining 59 sectors are
shown in the SI in Fig. S3. The high variability in the share of indirect
emissions within a sector is in part due to regions with low activity. In
those cases, indirect emissions account for a large share of total footprint
in that region while the total footprints of that sector-region are typically
negligible at the national level. See Fig. S4 in the SI for more details.

The averages of indirect shares weighted by the sector-region GHG
footprints (denoted by dots in Fig. 3) show a representation of the share
of indirect emissions at the country level. Plastic & rubber
manufacturing has the highest proportion of indirect emissions, with a
weighted average of 99 % across all regions. It is followed by con-
struction, coke & petroleum, and basic metals, with weighted averages

of 86, 22, and 20 %, respectively.

3.3. Total sector GHG footprints

Fig. 4 shows the sector GHG footprints (ej in kt CO2eq, defined in
Equation (2)) over 264 regions and for the four sectors selected sectors
(see SI for a complete collection of sector GHG footprints). High regional
contributors to sector GHG footprints can be identified. The top 10 % of
regions (26 out of 264) emit 75 %, 54 %, 41 %, and 35 % of the total
GHG for the manufacturing of basic metals, coke & petroleum, rubber &
plastic, and construction, respectively. Conversely, the bottom 50 % of
regions (132 out of 264) emit 3 %, 4 %, 12 %, and 17 % of the total GHG
for the manufacturing of basic metals, coke & petroleum, rubber &
plastic, and construction, respectively. At a higher level of granularity,
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Fig. 2. — Map and box plot of the sector GHG footprints per EUR of production value (GHG, in kg CO2eq/EUR, defined in Equation (3)) for four selected sectors and
264 regions. Overseas countries and territories are not shown on the maps. In the box plot, the box is delimited by the 1st and 3rd quartile, the middle bar is the
median, and the whiskers show the extrema. A correspondence between the short sector labels and their NACE codes as well as the country abbreviations can be

found in the SIL

key sector-regions can be identified. For example, in the sector of basic
metal manufacturing, the regions of Diisseldorf and Bremen in Germany
together with Nord-Pas-de-Calais in France account for 24 % of Europe’s
footprints. Similarly, Zuid-Holland in The Netherlands, Sicilia and Sar-
degna in Italy, and Miinster in Germany contribute to 15 % of the Eu-
ropean footprints in coke & petroleum manufacturing.

Results can also be interpreted from the point of view of a region, to
find the sectors that have the highest contribution to a region’s footprint
and identify priorities for mitigation strategies. Coming back to Bremen
in Germany, the manufacturing of basic metals amounts to approx. 23
ktCO2eq. or 50 % of the regional sector GHG footprint. While basic
metals amount to a similar footprint in Diisseldorf (approx. 23.5
ktCO2eq.), it accounts for 15 % of that regional sector GHG footprint.
Instead, electricity & gas is the sector with the highest contribution in
Diisseldorf, accounting for 32 % of the regional sector GHG footprint.
Hotspots and hierarchies of prioritization for regional mitigation stra-
tegies can similarly be derived for all the regions and sectors included in
the EEMRIO database (see SI).

4. Discussion

To the best of our knowledge, this is the first study to analyze sub-
national GHG footprints across the entire EU from a sector-based

perspective and to use subnational GHG emission data as input at this
level of detail. High sectoral and geographical resolutions were achieved
by combining MRIO and air emissions databases, with 63 economic
sectors and 264 European regions. We show that sector-based EEMRIO
datasets with national coverage instead of NUTS 2 coverage in the EU
miss out on 33 % of the variation in sector GHG footprints per EUR of
production value. Below, we discuss the limitations and implications of
our study.

4.1. Limitations

Sector-based EEMRIO accounts can be influenced by double count-
ing when the direct emissions of one sector are the indirect emissions of
another. This issue is known (Hertwich and Wood, 2018; Wilting and
van Oorschot, 2017) and methods have been proposed to address it
(Cabernard et al., 2019; Dente et al., 2018, 2019; Lenzen, 2008). Those
methods rely on different forms of allocation between producers and
consumers. However, they were not considered suitable for our goal as
they cannot cover the whole economy without resulting in a consump-
tion- or production-based account (Cabernard et al., 2019; Dente et al.,
2018, 2019), or they involved a subjective choice for allocation (Lenzen,
2008). Instead, we argue that double counting is a reflection of reality,
as there are several leverage points from which multiple actors can
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influence an emission (Hertwich and Wood, 2018). We focused on
relative analysis, mainly on total emission intensities (GHG, defined in
Equation (3)), so double counting is not an issue for the results and
interpretation presented here. However, the results presented in this
study should not be summed to represent an aggregated picture of the
economy. If we sum all sector GHG footprints in the EU, they are 55 %
higher than the total direct emissions from CAMS-REG (see the SI). This
is higher than the 30 % double counting quantified by Cabernard et al.
(2019) for the global impacts of materials and the 10-30 % range re-
ported by Dente et al. (2018) for the GHG emissions of products in the
Japanese economy. This may be caused by the higher granularity of our
dataset, which results in more overlap between the supply chains of
sector-regions.

