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Abstract
Purpose Trade is increasingly considered a significant contributor to environmental impacts. The assessment of the impacts of
trade is usually performed via environmentally extended input–output analysis (EEIOA). However, process-based life cycle
assessment (LCA) applied to traded goods allows increasing the granularity of the analysis and may be essential to unveil
specific impacts due to traded products.
Methods This study assesses the environmental impacts of the European trade, considering two modelling approaches: respec-
tively EEIOA, using EXIOBASE 3 as supporting database, and process-based LCA. The interpretation of the results is pivotal to
improve the robustness of the assessment and the identification of hotspots. The hotspot identification focuses on temporal trends
and on the contribution of products and substances to the overall impacts. The inventories of elementary flows associated with
EU trade, for the period 2000–2010, have been characterized considering 14 impact categories according to the Environmental
Footprint (EF2017) Life Cycle Impact Assessment method.
Results and discussion The two modelling approaches converge in highlighting that in the period 2000–2010: (i) EU was a net
importer of environmental impacts; (ii) impacts of EU trade and EU trade balance (impacts of imports minus impacts of exports)
were increasing over time, regarding most impact categories under study; and (iii) similar manufactured products were the main
contributors to the impacts of exports from EU, regarding most impact categories. However, some results are discrepant: (i) larger
impacts are obtained from IO analysis than from process-based LCA, regarding most impact categories, (ii) a different set of most
contributing products is identified by the two approaches in the case of imports, and (iii) large differences in the contributions of
substances are observed regarding resource use, toxicity, and ecotoxicity indicators.
Conclusions The interpretation step is crucial to unveil the main hotspots, encompassing a comparison of the differences between
the two methodologies, the assumptions, the data coverage and sources, the completeness of inventory as basis for impact assess-
ment. Themain driver for the observed divergences is identified to be the differences in the impact intensities of goods, both induced
by inherent properties of the IO and life cycle inventory databases and by some of this study’s modelling choices. The combination
of IO analysis and process-based LCA in a hybrid framework, as performed in other studies but generally not at the macro-scale of
the full trade of a country or region, appears a potential important perspective to refine such an assessment in the future.
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1 Introduction

The production and consumption of goods and services is
responsible for global resource use and associated environ-
mental impacts. As a response, the international community
advocates fundamental changes in the way societies produce
and consume for achieving global sustainable development
(UN 2012), defining a specific sustainable development goal
(SDG) addressing responsible consumption (SDG12; UN
2015). These commitments on “The future we want” are taken
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in a context of continuous increase of consumption expendi-
tures in the world. From 1961 to 2017, world final consump-
tion expenditures of households and non-profit institutions
serving households have continuously increased (except in
2009), with annual growth rates ranging from 1.3 to 6.1%
(World Bank 2018).

In this context, the pressures exerted on the environment,
and ultimately on the impacts these pressures induce, have
been studied both in a producer and in a consumer perspec-
tive. According to the producer perspective, any sector/
country emitting a substance or extracting a resource is con-
sidered responsible for this emission/extraction (often called
domestic or territorial emission/extraction), whereas from the
consumer perspective, the final consumer is considered re-
sponsible for the supply chain emissions and resource extrac-
tions. Such a shift in the perspective on the assessment
of environmental impacts has opened the door to a growing
attention to the burdens associated with trade. In the scientific
literature, a number of studies have aimed at assessing how
much global pressures are displaced through trade, in partic-
ular demonstrating that most developed countries have in-
creased their consumption-based carbon dioxide (CO2) emis-
sions faster than their territorial emissions (Peters et al. 2011).
Similarly, the influence of international trade has been studied
not only considering greenhouse gas emissions but also ma-
terial use (Wiedmann et al. 2015), land use (Weinzettel et al.
2013), nitrogen oxides (NOx), sulfur dioxide (SO2) and ozone
depleting substances (Kanemoto et al. 2014), eutrophication
(Hamilton et al. 2018), biodiversity (Lenzen et al. 2012), or a
set of these indicators (Steen-Olsen et al. 2012; Wood et al.
2018).

All these studies have been conducted by implementing
environmentally extended input–output analysis (EEIOA).
Moreover, some other studies tackling the environmental im-
pacts of consumption have been performed by combining
EEIOA and process-based life cycle assessment (LCA) in a
hybrid framework. Huppes et al. (2006) quantified the envi-
ronmental impacts of consumption in the European Union
(EU), while other studies focused on smaller geographical
scales. Heinonen and Junnila (2011), for example, quantified
the impacts of two metropolitan cities in Finland, Pairotti et al.
(2015) quantified energy consumption and greenhouse gas
emissions of the Mediterranean diet, and Guan et al. (2016)
assessed the energy embodied in buildings in China.

Only recently, process-based LCA has been used to study
the environmental impacts associated with trade, in the spe-
cific case of the EU (Corrado et al. 2019). The pros and cons
of EEIOA and process-based LCA are well known and ac-
knowledged by the scientific community (see, e.g., Rebitzer
et al. 2002). On the one hand, process-based LCA has the
advantage of enabling a more flexible modelling, at a larger
level of disaggregation. Indeed, it gives the possibility to an-
alyze the impacts of single life cycle stages and products, and

it generally covers a higher number of emissions and re-
sources. Besides, process-based LCA allow more flexibility
in running scenarios product-specific, includig those related to
consumers behaviour. On the other hand, EEIOA enables to
capture a complete picture of economic exchanges, not only
considering goods but also services, and allocates environ-
mental interventions along the supply chain in a world multi-
regional framework (yet generally considering a lower scope
of environmental interventions compared to process-based
LCA).

The global trade in goods and services has increased by
47% (in economic value) from 2007 to 2017, the EU
representing 16.7% of these total exchanges in 2017 (EC
2018). In this context, this study aims at assessing the envi-
ronmental impacts of EU trade, with a specific focus on trends
and on the contribution of products and specific emissions and
resource used. Two modelling approaches are considered: on
the one hand, EEIOA, using EXIOBASE 3 as the supporting
database and, on the other hand, process-based LCA. The key
research question is as follows: how far these two modelling
approaches, different in terms of coverage of products, ser-
vices and environmental interventions, of data sources, of lev-
el of disaggregation, etc., lead to commonmessages to support
policy decisions on the potential outsourcing of European en-
vironmental impacts through trade? Compared to the existing
literature relative to the environmental impact assessment at a
macro-scale (e.g., focusing on trade), this study brings two
key novelties. Firstly, the common characterization frame-
work used for both modelling approaches enables to go be-
yond the mere pressure-based indicators, or limited set of
characterized impact indicators, as usually considered in such
studies. Moreover, two approaches (respectively, EEIOA and
process-based LCA) are implemented and put in perspective,
whereas existing studies consider one modelling approach
only (in most cases, EEIOA), stressing the relevance of the
LCA results interpretation step. In fact, the implementation
and comparison of these two modelling approaches enables
the identification of converging, and therefore robust, conclu-
sions for policy-makers. In the meantime, it enables to under-
line the drivers for the discrepancies in the results, and it
therefore paves the way towards improvements in the use of
each modelling approach in future similar studies.

2 Methods

Input–output analysis, referred to as IO analysis in the follow-
ing, is implemented together with impact assessment methods
to assess the environmental impacts of EU trade in the period
of time 2000–2010 (Sects. 2.1 and 2.3; Fig. 1). These impact
assessment results, including contribution analyses, are put in
perspective with those obtained from the process-based LCA
study recently performed by Corrado et al. (2019), whose
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approach is recalled in Sect. 2.2. Total EU trade, considering
the EU, is the basis for the comparison in this study: IO anal-
ysis could be additionally used for an analysis at the scale of
EU countries, but so far, this has not been done in the process-
based LCA approach. The two modelling approaches are used
to build two life cycle inventories (LCIs, respectively, process-
based and IO analysis-based) which are characterized using
the Environmental Footprint (EF2017; EC 2017) as the com-
mon life cycle impact assessment (LCIA) method.

