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Many economies set climate mitigation targets for 2020 at the 2009 15th
Conference of the Parties conference of the United Nations Framework

Convention on Climate Change in Copenhagen. Yet no retrospective
review of theimplementation and actual mitigation associated with these
targets has materialized. Here we track the national CO, emissions from
bothterritory and consumption (trade adjusted) perspectives to assess
socioeconomic factors affecting changes in emissions. Among the 34
countries analysed, 12 failed to meet their targets (among them Portugal,
SpainandJapan) and 7 achieved the target for territorial emissions, albeit
with carbon leakage through international trade to meet domestic demand
while increasing emissions in other countries. Key factors in meeting targets
were intensity reduction of energy and the improvement of the energy

mix. However, many countries efforts fell short of their latest nationally
determined contributions. Timely tracking and review of mitigation efforts
are critical for meeting the Paris Agreement targets.

Climate change presents afundamental challenge to lives, livelihoods
and the sustainable development of society. Global net anthropogenic
greenhouse gas emissions in 2019 were 1.54 times higher than those
in1990 (ref. 1). Climate-related extreme events such as floods, heat
waves?, droughts and compound events (extreme events emerging
together or in succession) have continuously increased, resulting in
greater public awareness of climate change as an urgent issue®. With
the need for international action paramount, countries across the
world are supposed to take action on the principle of ‘common but
differentiated responsibilities™”. Itis thus critical to analyse countries’
specific climate change objectives, measure their implementation
of commitments in a timely manner and work together to mitigate
climate change.

The annual Conference of the Parties (COP) to the United Nations
Framework Convention on Climate Change is a vital platform for
multi-lateral negotiations on the goal of tackling climate change
and the contribution of countries towards that goal®’. The parties

submitted 2020 mitigation targets at the 15th Conference of the Par-
ties (COP15) convened in Copenhagen in 2009 (ref. 8). COP15 made
efforts to facilitate a comprehensive global agreement on climate
change, with a particular focus on addressing the unique challenges
faced by developing countries’. Developed countries primarily empha-
sized the establishment of emission reduction targetsrelative to abase
year, while rapidly growing developing countries committed to adopt-
ing targetsrelative to the business as usual scenario or reducing carbon
intensity (emissions per unit of gross domestic product (GDP))—for
example, China, by 40-45% and India by 20-25% compared with the
2005 level by 2020. Recently, more than 100 countries committed
to achieving their net zero during 2030-2070 to limit global warm-
ing'®. The COP15laid the necessary groundwork for subsequent COP
meetings and climate accords (such as the Paris Agreement), while a
review of theimplementation and mitigation of Copenhagen mitiga-
tion targets canalso provide insightsinto the practice and feasibility
of moving forward to net-zero targets.
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Fig.1| CO, emission trends and emissions mitigation target range of COP15.
The two lines represent territorial (red) and consumption-based (grey) emissions.
The countries with green backgrounds (failing group) failed to meet their targets,
countries with purple backgrounds (achieving group) achieved commitments
through domestic efforts and countries with orange backgrounds (halfway

group) completed targets, with both domestic efforts and outsourcing in 2020.
The vertical dashed grey line represents the year 2009, during which the COP15
conference took place. The stars represent national COP15 emission reduction
targets compared with the base year (the first tick label on the x axis). The year in
bracketsin each subpictureis that country’s target year for carbon neutrality.

Some efforts have been made to construct the monitoring frame-
work of the Paris Agreement" '* adopted at COP21in 2015 and signed
theyear after. However, the gap between mitigation targets and actual
implementation has yet to be measured. Moreover, all of these frame-
works about agreements of climate change mitigation focus solely
on the emissions from a territory or production perspective without
considering the emissions leakage in international trade, which has
beena concern for many years®.

Territorial emissions are production based but exclude inter-
national aviation and shipping'®". By contrast, consumption-based
emissions account for and adjust the emissionsembodiedintrade and
attribute emissions in the supply chainto final consumers'®". A series
of emissionreductiontargets, such as the Kyoto Protocol and the goals
established at COP15, have focused primarily on territorial emissions
and thus, to some extent, have ignored the global trading system and
‘carbon leakage’ among countries®>?. Many analyses focusing on the
impact of trade on national carbon emissions and mitigation raise

concerns about countries achieving mitigation targets by outsourcing
production activities® . Thus, it is critical to separate actual mitiga-
tion efforts from any outsourcing activities.

In this Article, we review the CO, emissions mitigation promised
by countriesin Appendix I and quantify the contribution fromvarious
mitigation actions. We select the emissions mitigation targets for 34
countries on the basis of data availability and assess both territorial
and consumption-based emissions to investigate the extent to which
countries rely on outsourcing emissions. Finally, we look forward to
assessing challenges of economic growth and emission reduction
targets based on the new nationally determined contributions (NDCs).

