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Abstract

In the context of climate change mitigation and the Paris Agreement, it is critical to
monitor and understand the dynamics of greenhouse gas emissions over different regions
of the world. In this study, we quantify the contributions of different drivers behind the
observed emission decrease in Europe between 2009 and 2014. To this end, we build
a novel dataset of deflated input-output tables for each of the 28 EU countries. This
dataset enables us to conduct the first Structural Decomposition Analysis of emissions in
European countries since the economic crisis. Our results show that the largest drivers
of emissions have been the improvement in carbon intensity (—394 MtCOqe), largely
offset by the economic recovery (4285 MtCOqe). However, other less intuitive drivers
also played a significant role in the emission decline: changes in the production sys-
tem (—104 MtCOge), mostly driven by an increase in imports; the evolution of final
demand patterns (—101 MtCOaqe); a decrease in emissions due to household heating
(—83 MtCOsqe) and private transport (—24 MtCOqe), with a small offset from popula-
tion growth (439 MtCOse). However, these aggregate figures mask significant variations
between EU countries which we also document. This study highlights the importance of
including changes in consumption patterns, trade and temperature anomalies in tracking
and fostering progress towards the Paris Agreement goals.
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Highlights

e The largest drivers of EU greenhouse gas emissions changes between 2009 and 2014
have been improved carbon intensity and economic recovery.
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e Changes in imports, production technologies, consumption patterns and household
heating also played a significant role.

e Dynamics of change varied significantly from one country to another.

e Tracking these drivers is essential to monitor progress towards the Paris Agreement
goals and increase ambition.



1. Introduction

The Paris Agreement has set a goal of limiting the global temperature increase to 2°C,
and if possible 1.5°C. A major challenge is now to ramp up mitigation policies and
overcome barriers to decarbonization of the world’s economy. To this end, it is critical
to understand the drivers behind the observed evolution of emissions. Only in this way
can progress be assessed and policies evaluated — while taking into account regional and
country-level specificities.

In its Article 4.1, the Paris Agreement also stresses the need to reach an emission
peak as soon as possible, and then to achieve greenhouse gas neutrality. As such, the
European Union is a particularly interesting case to study, since it is one of the first
regions in the world where a greenhouse gas (GHG) emission peak may have already
occurred (figure 1a).
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Figure 1: EU emissions and GDP per capita in six European countries. Source: Eurostat

In addition, the 28 Member States of the European Union offer a rich panorama
because of the diversity of national dynamics, in economic, demographic and political
terms. Since the economic crisis of 2008, the economic recovery has been fast in Poland,
while Greece has experienced a prolonged recession. Between these two extremes, the
other Member States have eventually returned to growth, but after a more or less pro-
longed period of recession (figure 1b). This economic crisis is likely to have generated
transformations in production systems by affecting certain sectors more than others, as
well as by inducing changes in both public and private consumption. Economic and
fiscal adjustments have also had an impact on the evolution of current accounts, with an
improvement for a majority of countries, and therefore a decrease in imports relative to
exports. There are also contrasted demographic trends (figure 5 in appendix), resulting
from variations in the evolution of birth and death rates and migration patterns over this
period.

As energy remains a sovereign prerogative, each of the 28 Member States has put in
place its own energy and climate policy under an overarching European goal. The Ger-
man FEnergiewende with the exit of nuclear power, the Spanish Sostenibilidad Energética
with a sudden end to support tariffs for renewable energy in 2012, or the Climate Change
Bill in the United Kingdom with the introduction of a CO4 floor price are examples of



this diversity in policies.

Demographic, economic and technological developments, together with energy effi-
ciency and climate policies influence the evolution of total domestic GHG emissions. To
better understand the evolution of emissions, it is necessary to disentangle the deter-
mining factors contributing to emissions increase or decrease. Is the observed emission
reduction due primarily to decarbonization of energy sources, increased imports, mild
winters or low economic growth? To answer such a question in detail, it is necessary to
use methods referred to in the literature as “decomposition analysis”.

There are two main types of methods: index decomposition analyses (IDAs) and
structural decomposition analyses (SDAs). IDAs are simpler and faster to implement
because they require less data. They are typically used to disentangle the respective con-
tributions of aggregated GDP, energy efficiency and population. Conversely, SDAs make
it possible to include more factors in the analysis. In particular they allow highlighting of
the role of consumption patterns and the evolution of the production system. They can
address questions such as: Is consumption shifting towards services rather than indus-
trial goods? Are the productive sectors more dependent on imports, and do they use less
carbon-intensive intermediate consumption? Such factors can be key in explaining emis-
sion changes (Kwok et al., 2018). The SDA approach is therefore richer, but also more
complex. Above all, SDAs require data which takes longer to produce: input-output
tables of national accounts, adjusted for price changes. These tables provide an accurate
picture of the economy, including the links between demand and production and cross-
sectoral trade at a detailed level (for example, 64 production sectors are distinguished
by Eurostat). Data collection and statistical verification generally involve a time lag of
at least four years for the production of these tables — and such production is often not
done annually. The analysis of drivers for GHG emissions therefore results in a trade-off
between speed of preparation and richness of analysis: IDAs are faster to prepare; SDAs
provide a richer picture. More in-depth discussion on the differences between IDAs and
SDAs are available in the literature (Hoekstra et al., 2003; Su and Ang, 2012; Wang
et al., 2017).

A more detailed analysis may be particularly important in the case of major economic
upheavals. Production and consumption structures can be altered, and thus affect emis-
sions directly and indirectly. However, no SDA has been carried out on Europe since the
2008 crisis.