2.1 Life cycle inventory compiled by use
of multi-regional input–output analysis

The standard Leontief inverse equation (Leontief 1970) is
implemented to quantify the environmental pressures induced
by EU trade:

x ¼ I−Að Þ−1 f ð1Þ
g ¼ Bx ¼ B I−Að Þ−1 f ð2Þ
considering x the vector of output productions, A the techno-
logical requirement matrix, f the final demand (including ex-
ports), B the matrix of resources and emission intensities per
economic activity, and g the vector of environmental interven-
tions (that is, the LCI) induced by the final demand. Multi-
regional input-output (MRIO) models extend the standard IO
models by distinguishing each industry in each country/region
through separate rows and columns (Hertwich and Peters
2010). In this study, the hybrid version of the MRIO database
EXIOBASE is implemented to perform calculations (namely
EXIOBASE 3.3.8, referred to as EXIOBASE 3 in the
following; Stadler et al. 2018; Merciai and Schmidt 2018;
Table 1). Imports to and exports from the EU Member States
are drawn from EXIOBASE 3 considering years 2000 to 2011

(f in Eqs. (1) and (2)). Results for years 2000 to 2010 are used
to analyze the trends in impacts in a time-frame common to
that of process-based LCA, while results for 2011 are specif-
ically considered to perform contribution analyses (expected
to be the most up-to-date and reliable year among the
EXIOBASE data series for any analysis at a disaggregated
level). In the hybrid version of EXIOBASE 3, 164 categories
of products and services are differentiated, either in physical
units (regarding most goods) or monetary units (primarily
regarding services). Trade is mapped considering 43 coun-
tries, including the EU Member States at stake in this study,
plus 5 rest-of-world regions. The IO tables used for calcula-
tions integrate investments based on the approach developed
in the project FORWAST (Schmidt 2010), so that IO analysis
accounts for “capital goods” similarly to process-based LCA.

2.2 Life cycle inventory compiled by use
of process-based LCA

The process-based LCA study performed by Corrado et al.
(2019) with respect to the EU trade of goods is considered
as a point of comparison (Table 1). Results are available with
respect to four years: 2000, 2005, 2010, and 2014. However,
for sake of comparison with IO analysis, only the period
2000–2010 is considered in this study. Whereas results from
IO analysis are available for the full period 2000–2010, results
from process-based LCA are linearly interpolated for the years
between 2000 and 2005, and between 2005 and 2010.

The approach undertaken by Corrado et al. (2019) primar-
ily consists in three steps (for more details, readers are referred
to the corresponding article and in Sala et al. 2019):

– The selection of representative products and, in case of
imports, of representative countries of origin, based on

Process-based LCA

Comparison

Eurostat data on imports and exports 

Representative products, countries, 
and quantities 

Process-based Life Cycle Inventory

Environmental impacts  
(EF2017 method)

Environmentally 
Extended Multi-Regional 

Input-Output Tables

EU imports 
and 

exports

Life Cycle Inventory
kg NOx, kg CO2, m2 land occupation, etc.

Environmental impacts
(EF2017 method)

EXIOBASE 3

IO Analysis

Fig. 1 Quantifying the environmental impacts of EU trade with IO analysis and process-based LCA: scheme of the modelling approaches implemented
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data reported in the COMEXT database (Eurostat 2018).
For both imports and exports, 20 product groups were
selected: 15 by criteria of mass and five by criteria of
value. For each of those 20 product groups, reported ac-
cording to the Harmonized Commodity Description and
Coding System with two digits (HS2) nomenclature, a
representative product was selected at a finer level of dis-
aggregation (considering the Combined Nomenclature
with 8 digits; CN8). Finally, regarding imports to EU, the
three countries with the largest mass exported to EU (by
product group) were selected as the representative ones.

– The modelling of LCI relative to each representative
product considering standard databases (PE and
ecoinvent 2.2), complemented when necessary with data
from LCA reports, other technical literature, and expert
judgment. Despite the availability of more recent versions
of the ecoinvent database, the version 2.2 was chosen as it
enables to model life cycles of products essentially con-
sidering the period 2000–2005. This is consistent with the
temporal coverage considered in this study (2000–2010),
for which the EXIOBASE 3 tables are available and im-
plemented. The production of imported products was
modelled using as far as possible country-specific data.
When country-specific data were not available, data from
countries with similar production patterns were consid-
ered. The transport of imported products from producing
countries was modelled considering statistical data on the
shares of transport means, complemented by expert judg-
ment when necessary (Corrado et al. 2019). The LCI
datasets were set to be constant in the modelling, there-
fore not accounting for changes in technologies in the
period under study whereas these changes were partly
accounted for through IO analysis (only “partly,” consid-
ering that the construction of the hybrid version of
EXIOBASE 3 also includes the use of some fixed coef-
ficients, e.g., fixed emission factors; Merciai and Schmidt

2018). Co-products are handled differently in each
modelling approach, respectively by allocation in
process-based LCA (using PE and ecoinvent 2.2 as the
main supporting databases) and by using the by-product-
technology model in EXIOBASE (which is equivalent to
system expansion; Suh et al. 2010).

– And finally, three upscaling, aimed to cover the overall
impacts of imports and exports of EU. Firstly, from the
three representative countries to all the countries of ori-
gin; secondly, from the representative product to the
whole set of products in the product group; and thirdly,
from the selected product groups to the total imports and
exports (see also Electronic Supplementary Material,
Document 1).

2.3 Environmental impact assessment

The inventories of elementary flows associated with EU trade,
as obtained from each modelling approach, are characterized
considering 14 impact categories according to the EF2017
LCIA method (EC 2017): climate change; acidification; ter-
restrial eutrophication; marine eutrophication; freshwater eu-
trophication; particulate matter; photochemical ozone forma-
tion; human toxicity, cancer effects; human toxicity, non-
cancer effects; freshwater ecotoxicity; land use; water use;
minerals and metals resource use; and fossils resource use.
In addition, ozone depletion and ionizing radiation were
considered in Corrado et al. (2019) but excluded from the
present study because ionizing radiations are missing in
EXIOBASE 3 environmental extensions, while ozone-
depleting substances are in most cases not reported neither.
Despite the EF2017 LCIA method reports spatially resolved
characterization factors for some impact categories (acidifica-
tion, terrestrial eutrophication, land use, and water use), only
global average characterization factors are used in this study,

Table1 Main characteristics of two modelling approaches adopted in this study

IO analysis Process-based LCA

Main data sources supporting the LCI
calculations

Hybrid version of EXIOBASE 3.3.8 ecoinvent 2.2 combined with Eurostat data on trade

Granularity of products and services 164 categories 20 product groups respectively for imports and exports

Nomenclature used EXIOBASE, i.e., NACE (Statistical classification of
economic activities in the European
Community) + some more disaggregated categories

HS2: Harmonized Commodity Description and Coding
System with two digits

Comprehensiveness of exchanges Whole trade Whole trade of goods

Trading partners (for imports) 20 countries and regions 3 representative countries for each imported product
group, upscaled to represent the full imports

Years covered From 2000 to 2011 2000, 2005, 2010 (and 2014)

Number of elementary flows 78 More than 1500

Impact assessment method EF2017 method (14 impact categories) EF2017 method (16 impact categories, 14 applied here
to compare with IO)
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due to limited availability of spatially differentiated life cycle
inventories.