By using a spatial join analysis, we assumed that the region in which
an emission is recorded is responsible for this emission. This is partic-
ularly relevant when interpreting regional emissions of transportation
sectors, where high-traffic areas will be responsible for higher emissions.
Another approach is to allocate emissions either to the region where the
transport originates or ends, but the necessary data was lacking to do so.
This also means that we may have introduced a mismatch between the
economic and environmental data in cases where economic activity in
EUREGIO is recorded in a different NUTS 2 region than the emission in
CAMS-REG. This discrepancy could be responsible for some of the out-
liers observed for example in Fig. 2. During the spatial allocation of
emissions, we also assumed that N3O follows the same distribution
pattern as CO,. We argue that this is a fair approximation because

CAMS-REG uses the same spatial proxies for different substances, in
most cases. However, it might result in spatial inaccuracies for some
point source emissions in the chemical industry where N3O is a by-
product, e.g. adipic and nitric acid production (Mainhardt and Kruger,
2002). These mismatches, either introduced in the spatial join analysis
or already present between EUREGIO and CAMS-REG, may have influ-
enced the extent of the subnational variation shown in our results. In
future research, the extent of this influence should be quantified and
included in an uncertainty analysis of the MRIO and environmental
extension data sources.

Allocating all passenger car emissions to households is an over-
estimation of households’ emissions (Melo, 2019). Part of those emis-
sions should be allocated to economic sectors, for example to sectors
with business fleets or to taxi services, but a proxy to allocate business
and private passenger car transportation could not be found. Therefore,
we might underestimate sector emissions, particularly for land trans-
port. Finally, the NUTS 2 division used throughout this work is not even
over the countries covered, with a different number of regions per
country (see Table S1 in the SI), which are heterogeneous in size, pop-
ulation, and activity. This could influence the measure of subnational
variation, as countries with fewer NUTS 2 regions may tend to have
lower subnational variation. However, a weak overall correlation was
observed between subnational variation and the number of regions per
country (R? of 30 %). To improve the current dataset, further research is
needed to enhance the spatial and sectoral allocation of subnational
GHG emissions, particularly related to transportation. In addition,
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future research should include the other pollutants that are readily
available in CAMS-REG and investigate the impact of air emissions on
human health and biodiversity, next to the impacts through climate
change.

4.2. Implications

The use of EEMRIO results to support policies has been extensively
discussed, particularly from the consumption-based perspective (Afionis
et al., 2017; Ottelin et al., 2019; Wiedmann et al., 2011). It is presented
as an alternative to the territorial emission (i.e., direct emissions) ac-
counts that are mainly used in environmental policies and mitigation
strategies. Measures based on territorial accounts, while offering a
simple solution to the issue of responsibility, can lead to the undesirable
outsourcing of emissions. Consumption-based EEMRIOs can help alle-
viate this issue by quantifying emissions embedded in supply chains.

Here we provided a sector-based EEMRIO, the results of which can be
used to support decision-making and policies. The sector-based
perspective allows us to examine the supply chain emissions of inter-
mediate producers rather than of consumers which highlights their re-
sponsibility and can lead to sector-specific insights. The high degree of
subnational variation in sector GHG footprints that we identified high-
lights the need for targeted climate action at the subnational level.
Regional environmental policy has been identified as a key to mitigate

and adapt to climate change (IPCC et al., 2022b; Kuramochi et al.,
2021). For instance, specific industries or regions can be targeted for
carbon taxes as part of the EU Emissions Trading System (ETS). Sector
GHG footprints with high proportions of non-EU indirect emissions can
also be identified, and the specific product causing such emissions can be
addressed in the Carbon Border Adjusted Mechanism (CBAM). With
further data collection, EEMRIOs could even support a global carbon
market, which is needed given the promising agreements for such a
market at COP29 (UNFCCC, 2024). Finally, subnational EEMRIOs can
also be used by the industry to estimate their supply chain emissions in
compliance with the EU corporate sustainability reporting directive
(2022/3464).