Recent literature on the decomposition of European GHG emissions is limited: there
have been only three SDAs published since 2013, and none of them have studied European
emissions beyond 2009. Duarte et al. (2013) analyzed the emissions of ten European
countries between 1995 and 2005. They showed that the effect of technological change
and efficiency improvements were not enough to compensate for economic growth. Brizga
et al. (2014) studied emissions from the Baltic countries (Estonia, Latvia, Lithuania)
between 1995 and 2009. They highlighted that the increase in emissions was mostly due to
economic growth, partially offset by declining emission intensity in Latvia and Lithuania,
and by shifts in consumption patterns and production structure in Estonia. Cansino
et al. (2016) decomposed Spanish emissions between 1995 and 2009 and concluded that
the promotion of renewable energy contributed to emission reduction.

By contrast, there has been a high number of IDA studies, due to the lower data
requirements of this approach. Xu and Ang (2013) reviewed more than 80 studies. More
recently, the IDA method has been used by Moutinho et al. (2015) to study the evolution



of COy emissions in Europe. Cansino et al. (2016) studied Spanish emissions. Peters
et al. (2017) used IDA to monitor alignment with the Paris Agreement for five regions,
including the EU28. Finally, Le Quéré et al. (2019) analyzed the drivers of CO4 emissions
in 18 developed economics over the period 2005-2015.

This small number of recent SDA studies is probably linked to the lack of recent data,
and in particular of deflated input-output tables. Previous analyses were conducted using
the deflated input-output tables of the World Input-Output Database (WIOD). However,
the WIOD no longer provides these tables at constant prices for years past 2009. The
latest release of the WIOD only provided tables at current prices, up to 2014. In contrast,
in the United States, the US Bureau of labour statistics provides input-output tables for
the United States up to 2013, which allowed Feng et al. (2015) to analyze national
emissions between 1997 and 2013. This article generated controversial results on the role
of natural gas in the US emissions decline, provoking a comment by Kotchen and Mansur
(2016) on some aspects of its methodological approach.

Our study looks at the evolution of domestic emissions, in line with the European and
international commitments of the EU Member States. It should be noted that this study
does not consider imported emissions. While imported emissions are required to estimate
carbon footprints, they require different methodological choices than those adopted here
(Barrett et al., 2013).

A new, unique time series of price-adjusted input-output tables has been constructed
to analyze the evolution of European emissions in detail, based on the latest available
data. More precisely, this new database was built using tables for the period 2009-2014
for each of the 28 Member States. Price effects have been separated from volume effects,
for each of the 56 economic sectors considered. Year 2014 was the last year for which
input-output tables were available at the time of writing this article. While a more
up-to-date data set would have been desirable, this is already a notable improvement
over existing data. By comparison, the WIOD only provides deflated tables up to 2009.
Exiobase, another well-recognized supplier of Input-Output tables, is about to release a
new set of data (Exiobase 3) which will cover years up to 2011 only. The fully reproducible
code used for the deflation procedure, as well as a detailed documentation of the method
and data used for deflation have been made available at https://github.com/GICN/
Deflating_WIOD_Tables, so that this data set can be scrutinized and reused for further
studies.

To disentangle the various drivers of emissions, the SDA methodology is tailored to
the aim of this article and to our data set. The analysis is performed for each of the
28 Member States and for the European Union as a whole. Eight drivers are disen-
tangled: carbon intensity of GDP; production structure; consumption patterns; wealth
per capita; population; and household emissions related to heating, transport and other
needs. Finally the analysis is extended to disentangle the influence of imports and tech-
nical changes in the production structure — drivers that are rarely considered in the
literature.

Thanks to the unique data set built, this study represents a significant improvement to
the available literature in terms of its use of the most recent data, geographical coverage
and methodological originality. Our SDA is much more recent than the latest publications
for European countries: it starts when the latest studies end (2009). It is therefore the
first study to detail the evolution of European emissions since the 2008 economic crisis. In
terms of coverage, our SDA is the first to include each of the 28 countries of the European
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Union, as well as the Union as a whole. Compared to the three recent European studies,
it is also the only one to include the six GHGs of the Kyoto Protocol. Finally, from a
methodological point of view, our adaptation of the SDA method makes it possible to
highlight the role of factors that are not well studied, in particular the effects related to
imports, consumption patterns and climate variations.

The purpose of this analysis is therefore to better understand the evolution of past
emissions. A better understanding of the underlying emission drivers can help to better
assess the results of policy efforts to date and better anticipate future developments.
Finally, the identification of underlying drivers can feed into current thinking on the
indicators to be put in place to monitor countries’ emissions under the Paris Agreement.

In order to improve readability and communication, the results of this article have
been translated into an interactive application, accessible at https://gicn.shinyapps.io/EU _emissions.

The remainder of the paper is organized as follows: section 2 presents the methodology
and data, the analysis and results are in section 3, and section 4 concludes.

2. Materials and method

2.1. Data used

The evolution of GHG emissions between 2009 and 2014 are broken down for 28 European
Union countries, using the following data sets:

e WIOD Input-Output tables, published in 2016 (2016 release). The WIOD database
provides input-output tables for 43 countries (28 European countries plus 15 major
economies), distinguishing 56 economic sectors for the period 2000 to 2014. These
tables are in national currencies. The rest of the world is aggregated as a single
country, with the same structure and level of sectoral disaggregation as the other
countries. The list of the 56 sectors can be found in the documentation which
details our method and code, at github.com/GICN/Deflating _WIOD_Tables.

e The socio-economic accounts of the WIOD, published in February 2018. These ac-
counts provide data on output, prices, capital stocks, and employment at a sectoral
level.

e The exchange rate values provided by the WIOD, used to transform values in
national currencies to values in 2010 USD. Our deflated tables will thus be in
dollars, not euros; but this does not impact the results, as the SDA methodology
considers the relative variation of each parameter.

e GHG emissions accounts provided by Eurostat (database env_ac_ainah_r2). These
emission accounts provide the emission levels, in CO5 equivalent, for seven gases
or family of gases: COz, NoO, CHy, HFC, PFC, SF¢ and NF3, using the global
warming potentials of the IPCC 4*" assessment report. The emissions recorded are
those of resident units, as defined in the national accounts. In particular, they do
not include direct emissions from foreign tourists in the territory. Emissions from
land use, land use change and forestry (LULUCF) are also not included in this
data set.
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2.2. Input-Output table deflation

The WIOD tables are provided in current prices and therefore provide useful information
on the economy each year. However, for time series analyses, volume variations must
be disentangled from price effects. All tables must be converted from current prices to
constant prices, i.e. into a common currency for a single year. This procedure is known
as ‘deflation’.