On the one hand, the inventory calculated from IO analysis
distinguishes 78 elementary flows in total, including 36 min-
eral, metal, and energy resources; 5 types of land occupation; 3
types of water consumption; and 29 substances emitted to air, 2
to water and 3 to soil. The correspondence between the
EXIOBASE and the EF2017 nomenclatures of elementary
flows, built by Beylot et al. (2019) for application to the anal-
ysis of impacts of EU final consumption, is implemented in
this study. On the other hand, the inventory obtained from the
process-based LCA approach is muchmore detailed, including
more than 1500 elementary flows both for imports and exports.

3 Results and discussion

The total environmental impacts induced by EU trade are
firstly compared considering the period 2000–2010 (Sects.
3.1 and 3.2), discussing the common patterns and on the con-
trary the discrepancies in results from the two modelling ap-
proaches. Then, Sects. 3.3, 3.4, and 3.5 aim at analyzing the
contributions of products and services, and substances, both
discussing the main convergences in contributions and the
major drivers for the differences in EU trade balance and
trends of impacts (as described in the previous sections). It is
to be noted that one potential major driver (namely, results
uncertainty) is not considered in this study. Whereas uncer-
tainty analysis tends to become common practice in process-
based LCA (e.g., by use of the pedigree matrix when
implementing ecoinvent as the supporting LCI database;
Weidema and Wesnaes 1996), no such framework currently
exists to perform uncertainty calculations with EXIOBASE 3.

3.1 Environmental impacts of trade: the EU trade
balance

Overall, considering the assessed 14 impact categories and the
period 2000–2010, the two modelling approaches converge in
estimating higher impacts of imports than of exports (Fig. 2
and Table 2). Said in other words, both approaches converge
in demonstrating that EU is a net importer of environmental
impacts. Regarding results from IO analysis, such conclusion
is drawn considering the whole 14 impact categories and al-
most all years under study (the only exception being fossils
resource use in the years 2000 to 2003; Fig. 2). When instead
considering process-based LCA, a larger number of excep-
tions (still, limited) depart from the observed global trend:
human toxicity, cancer (regarding all years under study:
2000, 2005 and 2010) and non-cancer (years 2000 and
2010), freshwater eutrophication (2000 and 2010), minerals
and metals resource use (2000 and 2010), and land use (2010).
These exceptions are mainly associated with products with

high value added and long supply chains, which are generally
mainly exported from EU rather than imported (Corrado et al.
2019). In the process-based LCA approach, the impact on
minerals and metals resource use, for example, is mainly as-
sociated with copper used for the production of Machineries
both for imports and for exports. Regarding years 2000 and
2010, the mass of Machineries imported was lower than the
one exported, largely explaining the predominance of the im-
pact of exports on that of imports regarding minerals and
metals resource use.

IO analysis shows that, on average over the period 2000–
2010, impacts from imports are 43 to 77% larger than those
from exports regarding the 14 impact categories except fossils
resource use (Fig. 2 and Electronic Supplementary Material,
Document 1). Similarly, considering process-based LCA and
years 2000, 2005, and 2010, environmental impacts from im-
ports are observed to be 39 to 80% larger than those from
exports regarding most impact categories (namely acidifica-
tion, climate change, freshwater ecotoxicity, marine and ter-
restrial eutrophication, photochemical ozone formation, fos-
sils resource use, and particulate matter). Yet, according to the
process-based LCA approach, impacts associated with im-
ports are 15 to 96% lower than those of exports regarding
human toxicity (cancer and non-cancer) and minerals and
metals resource use, whereas IO analysis identifies larger im-
pacts of imports for these three impact categories (from 43 to
47% larger over the period 2000–2010; Electronic
Supplementary Material, Document 1). Furthermore, as a
complementary remark, it has to be noted that regarding land
use and water use the absence of spatially resolved character-
ization factors in this study is expected to influence the dis-
crepancy between impacts of imports and exports, to an extent
that is not scrutinized further here.

When comparing impacts of trade according to each
modelling approach, one observes that IO analysis results
in larger values than process-based LCA considering al-
most all the impact categories and years under study (Fig.
2 and Table 2). The only exceptions (that is, process-
based values larger than IO-based values) are observed
regarding freshwater ecotoxicity (both considering ex-
ports and imports in the three years under study; 2000,
2005, and 2010), freshwater eutrophication (exports only,
in years 2005 and 2010), human toxicity cancer (years
2000, 2005, and 2010; mainly regarding exports) and
non-cancer (imports and exports in 2000; Fig. 2 and
Table 2). The larger impacts calculated from the process-
based LCA approach compared to IO analysis with re-
spect to human toxici ty, cancer, and freshwater
ecotoxicity, are primarily due to the larger scope of toxic
emissions accounted for (this aspect is further detailed in
Sect. 3.4 relative to the contribution of substances).
Regarding the year 2010, results from IO analysis are
larger than those from process-based LCA, by a factor 2
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for most impact categories (Table 2), that is a discrepancy
larger than that usually observed between existing MRIO
databases when considering the consumption-based ac-
counts of pressures (e.g., Moran and Wood 2014;
Giljum et al. 2019). The discrepancy is particularly large
regarding terrestrial eutrophication and human toxicity,
non-cancer (up to a factor 7.5 of difference) and land
use and minerals and metals resource use (factor of dif-
ference ranging from 6 to 66 depending on the impact
category and the nature of the trade component—
imports or exports; Table 2).

3.2 Trends of impacts of trade from 2000 to 2010

Both modelling approaches globally show an increase in im-
pacts from EU imports and exports in 2010 compared to 2000.
This is the case regarding all impact categories under study
according to process-based LCA, and most impact categories
according to IO analysis; that is, all impact categories except
fossils resource use (imports and exports), freshwater eutro-
phication (exports), and land use (imports; Fig. 2 and
Electronic Supplementary Material, Document 1).
Considering IO analysis, it is noteworthy that the variations

Fig. 2 Environmental impacts of EU trade considering IO analysis (referring to years from 2000 to 2010) and process-based LCA (years 2000, 2005, and
2010), distinguishing 14 impact categories
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in human toxicity cancer and non-cancer, freshwater
ecotoxicity and photochemical ozone formation in the period
2000–2010 appear particularly large when put in perspective
both with variations in the period 2001–2011, and with other
impact categories (up to two orders of magnitude of
difference; Fig. 2 and Electronic Supplementary Material,
Document 1). This is expected to reflect imprecisions in the
IO database supporting the calculations rather than an actual
change in impact from 2000 to 2010.

Whereas both approaches underline the larger impacts of
imports compared to those of exports (as discussed in Sect.
3.1), the process-based LCA approach highlights in the mean-
time that from 2000 to 2010 impacts from exports have in-
creased at a larger pace than those from imports (regarding
almost all impact categories under study; 13 out of 14;
Electronic Supplementary Material, Document 1). While im-
pacts of imports have increased by 7 to 57% from 2000 to
2010, depending on the impact category, those of exports have
increased by 29 to 62%. On the contrary, IO analysis high-
lights a more balanced picture, that is higher rates of increase
(or lower rates of decrease) regarding impacts of imports com-
pared to those of exports with respect to seven impact catego-
ries out of the 14 under study, and the opposite trend (higher
rates of increase regarding impacts of exports compared to
those of imports) with respect to the remaining seven impact
categories.

Moreover, both approaches show that the EU trade balance
(impacts of imports minus impacts of exports) has increased in
the meantime regarding most impact categories (10 and 11

impact categories respectively in the process-based LCA and
IO analysis approaches). This is despite impacts of exports
have increased at larger rates than those of imports according
to the process-based LCA approach. In particular, IO analysis
shows that the EU trade balance has increased from 2000 to
2010 by 3 to 25% regarding marine and terrestrial eutrophi-
cation, particulate matter, water use, and minerals and metals
resource use, by 34 to 62% regarding freshwater eutrophica-
tion, climate change and acidification, and in even larger pro-
portions regarding human toxicity (cancer and non-cancer)
and freshwater ecotoxicity. The rate of increase of the EU
trade balance is globally more limited according to process-
based LCA, in particular ranging from 3 to 12% regarding
acidification, marine and terrestrial eutrophication, photo-
chemical ozone formation, fossils resource use and water
use (yet, with a value larger than 45% regarding minerals
and metals resource use, human toxicity cancer and non-can-
cer, and freshwater eutrophication).