The results of our study can also be used to prioritize targets for
regional mitigation strategies. Forty-nine of the European regions
included in this study have a single sector contributing to more than a
third of their total sector GHG footprint, which urgently warrants tar-
geted action. In particular, the electricity & gas and agriculture sectors
are most often responsible for the majority of European region’s sector
GHG footprints, in 140 and 66 regions, respectively. The mitigation
potential of the economic sectors can also be quantified by comparing
footprints per EUR of production value within a sector across countries
and the EU. The share of indirect emissions can help sectors focus on
measures that address either their direct emissions or their supply chain
emissions (Wilting and van Oorschot, 2017). The dataset can also be



T. Hennequin et al.

used as a basis to assess cross-sectoral action, as recommended by the
IPCC (IPCC et al., 2022a) while avoiding burden shifts. Cooperation
between economic sectors has an important role to play in the mitigation
and adaption of climate change (Gereffi and Lee, 2016; Humphrey and
Schmitz, 2008; Pietrobelli and Rabellotti, 2011), e.g. at the level of in-
dustrial clusters.

Our study provides a detailed understanding of the GHG footprint of
European economic sectors. It helps to identify sectors and regions that
are responsible for larger shares of GHG emissions, which ultimately
should be correspondingly liable for climate action. Finally, the dataset
created here can be used to conduct a consumption-based EEMRIO
analysis, which would provide an update to the GHG footprints calcu-
lated by Wilting et al. (2021).

CRediT authorship contribution statement

Thomas Hennequin: Writing — original draft, Visualization, Meth-
odology, Formal analysis, Data curation, Conceptualization. Jelle P.
Hilbers: Writing — review & editing, Methodology, Conceptualization.
Harry C. Wilting: Writing — review & editing, Methodology, Concep-
tualization. Olga Ivanova: Writing — review & editing, Methodology,
Data curation. Jeroen J.P. Kuenen: Writing — review & editing,
Methodology, Data curation. Mara Hauck: Writing — review & editing,
Conceptualization. Rosalie van Zelm: Writing — review & editing,
Methodology. Mark A.J. Huijbregts: Writing — review & editing,
Methodology, Conceptualization.

Funding information

This project has received funding from the European Union’s Hori-
zon 2020 research and innovation program C4U project under grant
agreement No 884418.

Declaration of competing interest
The authors declare no conflict of interest.
Acknowledgement

The authors would like to thank Selwyn Hoeks (Radboud University)
and Marlee Tucker (Radboud University) for their contribution to the
statistical analysis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jclepro.2025.145761.

Data availability

All the data supporting the findings of this article are available in the
supplementary information.

References

Acquaye, A., Feng, K., Oppon, E., Salhi, S., Ibn-Mohammed, T., Genovese, A.,
Hubacek, K., 2017. Measuring the environmental sustainability performance of
global supply chains: a multi-regional input-output analysis for carbon, sulphur
oxide and water footprints. J. Environ. Manag. 187, 571-585. https://doi.org/
10.1016/j.jenvman.2016.10.059.

Afionis, S., Sakai, M., Scott, K., Barrett, J., Gouldson, A., 2017. Consumption-based
carbon accounting: does it have a future? Wiley Interdiscip. Rev. Clim. Chang. 8,
1-19. https://doi.org/10.1002/wcc.438.

Athanassiadis, A., Christis, M., Bouillard, P., Vercalsteren, A., Crawford, R.H., Khan, A.Z.,
2018. Comparing a territorial-based and a consumption-based approach to assess the
local and global environmental performance of cities. J. Clean. Prod. 173, 112-123.
https://doi.org/10.1016/j.jclepro.2016.10.068.

Bertoldi, P., Kona, A., Rivas, S., Dallemand, J.F., 2018. Towards a global comprehensive
and transparent framework for cities and local governments enabling an effective

Journal of Cleaner Production 514 (2025) 145761

contribution to the Paris climate agreement. Curr. Opin. Environ. Sustain. 30, 67-74.
https://doi.org/10.1016/j.cosust.2018.03.009.

Bruckner, M., Giljum, S., Lutz, C., Wiebe, K.S., 2012. Materials embodied in international
trade - global material extraction and consumption between 1995 and 2005. Glob.
Environ. Change 22, 568-576. https://doi.org/10.1016/j.gloenvcha.2012.03.011.

Cabernard, L., Pfister, S., Hellweg, S., 2019. A new method for analyzing sustainability
performance of global supply chains and its application to material resources. Sci.
Total Environ. 684, 164-177. https://doi.org/10.1016/j.scitotenv.2019.04.434.

Cerin, P., 2002. Communication in corporate environmental reports. Corp. Soc.
Responsib. Environ. Manag. 9, 46-66. https://doi.org/10.1002/csr.6.

Chen, G., Hadjikakou, M., Wiedmann, T., 2017. Urban carbon transformations:
unravelling spatial and inter-sectoral linkages for key city industries based on multi-
region input—output analysis. J. Clean. Prod. 163, 224-240. https://doi.org/
10.1016/j.jclepro.2016.04.046.