The previous version of WIOD (2013 release) provided deflated input-output tables,
but the newest 2016 release is only available at current prices. However, in February 2018,
WIOD published the socio-economic accounts (SEA) associated with the input-output
tables. These SEA include price deflators for each sector and each year.

By using the new information provided by the socio-economic account, we undertook
the deflation of WIOD tables. We applied the method used by Los et al. (2014) to convert
WIOD tables, initially in current prices and national currencies, into tables in 2010 US
dollars (USD). The exact procedure followed is detailed in the supplementary material
“Deflating Input-Output Tables from WIOD”. The corresponding R code can be freely
downloaded at github.com/GICN/Deflating_WIOD_Tables, along with the documenta-
tion. The results of this important preliminary work are new deflated tables with output,
value added and demand in constant prices for each sector, as well as for the intermediate
consumption matrix. The code and the resulting tables are provided in full, ensuring the
transparency of our method and encouraging the reuse of our data for other studies.

2.3. Decomposition method

EU emissions are broken down using the SDA approach. Using input-output analysis,
industrial emissions can be linked to five drivers: population, consumption per capita,
consumption structure, production structure and carbon intensity of production. The
full methodology is explained in section A.2 in appendix, and leads to the following
equation:

GHG™ =¢T . L-s-y-p (1)

The notation here follows the conventions of Miller and Blair (2009), where a bold and
lowercase letter indicates a column vector, and a bold and capital letter indicates a square
matrix. Here GHG™? represents total industrial emissions; ¢ is the vector of carbon
intensity of production, equal to the GHG emissions divided by the output in each sector;
T is the transposition operator; L is the Leontief matrix representing the production
structure; s is the structure of consumption; y is the average per-capita expenditure and
p is population. Emissions are estimated using a single-region approach (SRIO), which is
suited to the study of domestic emissions. In this framework, imports are treated as non-
competitive in the sense of Su and Ang (2013). However, this assumption is not crucial
for our results, as this paper considers domestic emissions, not imported emissions.

To obtain total GHG emissions, one must add direct emissions from households,
i.e., all GHG emissions from a source owned or controlled by a household —such as
emissions from the use of petrol in their car or fuel oil to heat their house. Emissions
from households, GG"°"$ can be broken down into three categories provided by Eurostat:
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transport emissions, heating and cooling emissions, and other emissions.
hous
GG"ove = HHtransp + HHheat + HHothers (2)

where the “Others” emissions are low in practice (see section A.3 for more information
on this equation).

Finally, since the accuracy of the input-output data is not perfect, an error term e
should be added to ensure equality between the two sides of the equation. This error term
is due to a slight difference, in the WIOD input-output tables that were deflated, between
the sum of the added values on the one hand, and the sum of final expenditures plus
exports minus imports on the other hand. The appearance of this difference is linked to
the deflation method used. Rather than hiding this difference by arbitrarily allocating it
to stock and inventory changes, it was made explicit to ensure that it remains negligible.

Combining equations 7 and 2 and adding the error term yields:

GHG:CT 'L's'y'p+HHtransp+HHheat+HHothers+€ (3)

A total differentiation then gives:

AGHG =Ac¢” 'L-s-y-p+¢' -AL-s-y-p+¢’ -L-As-y-p+
¢’ L-s-Ay-p+c’ - L-s-y-Ap+ (4)
AHHtransp+AHHheat +AHHothers +A€

Changes in GHG emissions are thus decomposed into a sum of nine terms, eight
corresponding to the variation of one of the parameters identified in the decomposition,
plus one error term. Each term and its meaning in terms of drivers is detailed in table 1.

Table 1: Definition of the factors studied.
More information can be found in section A.4 in appendix.

Term Driver

AcT - L-s-y-p Carbon intensity of production
¢’ -AL-s-y-p Production structure

¢’ L-As-y-p Final consumption structure.
¢’ L-s-Ay-p Level of wealth per capita

¢’ L-s-y-Ap Population

AHHransp Household transport emissions

AHHpeat Household heating and cooling emissions
AHH,ihers Other direct household emissions

Ae An error term

In practice, differentiation is computed in this paper following the mean-value ap-
proach, as recommended by Dietzenbacher and Los (1998). An advantage of this ap-



proach is to reveal the ranges of uncertainty which are inherent in such a differentiation.
The reader is referred to appendix A.5 for more details.

3. Results

3.1. Emissions trends for the European Union as a whole, 2009-
2014

We apply the methodology presented in the previous section, in order to disentangle the
relative contributions of the eight emission drivers for the period 2009-2014. The results
are shown in figure 2.

Over the whole period, the first factor of variation is by far the decrease in the carbon
intensity of production, amounting to -394 MtCOqe. These improvements in carbon
intensity were only partly mitigated by the increase in per capita wealth, which amounted
to 285 MtCOqe. These two factors are the largest ones, and also the most intuitive ones.
But taken together, they only explain a reduction of 70 MtCOqe, against a total of —359
MtCOxze observed over the period. Some secondary factors thus played a major role in
the emission decrease. These factors were, by order of importance, the transformation
of the production structure (-104 MtCOxqe); changes in the consumption structure (—
101 MtCOgqe); a decrease in direct emissions from households related to heating and
cooling (83 MtCOse) and to transport (—24 MtCOse). The only counteracting effect
among these other factors was the growth in population, which pushed emissions up by
39 MtCOqe. Figure 2 also confirms that the error term Ae is small compared to other
values (-1 MtCOaqe).