3.3 Contributions by products and services

3.3.1 Contributions by products and services according to IO
analysis

The 164 categories of products and services adopted to represent
the trade in EU, as adopted in EXIOBASE 3, are aggregated into
9 categories in a nomenclature that enables to identify hotspot
categories for the 14 environmental impact categories (Fig. 3;
see Electronic Supplementary Material, Document 2 for the

Table 2 Environmental impacts of EU trade in 2010, calculated from IO analysis (EXIOBASE 3) and process-based LCA (Corrado et al. 2019)

Total trade (goods)
Process-based LCA

Total trade (goods and
services)
IO analysis

Total trade
Ratio: IO analysis/
process-based LCA

Goods*
Ratio: IO analysis/
process-based LCA

Imports Exports Imports Exports Imports Exports Imports Exports

Climate change kg CO2 eq 1.02E+12 6.96E+11 3.67E+12 1.91E+12 3.6 2.7 3.1 2.1

Acidification mol H+ eq 1.78E+10 4.02E+09 3.93E+10 1.93E+10 2.2 4.8 1.8 3.5

Eutrophication, freshwater kg P eq 8.02E+07 9.43E+07 2.09E+08 6.09E+07 2.6 0.6 1.8 0.5

Eutrophication, marine kg N eq 2.45E+09 1.04E+09 6.82E+09 4.29E+09 2.8 4.1 2.0 3.1

Eutrophication, terrestrial Mole of N eq 2.18E+10 7.10E+09 1.09E+11 5.33E+10 5.0 7.5 3.4 5.6

Land use point 3.24E+13 3.35E+13 7.62E+14 2.00E+14 23.5 6.0 19.6 5.1

Water use m3 world equivalent 9.01E+11 6.99E+11 3.45E+12 9.18E+11 3.8 1.3 2.9 1.1

Photochemical ozone formation kg NMVOC eq 7.99E+09 2.27E+09 1.95E+10 1.12E+10 2.4 4.9 2.1 3.6

Particulate matter disease incidences 2.42E+05 9.06E+04 6.23E+05 2.97E+05 2.6 3.3 2.2 2.4

Human toxicity, non-cancer CTUh 2.12E+05 2.88E+05 1.26E+06 1.17E+06 5.9 4.1 5.6 3.6

Human toxicity, cancer CTUh 2.98E+04 6.83E+04 3.97E+04 2.58E+04 1.3 0.4 1.3 0.3

Ecotoxicity freshwater CTUe 3.10E+12 1.99E+12 1.20E+12 1.01E+12 0.4 0.5 0.4 0.5

Resource use, fossils MJ 6.39E+13 1.92E+13 8.47E+13 2.95E+13 1.3 1.5 1.3 1.3

Resource use, minerals and metals kg Sb eq 3.76E+06 6.48E+06 2.48E+08 1.32E+08 66.0 20.4 59.0 17.0

*Goods and transport regarding imports, goods only regarding exports, estimated in the IO modelling approach considering their share for the year 2011
(Electronic Supplementary Material, Document 1). “Goods” correspond to “total trade” in the process-based LCA approach
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correspondence between the nomenclature used in this figure
and the EXIOBASE nomenclature of products and services).

Firstly, regarding the impacts of imports on acidification,
terrestrial, freshwater and marine eutrophication, land use, and
water use, food products represent an important share, ranging
from 14% (in the case of acidification) to 47% (in the case of
freshwater eutrophication). Among food products, meat prod-
ucts in particular represent a relatively important contribution
with respect to eutrophication (terrestrial, marine, and fresh-
water) and land use (e.g., products of meat cattle stand for
12%, 14%, and 27% of the total impacts of imports respec-
tively on terrestrial eutrophication, land use, and freshwater
eutrophication). Moreover, hotels and restaurant services rep-
resent as well a relatively large contribution (from 14 to 29%
of the total impacts of imports regarding these 6 impact cate-
gories), adding to the globally large contribution of “food” to
the impacts of EU imports. In addition, specifically consider-
ing water use, agricultural, fish, and forestry products stand
for 31% of the total impact of imports, with the three catego-
ries of agricultural products (i) wheat, (ii) cereal grains not
elsewhere classified (nec), and (iii) crops nec altogether con-
tributing to 22%. Finally, fossil fuels (raw materials and proc-
essed), metals (from ores to transformed), other materials and
intermediate products (e.g., chemicals nec), and manufactured
products globally show more limited contributions. Yet, these
categories are still of importance regarding acidification (for
which metals and manufactured products respectively contrib-
ute to 16 and 26% of the total impacts of imports) and land use
(for which other materials and intermediate products, in par-
ticular wood and products of wood, represent 24% of the total
impacts).

Considering the impacts of exports on the same set of im-
pact categories, food products, and to a lower extent hotels
and restaurant services, show relatively important contribu-
tions (respectively, from 19 to 57%, and from 5 to 12%, de-
pending on the impact category), similarly to the case of im-
ports. Moreover, the contribution of manufactured products
(and of particular importance, of motor vehicles and of ma-
chinery and equipment nec) appears relatively important as
well, in particular regarding acidification, land use, and water
use for which it amounts to 26 to 33% of the total impacts. On
the contrary, fossil fuels, metals, and other materials and in-
termediate products globally represent limited contributions
(in the majority of cases, lower than 6% each), except in the
specific case of land use for which other materials and inter-
mediate products (in particular pulp and paper) stand for 25%
of the total impacts of exports.

Secondly, regarding the impacts of trade on human toxicity
cancer and non-cancer, and freshwater ecotoxicity, approxi-
mately half of the total impacts of imports stem from basic
iron and steel. Manufactured products (motor vehicles, ma-
chinery, and equipment nec, etc.) represent the second catego-
ry of most contributing products (30–32% of the total impacts;
Fig. 3). On the contrary, regarding exports, manufactured
products represent from 70 to 72% of the total impacts on
toxicity and ecotoxicity-related impact categories, that is
much larger than any other category of products and services
(e.g., the contribution of metals is lower than 10%).
Machinery and equipment nec and motor vehicles represent
the main share of the impact of exported manufactured prod-
ucts, respectively, standing for 25–26% and 15% depending
on the impact category.

Agricultural, fish and forestry products Food products
Hotels and restaurants Fossil fuels (raw materials and processed)
Metals (from ores to transformed) Other materials and intermediate products
Manufactured products Transport
Other services

Imports Exports

0% 20% 40% 60% 80% 100%

Climate change
Acidification

Eutrophication, freshwater
Eutrophication, marine

Eutrophication, terrestrial
Land use
Water use

Photochemical ozone formation
Particulate matter

Human toxicity, non-cancer
Human toxicity, cancer
Ecotoxicity freshwater

Resource use, fossils
Resource use, minerals and metals

Mass volumes
Monetary volumes
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Fig. 3 Environmental impacts of EU trade calculated with IO analysis (EXIOBASE 3): contribution analysis, considering 14 impact categories and 9
categories of products and services as an aggregation of the 164 categories of products and services adopted to represent EU trade flows (year 2011)
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Moreover, regarding the impacts of imports on particulate
matter, photochemical ozone formation, and climate change,
the summed contributions of metals (in particular basic iron
and steel) and other materials and intermediate products (in
particular, rubber and plastic products) stand for 28 to 33% of
the total. This contribution is similar to that of manufactured
products, which overall stands for 25 to 31% of the total im-
pacts. In addition, in the specific case of climate change, fossil
fuels represent 16% of the total impact. Moreover, regarding
the impacts of exports, and similarly to the case of toxicity-
related impact categories, the contribution of manufactured
products (ranging from 33 to 42% of the total impacts) is even
larger than their contribution to the impacts of imports. On the
contrary, the cumulated contribution of metals and of other
materials and intermediate products amounts to 15–21%, that
is lower than in the case of imports (28–33%).