Chen, G., Wiedmann, T., Hadjikakou, M., Rowley, H., 2016. City carbon footprint
networks. Energies 9, 1-16. https://doi.org/10.3390/en9080602.

Davis, S.J., Caldeira, K., 2010. Consumption-based accounting of CO2 emissions. Proc.
Natl. Acad. Sci. USA 107, 5687-5692. https://doi.org/10.1073/pnas.0906974107.

Deng, G., Ma, Y., Li, X., 2016. Regional water footprint evaluation and trend analysis of
China - based on interregional input-output model. J. Clean. Prod. 112, 4674-4682.
https://doi.org/10.1016/j.jclepro.2015.07.129.

Denier Van Der Gon, H.A.C., Kuenen, J.J.P., Janssens-Maenhout, G., Doring, U.,
Jonkers, S., Visschedijk, A., 2017. TNO CAMS high resolution European emission
inventory 2000-2014 for anthropogenic CO2 and future years following two
different pathways. Earth Syst. Sci. Data Discuss. 1, 1-30. https://doi.org/10.5194/
essd-2017-124.

Dente, S.M.R., Aoki-Suzuki, C., Tanaka, D., Hashimoto, S., 2018. Revealing the life cycle
greenhouse gas emissions of materials: the Japanese case. Resour. Conserv. Recycl.
133, 395-403. https://doi.org/10.1016/j.resconrec.2017.12.011.

Dente, S.M.R., Aoki-Suzuki, C., Tanaka, D., Kayo, C., Murakami, S., Hashimoto, S., 2019.
Effects of a new supply chain decomposition framework on the material life cycle
greenhouse gas emissions—The Japanese case. Resour. Conserv. Recycl. 143,
273-281. https://doi.org/10.1016/j.resconrec.2018.09.027.

Elshout, P.M.F., Van Zelm, R., Balkovic, J., Obersteiner, M., Schmid, E., Skalsky, R., Van
Der Velde, M., Huijbregts, M.A.J., 2015. Greenhouse-gas payback times for crop-
based biofuels. Nat. Clim. Change 5, 604-610. https://doi.org/10.1038/
nclimate2642.

EMEP, 2023. Reporting instructions [WWW Document]. URL. https://www.ceip.at/rep
orting-instructions. accessed 4.27.23.

European Commission, 2010. Regional Policy Contributing to Smart Growth in Europe
2020.

Eurostat, 2023. NUTS - GISCO [WWW Document]. URL. https://ec.europa.eu/eurostat/
web/gisco/geodata/reference-data/administrative-units-statistical-units/nuts.
accessed 4.27.23.

Eurostat, 2022. Statistical Regions in the European Union and Partner Countries - NUTS
and statistical regions 2021. Luxembourg. https://doi.org/10.2785/321792.

Eurostat, 2015. Manual for air emissions accounts. Luxembourg. https://doi.org/10.27
85/527552.

Foran, B., Lenzen, M., Dey, C., Bilek, M., 2005. Integrating sustainable chain
management with triple bottom line accounting. Ecol. Econ. 52, 143-157. https://
doi.org/10.1016/j.ecolecon.2004.06.024.

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D.J.,
Mauritsen, T., Palmer, M.D., Watanabe, M., Wild, M., Zhang, H., 2021. 2021: the
earth’s energy budget, climate feedbacks, and climate sensitivity, climate change
2021: the physical science basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. https://doi.
org/10.1017/9781009157896.009.

Fuhr, H., Hickmann, T., Kern, K., 2018. The role of cities in multi-level climate
governance: local climate policies and the 1.5 °C target. Curr. Opin. Environ.
Sustain. 30, 1-6. https://doi.org/10.1016/j.cosust.2017.10.006.

Gereffi, G., Lee, J., 2016. Economic and social upgrading in global value chains and
industrial clusters: why governance matters. J. Bus. Ethics 133, 25-38. https://doi.
org/10.1007/s10551-014-2373-7.

Gilles, E., Ortiz, M., Cadarso, M.A., Monsalve, F., Jiang, X., 2021. Opportunities for city
carbon footprint reductions through imports source shifting: the case of Bogota.
Resour. Conserv. Recycl. 172. https://doi.org/10.1016/j.resconrec.2021.105684.

Hertwich, E.G., Peters, G.P., 2009. Carbon footprint of nations: a global, trade-linked
analysis. Environ. Sci. Technol. 43, 6414-6420. https://doi.org/10.1021/
es803496a.

Hertwich, E.G., Wood, R., 2018. The growing importance of scope 3 greenhouse gas
emissions from industry. Environ. Res. Lett. 13. https://doi.org/10.1088/1748-
9326/aael9a.

Humphrey, J., Schmitz, H., 2008. Inter-firm relationships in global value chains: trends
in chain governance and their policy implications. Int. J. Technol Learn. Innovat.
Dev. 1, 258-282. https://doi.org/10.1504/1JTLID.2008.019974.