The decomposition method used in this paper allows us to estimate the uncertainty of
the results obtained (see section 2.3 and appendix A.5). Our sensitivity analysis indicates
that the relative order and sign of the factors are robust (see appendix A.6).
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Figure 2: Drivers of EU GHG emission variations, 2009-2014. The factors
are represented by decreasing order of contribution. This order may therefore
vary for other geographical areas or other periods. Also note that the y-axis
does not start at zero.



3.2. Annual European dynamics

One can go further in the analysis by showing annual changes, in order to study more
finely the dynamics at play. This work is shown in figure 8.

Figure 8 indicates that the improvement in carbon intensity has been continuous,
except between 2011 and 2012. Conversely, per capita wealth has been a stable upward
factor, except between 2011 and 2012. Production structure played a major role in the
rise from 2009 to 2010, then contributed to the fall in emissions until the end of the
period. Consumption structure contributed to a decrease in emissions over each period,
except for a slight increase in 2010-2011. Direct household emissions related to heating
and cooling increased in 2009-2010, then declined sharply in 2010-2011 and 2013-2014.
This swift variation can be linked to temperature anomalies: the years 2011 and 2014
were marked by milder winters, with a low number of heating degree days in the EU
(figure 15a in appendix). Finally, transportation contributed to a slight decrease in
emissions until 2012, and a very slight increase in 2013-2014.

Compared to IDA or sectoral analyses, the specificity of our SDA methodology is to
show the impacts of consumption patterns and production structures. We will therefore
focus our analysis on these two points, in sections 3.3 and 3.4, respectively, in order to
better understand the meanings and implications of these effects. Finally, we will explore
the diversity of national trajectories in section 3.5, with a country-by-country analysis
of the largest emitters.

3.3. Consumption structure

The effect of consumption structure corresponds to a change in the distribution of final
demand between sectors. To better understand these changes in final demand and their
implications on emissions, the total “consumption structure” effect can be broken down
into the contributions associated with each sector. The methodology is described in
appendix A.8.

Our results indicate that the downward trend in emissions due to the consumption
structure over the period 2009-2014 is strongly driven by a relative fall in final demand
in the electricity and gas sector (code D35 in the NACE R2 Eurostat classification), with
also a notable fall in agriculture (A01), agri-food (C10-C12) and construction (F'). These
emission decreases are limited by increases in the final demand share allocated to other
sectors, in particular the metals (C24) and coking and refining (C19) sectors. This is
shown in figure 9.

This significant fall in demand in the electricity and gas sector (D35) is more specif-
ically linked to two factors: a fall in household expenditures and a decline in exports —
both in volume and in share of the total final consumption (this is shown in figure 11
in appendix). The decrease in the household budget can be explained by a decrease of
about 10% in the number of heating degree days in the European Union over this period:
from 80,212 in 2009 to 72,128 in 2014 (Eurostat, database nrg_chdd_a). This might be
attributed to climate variability with a possible influence of a long-term climate change,
but the strong decline over this particular period is quite sensitive to the period chosen,
with a fairly mild 2013/2014 winter. Extending the period up to 2016, for example,
would see a lower decline to 78,500 heating degree days. Besides, a limitation of our
data set is that it does not separate electricity and gas, which does not allow to make a



specific analysis for each of these energy carriers.

For the agri-food sector, there is a decrease in the proportion of expenditures allocated
to agricultural products over the period 2009-2014, driven by a decline in the share of
the budget allocated by households, and offset by a slight increase in exports in total
final demand. Figure 9 highlights that this decrease comes mainly from the year 2009-
2010. The most likely explanation is that this is a readjustment following the food price
crisis over the period 2006-2008, when prices reached a world peak in 2008 (FAO, 2011).
Finally, for the construction sector, there is a decline in investment relative to total final
demand.

Geographically, the downward structural effect is mainly due to Germany, the United
Kingdom and Italy, which account for —48 MtCOse, —25 MtCOge and —16 MtCOqe,
respectively. The structural effect was slightly positive in eight countries, and quite
strong in Spain with 420 MtCOqe (see figure 12 in appendix). The reduction in emissions
linked to a reduction in consumption in the electricity and gas sector is shared among
most European countries. The effect is most pronounced in Germany (—37 MtCOse),
although two countries have a positive contribution: Spain (+2.8 MtCOqe) and Ireland
(+1.8 MtCOqe), as shown in figure 13 in appendix.

3.4. Production structure

The structural effect of production contributed markedly to the fall in emissions over
the period as a whole. To understand this better, we break it down into two effects: an
effect purely due to technical change in the production function, and an effect related to
changes in imports. This methodology, which has not previously been applied in SDA
analysis to our knowledge, is indicated in appendix A.9.

The result of this breakdown between technical changes and imports is shown in
figure 3a. Over the whole period, the increase in imports played a major role, reducing
emissions by —76.5 Mt COse. The role of technological change is three times less, with a
contribution of —27.8 Mt COse. In addition, the sign of the technological change is not
entirely determined, since zero is included in the range of uncertainties of our mean-value
decomposition method (refer to section 2.3 and appendix A.5 for an explanation on how
uncertainties are computed).

The analysis of annual variations, shown in figure 3b, highlights that both technical
change and imports influence emission variations, but the sign of their contributions
varies along time. An increase in imports strongly reduced emissions between 2009 and
2011, while a decrease in imports increased emissions between 2012 and 2013.

Technological changes first pushed emissions up between 2009 and 2011 and then
contributed to emission reductions up to 2014.