Finally, considering impacts of imports on fossils and min-
erals and metals resource use, materials are the largest contrib-
utors. Metals and other materials and intermediate products,
respectively, represent 31% and 27% of the total impact on
minerals and metals resource use, while fossil fuels represent
62% of the total impact on fossils resource use. Instead, re-
garding exports, manufactured products induce the major con-
tribution in both cases of impact categories (28% and 35% of
the total, respectively, regarding fossils and minerals and met-
al resource use, in particular driven by motor vehicles and
machinery and equipment nec), while materials simultaneous-
ly induce a lower contribution than compared to the case of
imports. In particular, metals and other materials and interme-
diate products respectively represent 28% and 13% of the total
impact of exports on minerals and metals resource use, while
fossil fuels represent 26% of the total impact on fossils re-
source use.

3.3.2 Shares in exchanges and shares in impacts

The larger contribution of manufactured products to the
impacts of exports compared to their contribution to the
impacts of imports is in line with their larger share in
mass and monetary volumes exported compared to
imported (Fig. 3). So is the lower share of fossil fuels in
the impacts of exports compared to imports, in line with
their lower share in the total mass and monetary volumes
exported. Yet, considering the nine categories of products
and services aggregated as in Fig. 3, one globally ob-
serves a limited correlation between the shares in total
mass and monetary volumes traded and the shares in im-
pacts. For example, food products and agricultural, fish
and forestry products represent between 5 and 7% of the
total mass and monetary volumes imported by the EU,
and in the meantime 32–54% of the impacts with respect
to five impact categories (freshwater, marine and terrestri-
al eutrophication, land use, and water use). On the

contrary, whereas fossil fuels stand for 59% of the total
mass imported (13% in monetary volume), their contribu-
tion to impacts is lower than 3% regarding 10 impact
categories out of the 14 under study. Similarly, in most
cases of impact categories, IO analysis shows that the
contribution of services (here considering the inclusion
of electricity supply and hotels and restaurants services,
but the exclusion of transport) to the total impacts of EU
trade is lower than their share in monetary volumes, due
to a lower impact intensity (in impact unit per million
euros exchanged) compared to that of goods (Electronic
Supplementary Material, Document 1). In particular, re-
garding exports, the contribution of services to the total
impacts is rather limited, ranging from 7 to 16% per im-
pact category compared to 28% in terms of total monetary
volumes. Moreover, the contribution of services to the
impacts of imports is also rather limited considering nine
impact categories out of the 14 under study, ranging from
5 to 17% of the total impacts compared to 24% in terms
of monetary exchanges (Electronic Supplementary
Material, Document 1). However, regarding the remaining
five impact categories (marine, freshwater and terrestrial
eutrophication, acidification, and water use), the contribu-
tion of services is primarily driven by hotels and restau-
rant services and ranges from 20 to 32% of the total im-
pacts of imports.

3.3.3 Comparison with results from process-based LCA

Overall, both the process-based LCA approach (Corrado
et al. 2019; a short summary is provided in Electronic
Supplementary Material, Document 1) and IO analysis
show the larger contribution of manufactured products to
the total impacts of exports from the EU, compared (i) to
the contribution of manufactured products to the total im-
pacts of imports and (ii) to the contribution of other
exported products and services (Figs. 3 and 4).
Machineries and vehicles are identified by both ap-
proaches as key contributors to impacts of exports regard-
ing several impact categories (human toxicity, cancer and
non-cancer, minerals and metals resource use, acidifica-
tion, particulate matter, freshwater ecotoxicity, and to a
lower extent water use and photochemical ozone forma-
tion). Yet, the larger contribution of manufactured prod-
ucts compared to other products is to be nuanced in the
process-based LCA approach, in a context of relatively
important contributions of fuels and mineral oils and iron
and steel that is not observed according to IO analysis. A
similar comment applies regarding results from IO analy-
sis, specifically considering marine, freshwater and terres-
trial eutrophication, and water use, for which food prod-
ucts and hotels and restaurant services show the major
contribution to the total impacts of exports from the EU.
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Moreover, in both modelling approaches, products with
more limited supply chains are observed as the main contrib-
utors to the impacts induced by imports to EU. However,
results from process-based LCA show that fuels and mineral
oils are the main contributing category of products for almost
all impact categories, while machineries are an important (or
even the main) contributor regarding four impact categories
(respectively, human toxicity cancer and non-cancer, freshwa-
ter eutrophication, and minerals and metals resource use;
Fig. 4). On the contrary, IO analysis identifies fossil fuels as
a key contributing category only regarding the impact on fos-
sils resource use (and to a lower extent, on climate change),
while manufactured products are observed to globally gener-
ate a lower share of the impacts of imports compared to prod-
ucts with more limited supply chains (still, representing from
1/4 to 1/3 of the total impacts of imports on climate change,
acidification, photochemical ozone formation, particulate
matter, human toxicity cancer and non-cancer, freshwater
ecotoxicity, and minerals and metals resource use). Instead,
IO analysis identifies as main contributing categories: (i) food
products (in particular products of meat), hotels and restaurant
services, and to a lower extent agricultural products (that is,
overall, products and services related to the food system) re-
garding acidification, terrestrial, freshwater and marine eutro-
phication, land use and water use, and (ii) materials, and of
most importance metals (in particular basic iron and steel) and
other materials and intermediate products (in particular rubber
and plastic products) regarding human toxicity cancer and
non-cancer, freshwater ecotoxicity, particulate matter,

photochemical ozone formation, climate change, and minerals
and metal resource use.

3.3.4 Distinct impact intensities of goods as the drivers
for the differences

Differences in the goods’ impact intensity (in impact unit per
unit of mass of product), and to a lower extent in the total mass
of goods considered to be traded according to each modelling
approach, are the two main drivers for the divergence in the
total environmental impacts of trade and corresponding prod-
uct contributions. The average impact intensity of goods
imported and exported is in most cases larger in IO analysis
than in process-based LCA, by a factor ranging from 1.1 to 2.3
with respect to eight impact categories out of 14 regarding
imports (factor 1.1 to 4.6 regarding nine impact categories
and exports), and even by a factor 48 regarding minerals and
metals resource use (factor 14 regarding exports; Electronic
Supplementary Material, Document 1). The considerable dif-
ferences in the impact intensity of goods regarding minerals
and metals resource use, as well as land use (Electronic
Supplementary Material, Document 1), are in line with the
considerable differences in terms of total impacts of imports
and exports regarding these two impact categories (Table 2).
They are mainly driven by differences in the scope of goods
modelled (in particular, meat products as discussed in Sect.
3.3.5) and by differences in the pressure intensity of goods
regarding some specific flows (especially forest land
occupation, gold and other industrial minerals; see Sect. 3.4

Agricultural, fish and forestry products Fossil fuels (raw materials and processed)

Metals (from ores to transformed) Other materials and intermediate products

Manufactured products
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Fig. 4 Environmental impacts of EU trade calculated with process-based LCA: contribution analysis derived from Corrado et al. (2019), considering 14
impact categories and 5 categories of products as an aggregation of the 40 representative products adopted to represent EU trade flows (year 2010)
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and Electronic Supplementary Material, Document 1, which
further discuss this issue).

Moreover, a larger total mass of imported and exported
goods is considered in IO analysis compared to process-
based LCA (26% and 5% larger regarding respectively im-
ports and exports). This larger mass of goods considered in IO
analysis combines with the larger overall impact intensity per
mass unit of goods, so that ultimately, for most impact cate-
gories, IO analysis results in larger environmental impacts of
trade compared to the process-based LCA approach.