IEA, 2021. Emissions of CO2, CH4, N20, HFCs, PFCs and SF6. In: IEA CO2 Emiss. from
Fuel Combust. Stat. Greenh. Gas Emiss. from Energy, Edition 2021. https://doi.org/
10.1787/f52ee3ea-en [WWW Document].

IPCC, 2022a. IPCC, 2022: mitigation of climate change. In: Shukla, P.R., Skea, J.,
Slade, R., Khourdajie, A. Al, Diemen, R. van, McCollum, D., Pathak, M., Some, S.,
Vyas, P., Fradera, R., Belkacemi, M., Hasija, A., Lisboa, G., Luz, S., Malley, J. (Eds.),
Climate Change 2022: Working Group III Contribution to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, UK and New York, USA. https://doi.org/10.1017/
9781009157926.


https://doi.org/10.1016/j.jclepro.2025.145761
https://doi.org/10.1016/j.jclepro.2025.145761
https://doi.org/10.1016/j.jenvman.2016.10.059
https://doi.org/10.1016/j.jenvman.2016.10.059
https://doi.org/10.1002/wcc.438
https://doi.org/10.1016/j.jclepro.2016.10.068
https://doi.org/10.1016/j.cosust.2018.03.009
https://doi.org/10.1016/j.gloenvcha.2012.03.011
https://doi.org/10.1016/j.scitotenv.2019.04.434
https://doi.org/10.1002/csr.6
https://doi.org/10.1016/j.jclepro.2016.04.046
https://doi.org/10.1016/j.jclepro.2016.04.046
https://doi.org/10.3390/en9080602
https://doi.org/10.1073/pnas.0906974107
https://doi.org/10.1016/j.jclepro.2015.07.129
https://doi.org/10.5194/essd-2017-124
https://doi.org/10.5194/essd-2017-124
https://doi.org/10.1016/j.resconrec.2017.12.011
https://doi.org/10.1016/j.resconrec.2018.09.027
https://doi.org/10.1038/nclimate2642
https://doi.org/10.1038/nclimate2642
https://www.ceip.at/reporting-instructions
https://www.ceip.at/reporting-instructions
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref17
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref17
https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/nuts
https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/nuts
https://doi.org/10.2785/321792
https://doi.org/10.2785/527552
https://doi.org/10.2785/527552
https://doi.org/10.1016/j.ecolecon.2004.06.024
https://doi.org/10.1016/j.ecolecon.2004.06.024
https://doi.org/10.1017/9781009157896.009
https://doi.org/10.1017/9781009157896.009
https://doi.org/10.1016/j.cosust.2017.10.006
https://doi.org/10.1007/s10551-014-2373-7
https://doi.org/10.1007/s10551-014-2373-7
https://doi.org/10.1016/j.resconrec.2021.105684
https://doi.org/10.1021/es803496a
https://doi.org/10.1021/es803496a
https://doi.org/10.1088/1748-9326/aae19a
https://doi.org/10.1088/1748-9326/aae19a
https://doi.org/10.1504/IJTLID.2008.019974
https://doi.org/10.1787/f52ee3ea-en
https://doi.org/10.1787/f52ee3ea-en
https://doi.org/10.1017/9781009157926
https://doi.org/10.1017/9781009157926

T. Hennequin et al.

IPCC, 2022b. IPCC, 2022: impacts, adaptation, and vulnerability. In: Portner, H.-O.,
Roberts, D.C., Poloczanska, E.S., Mintenbeck, K., Tignor, M., Alegria, A., Craig, M.,
Langsdorf, S., Loschke, S., Moller, V., Okem, A. (Eds.), Climate Change 2022:
Contribution of Working Group II to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK and New York, NY, USA, p. 3056. https://doi.org/10.1017/
9781009325844.

Ivanova, O., Kancs, D., Thissen, M., 2019. Regional trade flows and input output data for
Europe. EERI Research Paper Series No. 06/2019. Brussels. https://hdl.handle.
net/10419/213559.

Ivanova, D., Stadler, K., Steen-Olsen, K., Wood, R., Vita, G., Tukker, A., Hertwich, E.G.,
2016. Environmental impact assessment of household consumption. J. Ind. Ecol. 20,
526-536. https://doi.org/10.1111/jiec.12371.

Ivanova, D., Vita, G., Steen-Olsen, K., Stadler, K., Melo, P.C., Wood, R., Hertwich, E.G.,
2017. Mapping the carbon footprint of EU regions. Environ. Res. Lett. 12. https://
doi.org/10.1088/1748-9326/aa6da9.