3.5. Country-by-country analysis

A comparison between countries shows that the emission drivers were very different from
one country to another. The results for all the 28 EU countries are accessible on an
interactive app: gicn.shinyapps.io/EU_emissions. Here, we present the results for the
top six EU emitters: Germany, the United Kingdom, France, Italy, Poland and Spain
(figure 4). These six countries accounted for 68% of the EU’s total GHG emissions in
2014.
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Figure 3: Respective contributions of technical change and imports to EU emissions variations, 2009—
2014.

Germany is the only one of the six countries where carbon intensity has not decreased.
This is mainly due to developments in the electricity sector between 2011 and 2013: the
closure of eight nuclear reactors following the Fukushima accident, the fall in coal prices
with the shale gas revolution in the US and the low carbon prices on the European
market, which all contributed to favouring coal over gas and nuclear energy. Per capita
growth was particularly high over the period, but it was offset by very strong structural
effects on the production system and the consumption basket.

The United Kingdom is characterized by strong population growth, mainly driven
by immigration (Randall, 2017), and by an increasingly emissions-intensive production
structure. However, net emissions have decreased, mainly due to great progress in carbon
intensity.

France has experienced strong reductions in heating-related emissions, in part driven
by large variations in heating degree days (see figure 15b in appendix). Combined with
relatively low GDP per capita growth, improvements in energy intensity have reduced
total emissions.

In Ttaly, per capita growth was negative over the period. Combined with improved
energy efficiency and changing consumption patterns, the country achieved the largest
emission reductions in Europe over the period in absolute terms, and the largest in
relative terms among the six countries studied.

In Poland, GDP per capita growth has been particularly strong, but the significant
improvement in energy intensity has stabilised emissions. The absence of population
growth can be linked to a low birth rate and continued emigration (Devictor, 2012).

Finally, in Spain, the contribution from growth was close to zero, and even slightly
negative. The structural effects of production and consumption played a role, but the
reduction in carbon intensity was the second largest, resulting in an overall reduction of
the total emissions for that country.

For the rest of the countries, the dynamics of change vary greatly from one country
to another. We have not been able to identify groups of countries with common dynam-
ics. At a more aggregated level, the usual comparison between Eastern and Western EU
countries shows similar dynamics (see figure 17). In both Western and Eastern coun-
tries, GDP growth pushed emissions up, while improvements in carbon intensity and



France

Great-Britain

Germany

S oseuvoes I fsua voo
% spjoyasnoy Aq saniaioe buljoos/BuiresH L2 - spjoyasnoy Aq sanianoe buijoos/BuneaH
© a1monu)s uondwnsuod @ - yiream eyded Jod
[ B ] 4
o 2IMdN1IS UONdNPOId o — sployasnoy Aq sanianoe Jodsuel)
- spjoyasnoy Aq saninoe jodsuel) o v ployasnoy Aq samAloe 1aYi0
et Aoeinageul eyeq o _ uopendod
“ _ ployasnoy Aq samAioe Jayi0 “ _ Koeinooeu ereq
o) . uonejndod o I 2INjoNJIs UonoNpPoId
~ yjeam endes Jad - Q I ainonas uondwnsuo)
] r——— ] ——
[¥e} o ™
n
° o ° o 0 ° 0 ° 0 o
3 8 3 <) & 8 2 3 & 8
wn wn < < < < ™ ™ ™ @
9202 J0 sauuo} uol|iiN 9202 JO sauuo} uol||IN
<
S I vooro I s voaeo
% I aimonns uondwnsuo) ﬂ I 2Injonuis uonanpold
M . spjoyasnoy Aq seniAnoe buljooo/bunesH % . ainonus uondwnsuo)
o _ sployasnoy Aq saninoe Jodsuel 0 - sployasnoy Ag sanianoe Buljood/Buireaq
= 7 ployasnoy Aq samiAnoe Jaylo =t _ sployasnoy Aq saninnoe yodsuel)
- _ Aoeinaoeul ereq o _ Aoeinaoeu ereq
~ I ainjonuis uononpoid o 7 uonejndod
- - -
] I uonejndod o ployasnoy Aq SamAide JaYi0
- aroneiceorea | 2| I reon eiced o
] —— T ) T
a
° o ° o 0 o 0 ° 0 o
8 3 8 3 2 3 & 8 2 3
~ © © wn < < < < ™ 3l
920D Jo sauuo} ol 9202 JO sauuo} uoljjiN
o -
5 I o rionss vononposg % I s vocsed
% I ainjonais uondwnsuo) % I ainjonus uondwnsuo)
% . sployasnoy Ag samanoe Buljood/Buireaq % yyeam eyded sad
o 7 Aoeinaoeul eyeq ﬂ spjoyasnoy Aq saniaioe buljoos/BuiresH
o sployasnoy Aq seniAnoe Jodsuelt ~ spjoyasnoy Aq saniAnoe Lodsues)
o ployasnoy Aq saniAnoe 1ay1o il Aoeinooeul ereq
0 uonendod o 7 uone|ndod
© - Aususjur uogred o ployasnoy Aq saniAnoe Jsylo
2 I e viceo = amanas uoponpoia
-
~ > %
% ) B
=

11004
10504
1000+
950+
900+

9209 JO SBUUO} UON|IN

9209 JO SBUUO} UON|IN

Figure 4: Drivers of emissions for the six largest EU emitters, 2009-2014. Note that the y-axis does not

start at zero and varies for each country, and that the order of drivers depends on the country, as they

are ordered by decreasing order.

changes in production and consumption patterns pushed emissions down. However, in

Western Europe, the improvement in carbon intensity was more pronounced, and heating

emissions also fell more sharply.
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4. D

Over the period 2009-2014, the evolution of GHG emissions is mainly explained by an

improvement in carbon intensity (-394 MtCOse), largely offset by the post-crisis eco-
nomic recovery (+285 MtCOz). However, our SDA also shows that other factors played



an important role in the decline of emissions: the evolution of the production structure
(=104 MtCOgqe), driven by increased imports and technical changes; the evolution of con-
sumption and investment patterns (-101 MtCOze) and the decrease in direct emissions
linked to household heating and cooling (-83 MtCOqe) and household transport (—24
MtCOxqe). These effects were slightly offset by population growth (+39 MtCOxe).