It is noteworthy that both approaches consider similar
masses of fuels and mineral oils imported by EU (13% of
difference), but that a lower impact intensity is reported for
most impact categories according to IO analysis compared to
process-based LCA (Electronic Supplementary Material,
Documents 1 and 2). The drivers for these differences are
multiple, including the choice of a representative product in
the LCA-based approach potentially departing from the full
range of products included in the IO-based product category,
and the different data sources for the modelling (statistical
versus process-based). In the process-based LCA approach,
the much larger mass of fuels and mineral oils reported to be
imported compared to other goods (from 1 to 4 orders of
magnitude larger as a function of the goods) drives the large
share of impact of this good (Fig. 5, here considering the eight
impact categories for which fuels and mineral oils are identi-
fied as the main contributors to impacts). The impact intensity
of fuels and mineral oils is lower than that of many other
goods in the process-based LCA approach. For example re-
garding acidification, the impact intensity of fuels and mineral
oils (in mol H+ eq/kg of product) is lower than that of 50% of
the other goods, with a factor 6 of difference at maximum.Yet,
this lower impact intensity is compensated by the much larger
quantity imported compared to other goods, explaining the
large contribution of fuels and mineral oils to the total impact
on acidification (77% of the total impact of goods imported;
Figs. 4 and 5). Beyond acidification, now considering the
seven other impact categories in Fig. 5 (terrestrial eutrophica-
tion, water use, human toxicity, cancer, climate change, pho-
tochemical ozone formation, fossils resource use, and partic-
ulate matter), a similar observation is made: fuels and mineral
oils are imported in large quantities compared to other product
categories and induce the largest share of the total impact of
goods imported (from 36 to 89% of the total impact; Fig. 5).
Instead, IO analysis identifies a larger influence of impact
intensity in the calculation of the impacts of trade, ultimately
resulting in a more diverse set of most contributing products.
On the one hand, several goods are imported in large quanti-
ties compared to other goods but have in the meantime rela-
tively low impact intensities, resulting in limited contributions
to the total impacts of imports. For example, the mass of crude
petroleum imported is at least one order of magnitude larger
than the mass of 90% of the other goods imported to EU. In

the meantime, here again considering acidification as an ex-
ample, the impact intensity of crude petroleum is at least one
order of magnitude lower than that of 79% of the other goods.
Overall, this results in the minor contribution (less than 4%) of
crude petroleum to acidification, and to most of the other
impacts analyzed in Fig. 5. On the other hand, several goods
show a relatively large impact intensity (e.g., products of meat
cattle regarding acidification and terrestrial eutrophication,
crops nec. regarding water use, etc.), resulting in their relative-
ly important contribution to the total impacts of goods, despite
they are imported only in limited quantities as compared to
several other products.

A thorough analysis of the temporal changes of impact
intensities of products and services traded by EU, from the
years 2000 to 2010 considering results from EXIOBASE 3, is
out of the scope of this study. Yet, it is noteworthy that these
changes in impact intensities, combined with changes in
masses and monetary values traded, result in the changes in
impacts of trade from 2000 to 2010. Changes of impact inten-
sities over time reflect improvements in technology (e.g., im-
proved energy efficiency or abatement of pollution), but also
changes in the composition of goods and services traded
(“within” categories of products and services, that is at a level
of disaggregation finer than that considered in the
EXIOBASE database), changes in trading partners, etc.

3.3.5 Influence of services and meat products excluded
from process-based LCA

Services are accounted for in IO analysis while excluded from
process-based LCA, which primarily focuses on goods
(Table 1). Moreover, IO analysis accounts for the impacts of
transport when quantifying the total impacts of exports,
whereas the adopted process-based LCA approach does not.
One may adjust impacts calculated from IO analysis consid-
ering the process-based LCA framework, that is quantifying
the environmental impacts of traded goods: (i) regarding im-
ports, by excluding the contribution of imported services to
the total impacts, and (ii) regarding exports, by excluding both
contributions of exported services and transport to the total
impacts. Yet, doing so, IO-based impacts of EU trade are still
mainly larger than those obtained from the process-based
LCA approach, considering 13 impact categories in the case
of imports and 10 in the case of exports, with a factor of
difference larger than 2 regarding more than half of the impact
categories (Table 2). Therefore, such an adjustment in the
framework only partially compensates for the larger impacts
in the IO approach. Said in other words, the inclusion of traded
services in IO analysis only explains to a limited extent the
difference in impacts observed between the two modelling
approaches (Table 2 and Fig. 2).

Another potential major difference between the twomodel-
ling approaches is the absence of meat and meat-based
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products in the process-based LCA. As a sensitivity analysis,
the category meat and fish products is additionally accounted
for in the process-based LCA modelling of imports, consider-
ing poultry and beef meats as the representative products and
using the corresponding LCIs as developed by Castellani et al.

(2017) to calculate the life cycle environmental impacts of
food consumption in the EU. Only a limited increase in im-
pacts is observed: up to 4% for marine and terrestrial eutro-
phication and below 2% for all other impact categories. This is
in contradiction with the results obtained from IO analysis

Fig. 5 Contribution of goods to the total impacts of goods imported to EU (in %) as a function of the mass traded, distinguishing eight impact categories
according to IO analysis (IOA) (year 2011) and process-based LCA (year 2010)
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which highlight that products of meat (in particular meat cat-
tle) have an important contribution to the impacts of imports
with respect to several impact categories (in particular
terrestrial eutrophication, land use, and freshwater

eutrophication; Fig. 3). Such difference in results is primarily
driven by the very distinct impact intensities of products of
meat cattle from one modelling approach to the other (in im-
pact unit/kg of products of meat cattle), whereas the distinct

  

  

  

  
Note: IOA: Input-Output Analysis. In this figure, Motor vehicles and other transport equipments are disregarded from the results
obtained from IO Analysis, as they are represented in monetary units in EXIOBASE 3

Fig. 5 continued.
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masses considered to be imported have a much lower influ-
ence. These differences in impact intensities are in particular
associated with very distinct supply-chain emissions and re-
source consumption for some key substances and resources,
due to different data sources and calculation procedures. For
example, the life cycle emissions of ammonia (NH3) per kg of
products of meat cattle imported are more than 4 times larger
in the IO analysis approach (based on EXIOBASE 3 database)
than those in the process-based LCA approach (mainly using
the Agrifootprint database; Castellani et al. 2017). It can be
assumed (but should be further explored) that one major driver
for such difference is the procedure implemented in each ap-
proach to quantify manure (including the parameters used,
such as the body weight of animals, and their associated
values), and the corresponding emissions of NH3 that are cal-
culated and allocated to livestock activities (Merciai and
Schmidt 2018; Castellani et al. 2017). The different ways
co-products are handled in each modelling approach may also
appear influent in the case of cattle, for which a share is co-
produced by the activity of raw milk production in
EXIOBASE 3.

3.4 Contributions by elementary flows

3.4.1 Identification and comparison of the most contributing
elementary flows

The contribution analysis by elementary flows (substances
emitted to the environment and resources consumed) enables
(i) to identify the most impacting elementary flows along the
supply chain of goods and services exchanged through EU
trade, and (ii) to further analyze the reasons for the differences
in impacts (and subsequent product contribution analysis) be-
tween the two modelling approaches. Firstly, considering the
environmental impacts of imports, both modelling approaches
identify a similar set of most contributing substances with
respect to climate change, acidification, eutrophication (fresh-
water, marine, and terrestrial), photochemical ozone forma-
tion, and particulate matter, yet with relatively largely differ-
ing shares in some cases (Fig. 6). Fossil CO2 emissions to air
are the main contributing substance to climate change in both
modelling approaches, yet with a lower contribution accord-
ing to IO analysis (66% of the total impacts) compared to
process-based LCA (76%), while CH4 is the second contrib-
utor in both approaches (29% versus 14%). The larger contri-
bution of CH4 according to IO analysis, as any difference in
the contribution of substances between the two modelling ap-
proaches, can be related with the contribution analysis by
products. Both the relatively large emission intensities along
the supply chain of fuels and mineral oils in the IO framework,
and the accounting for meat products and hotels and restaurant
services, drive the larger contribution of CH4 emissions in IO
analysis compared to process-based LCA.