Jones, C., Kammen, D.M., 2014. Spatial distribution of U.S. household carbon footprints
reveals suburbanization undermines greenhouse gas benefits of urban population
density. Environ. Sci. Technol. 48, 895-902. https://doi.org/10.1021/es4034364.

Kanemoto, K., Moran, D., Hertwich, E.G., 2016. Mapping the carbon footprint of nations.
Environ. Sci. Technol. 50, 10512-10517. https://doi.org/10.1021/acs.est.6b03227.

Kuenen, J., Dellaert, S., Visschedijk, A., Jalkanen, J.P., Super, L., Denier Van Der Gon, H.,
2022. CAMS-REG-v4: a state-of-the-art high-resolution European emission inventory
for air quality modelling. Earth Syst. Sci. Data 14, 491-515. https://doi.org/
10.5194/essd-14-491-2022.

Kuramochi, T., Smit, S., Hans, F., Horn, J., Liitkehermoller, K., Nascimento, L.,
Emmrich, J., Hohne, N., Hsu, A., Mapes, B., Wang, X., Roelfsema, M., Chan, S.,
Deneault, A., Nagasawa, B. de S., Mohan, M., Whitney, M., Brehm, J., Hassel, J.,
Clapper, A., Hiremath, A., Hale, T., 2021. Global Climate Action from Cities, Regions
and Businesses, 2021 edition.

Larsen, H.N., Hertwich, E.G., 2011. Analyzing the carbon footprint from public services
provided by counties. J. Clean. Prod. 19, 1975-1981. https://doi.org/10.1016/j.
jclepro.2011.06.014.

Lenzen, M., 2008. Double-counting in life cycle calculations. J. Ind. Ecol. 12, 583-599.
https://doi.org/10.1111/j.1530-9290.2008.00067.x.

Lenzen, M., Dey, C., Foran, B., 2004. Energy requirements of Sydney households. Ecol.
Econ. 49, 375-399. https://doi.org/10.1016/j.ecolecon.2004.01.019.

Lenzen, M., Moran, D., Kanemoto, K., Foran, B., Lobefaro, L., Geschke, A., 2012.
International trade drives biodiversity threats in developing nations. Nature 486,
109-112. https://doi.org/10.1038/nature11145.

Leontief, W., 1970. Environmental repercussions and the economic structure: an input-
output approach. Rev. Econ. Stat. 52, 262-271.

Li, Y., Zhong, Q., Wang, Y., Jetashree, Wang, H., Li, H., Liang, S., 2022. Scarcity-
weighted metal extraction enabled by primary suppliers through global supply
chains. J. Clean. Prod. 371, 133435. https://doi.org/10.1016/j.
jclepro.2022.133435.

Lombardi, M., Pazienza, P., Rana, R., 2016. The EU environmental-energy policy for
urban areas: the covenant of Mayors, the ELENA program and the role of ESCos.
Energy Policy 93, 33-40. https://doi.org/10.1016/j.enpol.2016.02.040.

Mainhardt, H., Kruger, D., 2002. N20 Emissions from Adipic Acid and Nitric Acid
Production [WWW Document]. URL. https://www.ipcc-nggip.iges.or.jp/public/gp/
bgp/3_2_Adipic_Acid_Nitric_Acid_Production.pdf. (Accessed 11 July 2023).

Melo, L.G., 2019. Comparison Between a bottom-up and a top-down Approach for the
Compilation of Environmental Extensions for the Multi-Region Input-Output
Database EUREGIO. University of, Leiden.

Miehe, R., Scheumann, R., Jones, C.M., Kammen, D.M., Finkbeiner, M., 2016. Regional
carbon footprints of households: a German case study. Environ. Dev. Sustain. 18,
577-591. https://doi.org/10.1007/510668-015-9649-7.

Minx, J., Baiocchi, G., Wiedmann, T., Barrett, J., Creutzig, F., Feng, K., Forster, M.,
Pichler, P.P., Weisz, H., Hubacek, K., 2013. Carbon footprints of cities and other
human settlements in the UK. Environ. Res. Lett. 8. https://doi.org/10.1088/1748-
9326/8/3/035039.

Moran, D., Kanemoto, K., Jiborn, M., Wood, R., Tébben, J., Seto, K.C., 2018. Carbon
footprints of 13 000 cities. Environ. Res. Lett. 13. https://doi.org/10.1088/1748-
9326/aac72a.

OECD, 2001. Extended Producer Responsibility: a Guidance Manual for Governments.
OECD PUBLICATIONS, Paris. https://doi.org/10.1787/9789264189867-en.

Journal of Cleaner Production 514 (2025) 145761

Ottelin, J., Ala-Mantila, S., Heinonen, J., Wiedmann, T., Clarke, J., Junnila, S., 2019.
What can we learn from consumption-based carbon footprints at different spatial
scales? Review of policy implications. Environ. Res. Lett. 14. https://doi.org/
10.1088/1748-9326/ab2212.