4.1. Comparison with other results

Our approach provides a global overview of the main drivers of EU emissions trends.
This approach is complementary to more detailed sector studies, based on dedicated
modelling or econometric analyses, and to IDA studies.

The decrease in carbon intensity in Europe has been studied by Peters et al. (2017),
using an IDA. In their analysis, they break down the evolution of emissions into three
factors: GDP, energy intensity (energy/GDP) and carbon intensity (COs/energy). They
show that carbon intensity has continuously decreased over the period 2009-2014 at the
EU level, dragging emissions down. Our results also highlight a decrease of carbon
intensity every year, except for the year 2011-2012 where we find a small positive effect.
Our SDA indicates that the production structure played a significant role in reducing
emissions that year - a driver that their IDA approach could not identify, which might
explain the difference.

In another IDA study, Le Quéré et al. (2019) show that the decrease in EU emissions
was strongly driven by a decrease in energy use. However, they do not detail the respec-
tive shares of GDP, energy intensity and carbon intensity at the EU or country level.
The fact that they consider only COy while ignoring other GHGs further complicates
the comparison. If we combine our three drivers of per capita wealth, population and
carbon intensity to match their ’energy use’ driver, we also find a significant source of
emission decrease (70 GtCOz). However, this effect is smaller than those due to pro-
duction structure and consumption structure. Our SDA approach has thus revealed new,
significant drivers that are not accessible to IDAs.

For the transport sector, sections 3.1 and 3.2 showed that transport activities by
households contributed to a slight decrease in emissions over the period (24 GtCOze),
with a decrease until 2012, and a very slight increase in 2013-2014. This aggregate
evolution of transport emissions can be broken down more precisely, according to fuel
types, emission intensity of different vehicles, level of activity, and several other factors.
Although such a detailed analysis is beyond the scope of our study, the link can be made
with sector-specific studies. In particular, Andrés and Padilla (2018) made a detailed
analysis of EU transport activities from 1990 to 2014 using the STIRPAT model. They
find that population and transport energy intensity have been the two main drivers of
emissions trends in the EU transport sector, with a smaller but noticeable contribution
from economic activity and transport volumes.

As for the impact of climate on energy consumption, Bréon et al. (2017) also inferred
an impact of mild winters on emission reductions in Germany, the United Kingdom,
France, Italy and Poland over the period 2009-2014 using a different methodology.



4.2. Future developments

This analysis of past years may help to anticipate future developments. The global
economic recovery seems to have continued and may have remained the largest driver
pushing emissions up, unless a new economic crisis occurs. Demography can be expected
to keep playing a small upward role in the next decade. The European population should
grow moderately until 2045, by +4.4% compared to 2014, before gradually declining
(Eurostat, proj-15npms, baseline scenario). In comparison, the EU population increase
was 1% over the period 2009-2014.

On the contrary, carbon intensity and transport might push emissions down. The
improvement of carbon intensity could continue, as the European electricity mix is still
highly carbon intensive. In 2017, gas and coal-fired power plants produced 40% of the
electricity in Europe (Jones et al., 2018), while the costs of solar panels and wind gener-
ation continued to fall (IRENA, 2017). However, the “integration costs” associated with
these variable renewable energies could limit their expansion (Hirth, 2014). Transporta-
tion is another key sector for reducing emissions. With the rapid decarbonization of the
electricity sector, transportation has become the main emitting sector in 2014 (European
Environment Agency, 2016). A shift to electric vehicles, coupled to a decarbonization of
electricity production, could be an important lever to reduce European transportation
emissions (Moro and Lonza, 2017).

Finally, the future net effects of heating and cooling, production structure and con-
sumption patterns are more ambiguous. Heating emissions could recover in the short
term, as 2014 was a particularly mild year. In the longer term, milder winters associated
with climate change could reduce heating emissions. However, this positive feedback
may be weakened or even offset by an increase in air conditioning (De Cian et al., 2016).
Concerning the structure of consumption, the key sectors were shown to be electricity
and gas production, as well as agriculture and the agri-food industry. It is possible to
reduce the emission share of the electricity and gas sector by encouraging thermal insula-
tion measures and the energy efficiency of domestic appliances and heating systems. For
the agri-food sector, a shift towards a more vegetarian diet, for example, could reduce
emissions from agriculture (Stehfest et al., 2009). On the production side, the analysis of
the production structure has shown the dominant role of increased imports. In the short
term, the strengthening of climate policy measures, such as the expected increase in the
carbon price on the European Emission Trading Scheme following the entry into force
of the Market Stability Reserve (Mark Lewis, 2018), could reinforce these carbon leaks,
even though econometric studies seem to show a rather limited effect (Branger et al.,
2015).

4.3. Conclusion

In conclusion, this work provides new quantitative information on the drivers behind
GHG emission reductions in Europe, highlighting their multidimensional nature. Al-
though carbon intensity and economic recovery were the main drivers, the contributions
of consumption structure, production structure and temperature anomalies also played
a major role.

This article also makes a significant contribution by providing a methodology and
indicators that could be used to track progress towards the Paris Agreement goals (Peters



et al., 2017; Green, 2017; Spencer et al., 2017; Iyer et al., 2017; Mathy et al., 2018) or
to define when a country’s emissions have “peaked”, in line with Article 4.1 of the
Paris Agreement. Our results indicate that import rates, household emissions linked
to heating and cooling and household emissions in transport are important drivers of
total emissions. Thus, they should appear in any set of tracking indicators. In addition,
the importance of climate-related variations suggests it could be appropriate to consider
climate-adjusted emissions, at least for short-term targets. Our results could also be used
in future evaluations of climate policies implemented in European countries. Indeed, the
evaluation of climate policies should not be based on observed emissions alone. This
study has shown that many drivers can be at play, some of them not directly linked to
climate policies, like GDP growth, climate variability, or population changes. Conversely,
the evolution of emissions driven by carbon intensity, which can only be disentangled by
SDAs such as this one, may be more closely related to energy policies.