Moreover, in both approaches, sulfur oxides (SOx) emis-
sions to air are observed to be the main contributor regarding
acidification (53% and 78% according to respectively IO anal-
ysis and process-based LCA), and the second contributor re-
garding particulate matter (PM) (20% and 35%). Similarly,
both approaches identify PM2.5 emissions to air as the main
contributing substance to impacts on particulate matter (re-
spectively 64% in IO analysis and 60% in process-based
LCA), and nitrogen oxides (NOx) emissions as a key flow
regarding several impact categories. However, whereas
process-based LCA identifies NOx emissions to air as the
main contributing substance in terms of terrestrial eutrophica-
tion, marine eutrophication, and photochemical ozone forma-
tion (respectively 90%, 73%, and 58% of the total impacts),
IO analysis identifies a lower contribution (respectively, 34%,
45%, and 38% of the total impacts). Regarding terrestrial eu-
trophication, this result is to be put in perspective with the
relatively important contribution of NH3 emissions to air to
the total impacts of imports according to IO analysis (66%
compared to 10% according to process-based LCA), as driven
by processed meat and hotels and restaurant that represent
60% of total NH3 emissions. Finally, in both cases of model-
ling approaches, phosphorus (P) emissions to the environment
drive the impacts on freshwater eutrophication, yet being re-
ported in a different form (P to soil and to water in IO analysis
versus phosphate and P to freshwater in the process-based
LCA approach).

Considering resources, large (regarding fossils resource
use and water use) to very large (regarding land use and
minerals and metals use) differences are observed from
one modelling approach to the other (Fig. 7). Both
process-based LCA and IO analysis identify crude oil as
a key contributor to the total impact on fossils resource
use, yet representing different shares (respectively 84%
and 49%), IO analysis also identifying an important con-
tribution of natural gas (29%). In the process-based LCA
approach, imported fuels and mineral oils is modelled by
use of petroleum oils and oils obtained from bituminous
minerals, crude (excluding natural gas condensates) as a
proxy, which ultimately results in the lower contribution
of natural gas to the impact of imports on fossils resource
use compared to IO analysis. Moreover, IO analysis iden-
tifies grassland/pasture/meadow and unspecified land oc-
cupations as the inventory flows most affecting land use
(representing respectively 35% and 32% of the total im-
pact on land use), whereas process-based LCA identifies
non-irrigated arable land occupation as the major occupa-
tion flow (52%). Such difference in particular lies in the
accounting of processed meat and hotels and restaurant in
IO analysis (66% of the total occupation of grassland/pas-
ture/meadow). Finally, the contribution of elementary
flows importantly differs from one modelling approach
to the other regarding minerals and metals resource use:
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gold and other industrial minerals are the main contribut-
ing resource flows according to IO analysis (respectively
standing for 52% and 34% of the total impact), as op-
posed to copper and molybdenum in the process-based
LCA approach (respectively 48% and 13%), mainly due
to machineries (Corrado et al. 2019). This difference in
resource contributions is also a key driver to the differ-
ences in total impacts on minerals and metals resource use
according to each modelling approach (Table 2). Firstly,

the relatively large contribution of other industrial min-
erals according to the results obtained from IO analysis,
not observed in the process-based LCA approach
(Table 3), is expected to entail in the meantime a large
uncertainty in the total impact due to a high level of ag-
gregation compared to other flows (as observed by Beylot
et al. 2019 with respect to final consumption in the EU).
Secondly, regarding several metals used in “small” quan-
tities but whose characterization factors induce relatively
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large impacts, IO analysis results in larger flows with differ-
ences amounting to several orders of magnitude compared to
process-based LCA (factor 1447 of difference regarding gold,
101 regarding tin; Table 3). In the meantime, it is worth noting
that regarding several base metals consumed in larger quanti-
ties (iron, copper, and to a lower extent aluminum), IO analy-
sis also results in larger inventory flows compared to process-
based LCA, but with a more limited difference (factor of dif-
ference ranging from 2 to 10). Such observations are in line
with the larger difficulty to trace “small” metals compared to
base metals when building both hybrid MRIO tables and
LCIs. Finally, regarding human toxicity (cancer and non-
cancer) and freshwater ecotoxicity, the two modelling ap-
proaches importantly depart, primarily due to differences in
the scope of environmental interventions considered. IO anal-
ysis identifies emissions ofmetals to air as representing almost
the entire contribution to impacts on toxicity and ecotoxicity.
On the contrary, process-based LCA identifies emissions of
metals to air, but also to freshwater and soil, as well as emis-
sions of pesticides to soil, as significant contributors.

Regarding the environmental impacts of exports, it can be
noticed that the list of most contributing substances, their
ranking and even their share is essentially similar to that of
the case of imports (Electronic Supplementary Material,
Document 1). Yet, some important differences can be ob-
served, either specifically in one of the two modelling ap-
proaches or as confirmed by both approaches: larger contribu-
tions of forest land occupation regarding land use and of ura-
nium regarding fossils resource use (in both modelling ap-
proaches), of NOx emissions regarding photochemical ozone

formation (according to IO analysis), and on the contrary low-
er contribution of diflubenzuron emissions to agricultural soil
regarding freshwater ecotoxicity (according to process-based
LCA).

3.4.2 Influence of the larger scope of elementary flows
in process-based LCA

The larger number of elementary flows considered in process-
based LCA especially influences the toxicity-related impact
categories, for which it is a major driver for the differences
observed between the two modelling approaches. The 15 sub-
stances that overall represent 100% of the impact of trade on
human toxicity (cancer and non-cancer) and freshwater
ecotoxicity in IO analysis (mostly emissions of metals to air)
only contribute to 5 to 45% of the corresponding impacts in
the process-based LCA approach (even between 5 and 14%
regarding freshwater ecotoxicity). The remaining share (55 to
95% of the impacts) is due to emissions not accounted for in
IO analysis, in particular metals to water and pesticides to soil
(representing 46 to 86% of the total toxicity-related impacts in
the process-based LCA approach).

3.5 IO analysis and process-based LCA: summarizing
where the differences in impacts stem from

Overall, this study highlights larger impacts calculated from
IO analysis compared to process-based LCA. The accounting
for services is one of the reasons for this divergence, yet
explaining it to some extent only. In IO analysis, indeed,

Table 3 Main resource flows contributing to the impact of EU imports onminerals andmetals resource use: comparison of inventory and impact values
according to IO analysis (year 2011) and process-based LCA (year 2010)

(Uncharacterized) inventory flows (Characterized) impacts

IO analysis Process-based LCA Factor of difference IO analysis Process-based LCA
Unit Mass (kg) Impact (kg Sb eq)

Total mineral and metal resources 2.30E+12 8.65E+11 3 2.79E+08 3.78E+06

Gold 2.77E+06 1.92E+03 1447 1.44E+08 9.97E+04

Other industrial minerals 1.11E+12 3.19E+10 35 9.44E+07 1.65E+04

Tin 1.13E+09 1.12E+07 101 1.83E+07 1.81E+05

Lead 1.26E+09 3.21E+07 39 8.02E+06 2.03E+05

Copper 4.64E+09 1.33E+09 3 6.36E+06 1.82E+06

Molybdenum na 2.73E+07 na na 4.85E+05

Chromium na 4.64E+08 na na 2.05E+05

Tellurium na 6.73E+03 na na 2.74E+05

Indium na 1.91E+07 na na 1.32E+05

Zinc 6.30E+09 2.07E+08 30 3.39E+06 1.12E+05

Iron 3.74E+11 2.04E+11 2 1.96E+04 1.07E+04

Aluminum 1.69E+10 1.64E+09 10 1.84E+01 1.80E+00

Other mineral and metal resources 7.89E+11 6.26E+11 10 4.36E+06 2.57E+05

na not applicable
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services stand for 7 to 16% of the total impacts of exports, and
for 5 to 32% regarding imports. A similar comment applies to
the difference in the mass of imports and exports in each
approach (26% and 5% larger in IO analysis, respectively,
regarding imports and exports).