Pablo-Romero, M.D.P., Pozo-Barajas, R., Sanchez-Braza, A., 2015. Understanding local
CO2 emissions reduction targets. Renew. Sustain. Energy Rev. 48, 347-355. https://
doi.org/10.1016/j.rser.2015.04.014.

Pietrobelli, C., Rabellotti, R., 2011. Global value chains meet innovation systems: are
there learning opportunities for developing countries? World Dev. 39, 1261-1269.
https://doi.org/10.1016/j.worlddev.2010.05.013.

Steen-Olsen, K., Weinzettel, J., Cranston, G., Ercin, A.E., Hertwich, E.G., 2012. Carbon,
land, and water footprint accounts for the european union: consumption,
production, and displacements through international trade. Environ. Sci. Technol.
46, 10883-10891. https://doi.org/10.1021/es301949t.

Thissen, M., Ivanova, O., Mandras, G., Husby, T., 2018. Construction of Regional trade-
linked Supply and Use Tables for the EU28.

UNFCCC, 2024. COP29 agrees international carbon market standards [WWW
Document]. URL. https://unfccc.int/news/cop29-agrees-international-carbon-
market-standards.

Verones, F., Moran, D., Stadler, K., Kanemoto, K., Wood, R., 2017. Resource footprints
and their ecosystem consequences. Sci. Rep. 7, 1-12. https://doi.org/10.1038/
srep40743.

Wang, W., Wang, Z., Yu, Z., Feng, C., 2023. Transition towards dual control of CO2
emissions and intensity through supply chain management in China. J. Environ.
Manag. 348, 119493. https://doi.org/10.1016/j.jenvman.2023.119493.

Whbcesd, W.R.I., 2004. The Greenhouse Gas Protocol: a Corporate Accounting and
Reporting Standard. Washington.

Weinzettel, J., Hertwich, E.G., Peters, G.P., Steen-Olsen, K., Galli, A., 2013. Affluence
drives the global displacement of land use. Glob. Environ. Change 23, 433-438.
https://doi.org/10.1016/j.gloenvcha.2012.12.010.

Wen, W., Feng, C., Zhou, H., Zhang, L., Wu, X., Qi, J., Yang, X., Liang, Y., 2021. Critical
provincial transmission sectors for carbon dioxide emissions in China. Renew.
Sustain. Energy Rev. 149, 111415. https://doi.org/10.1016/j.rser.2021.111415.

Wiedmann, T., Wilting, H.C., Lenzen, M., Lutter, S., Palm, V., 2011. Quo Vadis MRIO?
Methodological, data and institutional requirements for multi-region input-output
analysis. Ecol. Econ. 70, 1937-1945. https://doi.org/10.1016/j.
ecolecon.2011.06.014.

Wiedmann, T.O., Chen, G., Barrett, J., 2016. The concept of city carbon maps: a case
study of Melbourne, Australia. J. Ind. Ecol. 20, 676-691. https://doi.org/10.1111/
jiec.12346.

Wiedmann, T.O., Schandl, H., Lenzen, M., Moran, D., Suh, S., West, J., Kanemoto, K.,
2015. The material footprint of nations. Proc. Natl. Acad. Sci. U. S. A. 112,
6271-6276. https://doi.org/10.1073/pnas.1220362110.

Wilting, H.C., Schipper, A.M., Bakkenes, M., Meijer, J.R., Huijbregts, M.A.J., 2017.
Quantifying biodiversity losses due to human consumption: a global-scale footprint
analysis. Environ. Sci. Technol. 51, 3298-3306. https://doi.org/10.1021/acs.
est.6b05296.

Wilting, H.C., Schipper, A.M., Ivanova, O., Ivanova, D., Huijbregts, M.A.J., 2021.
Subnational greenhouse gas and land-based biodiversity footprints in the European
Union. J. Ind. Ecol. 25, 79-94. https://doi.org/10.1111/jiec.13042.

Wilting, H.C., van Oorschot, M.M.P., 2017. Quantifying biodiversity footprints of Dutch
economic sectors: a global supply-chain analysis. J. Clean. Prod. 156, 194-202.
https://doi.org/10.1016/j.jclepro.2017.04.066.

Wood, R., Stadler, K., Simas, M., Bulavskaya, T., Giljum, S., Lutter, S., Tukker, A., 2018.
Growth in environmental footprints and environmental impacts embodied in trade:
resource efficiency indicators from EXIOBASE3. J. Ind. Ecol. 22, 553-564. https://
doi.org/10.1111/jiec.12735.

Yu, Y., Feng, K., Hubacek, K., 2013. Tele-connecting local consumption to global land
use. Glob. Environ. Change 23, 1178-1186. https://doi.org/10.1016/j.
gloenvcha.2013.04.006.