Finally, the importance of production and consumption patterns in our results em-
phasises the need for more analyses on the subject and better monitoring of their trends.
A first step would be to improve the availability of data on national accounts. Cur-
rently, only four European countries provide product-by-product input-output tables
on an annual basis: Austria, Germany, France and Sweden (see Eurostat database
naio_10_cp1700); and the generation of these tables currently takes four years. A better
harmonization of data generation across countries, and a faster publication process —
for example through a two-step publication of preliminary and then consolidated data —
could greatly improve the necessary task of tracking progress towards the Paris Agree-
ment goals. Besides, such improvements would also benefit the analysis of imported
emissions and carbon footprints, which also relies on input-output tables. These data
sets are thus crucial to measure progress towards “carbon neutrality”, which, according
to IPCC (2018), has to be achieved globally by 2050 for limiting temperature to 1.5°C.
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Appendix A Appendix

A.1 Additional emissions drivers
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Figure 5: Emissions drivers for six major EU28 economies

A.2 Decomposing industrial emissions

Input-output analysis is based on the balance between resources and uses in an economy.
Vectorially, one can write:

q=1tic+ fd

The notation here follows here the conventions of Miller and Blair (2009), where a bold
and lowercase letter indicates a column vector, and a bold and capital letter indicates
a square matrix. q represents the production vector, ic the intermediate consumption
vector, and fd is the vector of total final demand, which aggregates household final
consumption, government expenditure and investment.

Let us call A the matrix of technical coefficients, such that i¢ = A - q. Rearranging
the previous expression and inverting a matrix gives the following equality:

qg=I-A)" fd

This equality is the fundamental equation of input-output analysis, which links demand
and production. I is the identity matrix. L = (I — A)~! is called the Leontief matrix. It
captures the inter-industry relationships within an economy, showing how the output of
one sector can be used in other sectors. More precisely, each term (4,5) of the Leontief
matrix indicates the output needed in sector ¢ to satisfy a unit of final demand addressed
to sector j.

To move from production to emissions, each member of the equation can then be
multiplied by the carbon intensity vector ¢, where ¢ is defined as the amount of GHG
emissions in sector i, GH Gg"‘ﬁ per unit of production P; in this sector: Vi, ¢; =
GHG™/P;, as commonly done in environmental input-output analysis. In vector form,
total industrial emissions GHG? can then be linked to final demand using the formula:



GHG™ =T . L. fd (5)

where T indicates the transposition operator.
Final demand can be further decomposed to highlight the role of population p, final

per capita expenditure y = Zipf di , and final demand structure s, a vector that indicates
the distribution key of final expenditure across different sectors, such that s; = fdi

Using a Kaya-like decomposition in a matrix way, one can write

fd=s-y-p (6)
so that total industrial emissions are equal to:

GHG™ =¢" . L-s-y-p (7)

A.3 Decomposing household emissions

In this equation 2, “Others” refers to emissions from the purchase and combustion
of fossil fuels by households that are not used for transport or heating: for example,
gasoline in lawnmowers or brush-cutters. These emissions are very low in practice:
about 2% of household GHG emissions in the European Union (see Eurostat database
env_ac_ainah r2). Note that household emissions GG"*"* only account for direct emis-
sions in the classification of Eurostat. For example, in the case of domestic electric
heating powered by coal-fired electricity, our decomposition would attribute the emis-
sions to the electricity sector. These household emissions for transport and for heating
and cooling could be further broken down into more drivers, but this would require the
use of detailed sector-specific models for each sector. Such studies are beyond the scope
of this paper. However, we make the link with existing sector studies in section 4.1.

A.4 Drivers details

It should be noted that the exact interpretation of the first two factors, the carbon inten-
sity of production and the structure of production, depends on the level of disaggregation
of the input-output tables used for the analysis.

In our 56-sector tables, “mining and quarrying” is a single sector, which includes coal,
lignite, gas and oil extraction. Thus, a switch from coal to gas would result in reduced
emissions, but without any change in the Leontief matrix. In this decomposition, the
substitution effect would then be fully captured by the “carbon intensity of production”
factor. Nevertheless, the use of more detailed input-output tables, with separate sectors
for each energy source, would lead to attributing this emission reduction to a change in
the production structure, as the Leontief matrix L would change.

Similarly, a limitation of our data set is that it does not separate electricity and gas,
which does not allow a specific analysis to be made for each of these two energy carriers.

A.5 Differentiation method

There are several ways to implement the differentiation in equation 4. This is known as
the problem of non-uniqueness in SDA solutions (Duarte et al., 2013). For each term



Table 2: definition of the factors studied

Term Driver

Ac” - L-s-y-p Carbon intensity of production. A decrease indicates that the
production of one or more goods generates fewer direct emissions.

¢’ AL -s-y-p Production structure. A change indicates that the same good is
produced with a different combination of intermediate consump-
tions. This may result from a change in the production function of
this good (e.g., the replacement of steel parts by plastic polymers
in the automotive industry), or from intra-sectoral changes (e.g.,
the substitution of gas-fired power plants by wind turbines will re-
duce gas consumption in the electricity sector). In the following,
we will group these two aspects under the heading of technical
changes. But this production structure also includes another phe-
nomenon: the change in import rates. An increase in imports will
reduce inputs in the intermediate consumption matrix ¢e, and thus
modify the AL matrix.

¢’ -L-As-y-p Final consumption structure. This term may represent the fact
that consumption (as a share of total expenditure) is more ori-
ented towards low emitting sectors. The phenomenon of tertiari-
sation of the economy, for example, falls into this category.