On the contrary, this study identifies the differences in the
impact intensities of goods, from one modelling approach to
the other, as the main drivers for the differences in the total
impacts and in the contribution analysis by products. These
differences in impact intensities derive from the differences in
life cycle inventories by product category as built according to
each approach. Among the potential major sources for these
differences, some are inherent to this study’s modelling ap-
proach. The focus of the process-based LCA is the single
product, which allows reaching a high level of detail in model-
ling the single supply chain, but at the same time poses some
constraints on the broadness of the number of products which
can be considered for the assessment. The assessment of the
impacts of trade performed by Corrado et al. (2019) is based
on the upscaling of process-based LCA results for 40 repre-
sentative products. The choice for products as proxy represen-
tatives for each entire product category implies (i) excluding
some products which appear relevant contributors to impacts
according to IO analysis (e.g., meat products with respect to
several impact categories) and (ii) assuming that the impacts
associated with each entire product category are represented
by those of a single representative product, potentially leading
to biased estimations of the impacts (e.g., fuels and mineral
oils represented by crude petroleum oils, in particular imply-
ing the underestimation of natural gas extraction).

Moreover, the impact intensities of goods may be signifi-
cantly affected by some features inherent to the IO and LCI
databases used to perform the calculations: (i) data sources for
emissions to the environment, respectively, statistic-based (IO
tables) or process-based (LCIs); (ii) data sources (including a
balancing procedure; Merciai and Schmidt 2018) for the esti-
mation of masses of products supplied and used within the
economy, as a basis for the construction of EXIOBASE hy-
brid IO tables; (iii) the less complete coverage of elementary
flows in the IO framework compared to process-based LCA
(in particular, the exclusion of emissions of metals to water
and of pesticides to soil in IO analysis, and the higher level of
aggregation of mineral resource flows); and (iv) the way co-
products are handled in each modelling approach, respective-
ly, by allocation in process-based LCA and by using the by-
product-technology model in IO analysis (which is equivalent
to system expansion; Suh et al. 2010).

4 Conclusions

The assessment of the environmental impact of trade in the
EU has been based on the comparison of two modelling

approaches, namely IO analysis and process-based LCA. To
support hotspot identification and subsequently decision mak-
ing, a thorough interpretation of the results is needed. Both
converging and diverging results have been identified and
assessed. Regarding the divergingmessages, the interpretation
of the results has focused on the evaluation of a variety of
aspects, encompassing, e.g., the methodological differences
between the two approaches, the underpinning assumptions,
the data coverage and sources, and the completeness of inven-
tory as basis for impact assessment.

On the one hand, the twomodelling approaches undertaken
in this study, very different in nature, converge in:

– demonstrating that the EU was a net importer of environ-
mental impacts in the period 2000–2010;

– showing an increase in impacts of EU imports and ex-
ports from 2000 to 2010 regardingmost impact categories
under study;

– showing that the EU trade balance (impacts of imports
minus impacts of exports) has increased from 2000 to
2010 regarding most impact categories (respectively, 10
and 11 impact categories in the process-based LCA and
IO analysis approaches);

– identifying manufactured products (in particular machin-
eries and equipment, and vehicles) as the main contribu-
tors to the impacts of exports from the EU, regardingmost
impact categories;

– identifying products with more limited supply chains as
the main contributors to the impacts of imports to the EU;

– identifying a similar set of most contributing substances
regarding the impacts on climate change, acidification,
eutrophication (freshwater, marine, and terrestrial), pho-
tochemical ozone formation, and particulate matter.

On the other hand, the two approaches importantly differ
regarding several aspects:

– impacts of trade are calculated to be larger in the IO-based
approach than in the process-based LCA approach, con-
sidering almost all the impact categories and years under
study. In most cases, the discrepancy between results
from IO analysis and process-based LCA is larger than
a factor 2, and this factor is particularly large regarding
terrestrial eutrophication, human toxicity (non-cancer),
land use, and minerals and metals resource use;

– from 2000 to 2010, impacts from exports have increased
at a larger pace than those from imports according to
process-based LCAwith respect to 13 impact categories
out of the 14 under study, whereas IO analysis instead
highlights a more balanced picture;

– the number of products included in the process-based
LCA is relatively limited compared to the IO analysis.
Therefore, process-based LCA identifies fuels and
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mineral oils as the main contributing good for most im-
pact categories for imports, whereas IO analysis identifies
different hotspots with fossil fuels as a key contributing
category only regarding the impact on fossils resource use
(and to a lower extent, on climate change). IO analysis
instead identifies (i) food products (in particular products
of meat), hotels and restaurant services, and to a lower
extent agricultural products (that is, overall, products and
services related to the food system) regarding acidifica-
tion, terrestrial, freshwater, and marine eutrophication,
land use, and water use, and (ii) materials, and of most
importance metals (in particular basic iron and steel) and
other materials and intermediate products (in particular
rubber and plastic products) regarding human toxicity
cancer and non-cancer, freshwater ecotoxicity, particulate
matter, photochemical ozone formation, climate change,
and minerals and metals resource use. It has to be
highlighted that the products coverage of process-based
LCA could be increased; however, this would be highly
resource-demanding, and, in any case, it would be almost
impossible to reach the broad coverage of IO analysis;

– in the process-based LCA, the life cycle inventory in-
cludes a higher number of substances than in the
EEIOA, resulting in relatively large differences in the
contribution analysis on substances regarding resource
use (in particular land use and minerals and metals re-
source use), toxicity, and ecotoxicity indicators.

The inclusion of traded services in IO analysis only ex-
plains to a limited extent the difference in impacts from one
modelling approach to the other. Instead, the impact intensity
of goods, represented to be importantly larger in IO analysis as
compared to process-based LCA (respectively considering
years 2011 and 2010), is the main driver for the difference in
the total impacts of trade. A consistency check of impact in-
tensities between process-based LCI databases and IO data-
bases, as e.g., initiated by Merciai and Schmidt (2018), ap-
pears key in the future to refine further the calculation of the
environmental impacts of trade, and to potentially reduce the
multiple divergences observed between the two modelling
approaches. Despite such consistency check is out of the
scope of this study, it is worth mentioning that limits in the
environmental extensions of EXIOBASE 3 (namely absence
of flows potentially key regarding toxicity and ecotoxicity
aspects; and high level of aggregation regarding other indus-
trial minerals) have been identified through this study.
Moreover, the procedure implemented to select representative
products and to upscale the results in the process-based LCA
approach implies excluding product categories which appear
key contributors in the environmental impact assessment ac-
cording to IO analysis (in particular meat products). Both
modelling approaches could, therefore, be further combined
in a hybrid framework, enabling to benefit from the

advantages of each other when performing the environmental
assessment of EU trade. On the one hand, such framework
would profit from the detailed inventories typical of process-
based LCA. On the other hand, thanks to its ability to capture a
broader picture of the impacts of economic activities, IO anal-
ysis could complement the selection of relevant representative
products to be included in the analysis, as well as provide
proxies for the impacts of services, captured in monetary units
in trade statistics, and usually not modelled in process-based
analyses.
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