Zhang, C., Anadon, L.D., 2014. A multi-regional input-output analysis of domestic virtual
water trade and provincial water footprint in China. Ecol. Econ. 100, 159-172.
https://doi.org/10.1016/j.ecolecon.2014.02.006.

Zhou, X., Imura, H., 2011. How does consumer behavior influence regional ecological
footprints? An empirical analysis for Chinese regions based on the multi-region
input-output model. Ecol. Econ. 71, 171-179. https://doi.org/10.1016/j.
ecolecon.2011.08.026.


https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844
https://hdl.handle.net/10419/213559
https://hdl.handle.net/10419/213559
https://doi.org/10.1111/jiec.12371
https://doi.org/10.1088/1748-9326/aa6da9
https://doi.org/10.1088/1748-9326/aa6da9
https://doi.org/10.1021/es4034364
https://doi.org/10.1021/acs.est.6b03227
https://doi.org/10.5194/essd-14-491-2022
https://doi.org/10.5194/essd-14-491-2022
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref38
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref38
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref38
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref38
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref38
https://doi.org/10.1016/j.jclepro.2011.06.014
https://doi.org/10.1016/j.jclepro.2011.06.014
https://doi.org/10.1111/j.1530-9290.2008.00067.x
https://doi.org/10.1016/j.ecolecon.2004.01.019
https://doi.org/10.1038/nature11145
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref43
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref43
https://doi.org/10.1016/j.jclepro.2022.133435
https://doi.org/10.1016/j.jclepro.2022.133435
https://doi.org/10.1016/j.enpol.2016.02.040
https://www.ipcc-nggip.iges.or.jp/public/gp/bgp/3_2_Adipic_Acid_Nitric_Acid_Production.pdf
https://www.ipcc-nggip.iges.or.jp/public/gp/bgp/3_2_Adipic_Acid_Nitric_Acid_Production.pdf
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref47
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref47
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref47
https://doi.org/10.1007/s10668-015-9649-7
https://doi.org/10.1088/1748-9326/8/3/035039
https://doi.org/10.1088/1748-9326/8/3/035039
https://doi.org/10.1088/1748-9326/aac72a
https://doi.org/10.1088/1748-9326/aac72a
https://doi.org/10.1787/9789264189867-en
https://doi.org/10.1088/1748-9326/ab2212
https://doi.org/10.1088/1748-9326/ab2212
https://doi.org/10.1016/j.rser.2015.04.014
https://doi.org/10.1016/j.rser.2015.04.014
https://doi.org/10.1016/j.worlddev.2010.05.013
https://doi.org/10.1021/es301949t
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref56
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref56
https://unfccc.int/news/cop29-agrees-international-carbon-market-standards
https://unfccc.int/news/cop29-agrees-international-carbon-market-standards
https://doi.org/10.1038/srep40743
https://doi.org/10.1038/srep40743
https://doi.org/10.1016/j.jenvman.2023.119493
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref60
http://refhub.elsevier.com/S0959-6526(25)01111-4/sref60
https://doi.org/10.1016/j.gloenvcha.2012.12.010
https://doi.org/10.1016/j.rser.2021.111415
https://doi.org/10.1016/j.ecolecon.2011.06.014
https://doi.org/10.1016/j.ecolecon.2011.06.014
https://doi.org/10.1111/jiec.12346
https://doi.org/10.1111/jiec.12346
https://doi.org/10.1073/pnas.1220362110
https://doi.org/10.1021/acs.est.6b05296
https://doi.org/10.1021/acs.est.6b05296
https://doi.org/10.1111/jiec.13042
https://doi.org/10.1016/j.jclepro.2017.04.066
https://doi.org/10.1111/jiec.12735
https://doi.org/10.1111/jiec.12735
https://doi.org/10.1016/j.gloenvcha.2013.04.006
https://doi.org/10.1016/j.gloenvcha.2013.04.006
https://doi.org/10.1016/j.ecolecon.2014.02.006
https://doi.org/10.1016/j.ecolecon.2011.08.026
https://doi.org/10.1016/j.ecolecon.2011.08.026

	Greenhouse gas footprints of economic sectors at the subnational European scale
	1 Introduction
	2 Methods
	2.1 Deriving subnational environmental footprints
	2.2 Data
	2.2.1 Input-output
	2.2.2 Environmental extension

	2.3 Quantifying the importance of subnational variation

	3 Results
	3.1 Subnational variation in the EU
	3.2 Sector GHG footprints per EUR of production value
	3.3 Total sector GHG footprints

	4 Discussion
	4.1 Limitations
	4.2 Implications

	CRediT authorship contribution statement
	Funding information
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