¢’ -L-s-Ay-p Level of wealth per capita
¢’ -L-s-y-Ap Population

AHHyansp Household transport emissions. Direct emissions from households
related to transport

AHH} ot Household heating emissions. Direct emissions from households
related to heating and cooling

AHH,ipers Other household emissions. Direct emissions from households,
other than transport, heating and cooling. They include, from
example, the fuel for gardening machines like lawnmower or chain
saw.

Ac An error term, due to the imperfect balance between output and
expenditures at the national level of deflated WIOD tables.

shown in table 1, the value will depend on whether each variation is weighted by taking
the other coefficients at their starting value or ending values. If n is the number of terms
that to analyze (in our case, n = 5, as the SDA decomposition does not apply to household
direct emissions), there is exactly n! possible forms of decomposition, corresponding to
the n! possible permutations for the n terms. Each form of decomposition (i.e. each
permutation) might lead to different values for the drivers. These differences are small



in practice, but they might change the sign of slightly positive or negative drivers, or the
order between two drivers with close values.

This problem is well identified in the literature, and several approaches have been
employed to address it. Three main approaches have been identified by Dietzenbacher
and Los (1998). The first approach is the use of two polar cases, used by Miller and
Blair (2009). This approach uses the average of two decompositions, which are chosen
symmetrically: if the arrival value is used for one parameter in the first decomposition,
then the starting value is chosen in the other decomposition — and conversely. The second
approach is the use of mid-point values: the coefficients used to weight the variations are
the average of the arrival value and the starting value. The third approach is the use the
mean of the n! possible decompositions.

Dietzenbacher and Los (1998) showed, in a numerical example, that the results of
these three approaches are very similar. But they recommend using the third method,
the mean value of all decompositions, because it shows the variability (or uncertainty)
associated with each term, in addition to its mean value. Estimating variability ensures
that the sign of the coefficient associated with each effect is robust —a necessary check,
as Nagashima (2018) has pointed out. Therefore, we follow the recommendation of
Dietzenbacher and Los (1998) and use the mean-value approach in this study.

This paper follows the recommendation of Dietzenbacher and Los (1998) and use the
mean-value approach in this study. This approach looks at all possible permutations,
and then takes for each driver the average of all its possible values. This methodology
allows to show the minimum and maximum values, thus the range of uncertainties. It
highlights whether the sign of a driver, or the ranking between two drivers, are robust
to all possible decompositions.

A.6 Uncertainty analysis

The decomposition method we choose allows to estimate the uncertainty of the results
obtained (cf. section 2.3). The variability associated with each factor is represented in
the figure 6. The most important uncertainties are found for the carbon intensity of pro-
duction, the structure of production and the structure of consumption. On the contrary,
there is low uncertainty associated with the effect of per capita wealth and population.
For direct emissions from household, there is no uncertainty as they are not part of the
SDA decomposition. Despite the observed uncertainty, the relative order and sign of the
factors remain unchanged. In particular, the preponderance of carbon intensity drivers
(decreasing emissions) and the wealth effect (increasing emissions) remains clear.
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Figure 6: European GHG emissions drivers. The box plot indicates the uncertainty stemming from the
choice of decomposition order.
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A.7 Annual EU dynamics
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Figure 8: Annual decomposition of European GHG emission drivers, in million tonnes of COze.

A.8 Consumption structure

To break down the consumption structure effect and show the contribution of each sector,
we rewrite equation 7 and diagonalize the carbon intensity vector ¢. The result of the
right-hand equation is now a vector of industrial emissions, ghg*™?, whose term i equals
the emissions in sector i:

ghg*=¢-L-s-y-p (8)

where ~ is the diagonalization operator. Differentiating this equation, following the
method explained in sections 2.3 and A.5, enables to compute the contribution of each
sector.



Sectoral contributions to EU
emissions variations, 2009-2014
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Figure 9: Main sectoral contributions to EU emissions varia-
tions, 2009-2014. The rectangles show the relative contribu-
tions, and the black dot indicates the net result. The contri-
bution from all sectors is shown in figure 10.
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(2008).
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Figure 12: Impact of the consumption structure for each country
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Figure 13: Impact of the consumption structure in the power sector for each country



A.9 Production structure

Mathematically, the structural effect can be broken down by showing the matrix of
intermediate consumption A and the matrix of Leontief L, according to their values in
the year of departure and the year of arrival (indicated respectively by indices 0 and 1):

AL = L'(A' — A°)L°

The consumption matrix A can then be decomposed between the total matrix Ag,
which represents the technical requirements of the production function, and the interme-
diate import matrix Ayp,.

AL =L'[(4; - A;,) — (A} - 4;))IL°

AL = L'(AA;)L° + L' (-AA,,)L°

Although this methodology is indicated in Miller and Blair (2009), we have not seen
it being used in other SDA studies of emissions.

In this additive form, the first term of the right-hand side reflects what we have
called “technical change” in table 2. It represents changes in the input requirements
to produce each good or service. All other things being equal, more input intensive
production contributes to higher emissions. The second term indicates the contribution
of changes in imports: an increase in imports tends to decrease domestic emissions.
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Figure 14: GDP and emissions per capita of European countries
Source: Eurostat, databases sdg_08_10 and t2020_rd300 respectively.
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Figure 16: GHG emissions by country in 2014. The largest economies are also the largest emitters,

which justifies focusing on them.



A.10 Country-by-country
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Figure 17: Emissions drivers of Western and Eastern EU coun-
tries

The group of Western countries considered here includes Austria, Belgium, Denmark,
Germany, Finland, France, Ireland, Italy, Luxembourg, Malta, the Netherlands, Portu-
gal, Spain, Sweden and the United Kingdom. The Eastern countries are made of the
remaining EU countries.
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