The gap between actual emissions patterns and
COP15 targets

Interms of territorial emissions (red linesin Fig. 1and Supplementary
Table 1), 12 countries failed to meet their commitments, 16 achieved
their commitments successfully and the remaining 6 achieved their
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Fig.2| Contributions of different factors to changes in CO, emissionsin
various groups. a-i, The factors underlying changes in CO, emissions are
shownin the periods 1990-2000 (a-c), 2000-2010 (d-f) and 2010-2020 (g-i).
Left: the changes behind CO, emissions in the failing group (a, d and g). Middle:
the changes behind CO, emissions in the halfway group (b, eand h). Right: the
changes behind CO, emissionsin the achieving group (c, fandi). The drivers are
population; GDP per capita; the share of primary industry, secondary industry

and tertiary industry; energy intensity (energy use per unit GDP); the share of
coal, oil and natural gas; and carbon intensity (CO, emissions per unit energy).
The factors among groups are displayed in box plots that show the quartiles,
medians, whiskers and outliers. The boxes span the IQR, with the upper and lower
boundaries representing the 75th and 25th percentiles, respectively. The lines
displayed inside boxes are median values across factors.
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prescribed minimum emission-range commitments in 2020. As the
targets set by countries at COP15 in Copenhagen are based on terri-
torial accounting, countries can, as we have discussed, achieve their
targets by outsourcing emissions to other countries—the so-called
‘carbon leakage’ or ‘carbon transfer>*, Thus, we also track the trend
of consumption-based emissions, whichaccount for carbon emissions
along the entire global supply chains (Fig. 1, grey lines).

Whenboth consumption-based territorial emissions and carbon
leakages are considered, the 34 countries can be divided into three
groups. The first (failing group) consists of countries that failed to
achieve their targets. The second (halfway group) consists of coun-
tries that achieved their targets with lower territorial emissions and
increased net emissions embodiedintrade, signifying that outsourcing
contributed to their success. The third (achieving group) are countries
thatachieved their targets with lower territorial emissions and reduced
net emissions embodied in trade, denoting that they achieved their
targets through domestic efforts.

The failing group includes Australia, Austria, Canada, Cyprus,
Ireland, Japan, the Netherlands, Norway, Portugal, Slovenia, Spain
and Switzerland. Specifically, Australia has not yet completed its
target of reducing carbon emissions by 5% up to 15% or 25% com-
pared with2000. Since 2000, emissions in Australia have generally
shown an upwards trend, with a growth rate of 11.4% for territorial
emissions. Similarly, emissions in Norway rose by 31%. Thus, Norway
failed to achieve its goal of reducing carbon emissions by ~30-40%
compared with1990. Furthermore, although the emissions of Portu-
galand Spain showed a downwards trend after 2005, they still failed
to meet the targets of a decline of ~20-30% compared with 1990, as
promised at COP15. The majority of countriesin this group have for-
mulated net-zero targets and corresponding phased targets, geared
to limiting global temperature rise to within 2 °C, and ideally within
1.5°C (ref. 26). However, if short-term emission abatement targets
are difficult to achieve, the achievement of long-term targets will
become even more difficult. Notably, Austria has set relatively early
carbon neutrality targets for 2040. Until now, Poland has yet to set
corresponding targets.

The countries of Belgium, the Czech Republic, France, Hungary,
Luxembourg, Maltaand Poland belong to the halfway group. Hungary
istypical of countriesin the halfway group. It hasachieved its target to
reduce territorial emissions whereas consumption-based emissions,
with2009 asaturning point, have shown aninitial increase followed by
adecrease. Despite this trend, the targets set for consumption-based
emissions have not been met. In contrast, Bulgaria, Croatia, Denmark,
Estonia, Finland, Germany, Greece, Italy, Latvia, Lithuania, Romania,
Slovakia, Sweden, the United Kingdom and the United States in the
achieving group have all achieved their goals interms of both territorial
and consumption-based emissions.

Factors behind the changes in emissions

The most important factor influencing territorial emissions across
groups was energy intensity, while the foremost driver of the emissions
growth was GDP per capita (Fig. 2). Between 2010 and 2020, energy
intensity contributed median values of 16.5%, 25.6% and 23.3% (with
interquartileranges (IQRs) of -12.2-23.2%, ~16.7-29.6% and ~15.6-27.2%,
respectively) to emissions reduction in failing, halfway and achieving
groups (Fig. 2g-i), respectively. Over the same period, the median share
of coal led to a reduction of emissions by 8.6%, 9.7% and 14.2% in the
failing, halfway and achieving groups, respectively. It was noted that
the halfway group and achieving group demonstrated more substan-
tialimprovements in energy intensity and more substantial progress
in reducing reliance on coal. Furthermore, the contribution of the
share of coal to the reduction in emissions varied from 0.6% to 11.6%
(IQR) in1990-2000 and 5.3% to 21.7% in 2010-2020 (Fig. 2c¢,i), which
alsoreflected the increasing effect of shifting away from coal on the
decrease of emissions. By contrast, the share of oil and natural gas in

energy types did not have a substantial effect on reducing emissions.
Additionally, the decrease in emissions of 0.7%, 3.4% and 0.1% from
2010t02020 are the result of the median share of secondary industry
infailing, halfway and achieving groups, respectively.

For the achieving group, 8 of 15 countries reduced emissions pri-
marily through changes in energy intensity (orange bars in Fig. 3 and
Supplementary Fig.1) from1990 to 2000, which have decreased emis-
sions by ~12.9-41.1%. While GDP per capita drove emissions growth in
ten countries, contributing to 5-22.5%. Between 2000 and 2010, energy
intensities continued to wield notable influence, particularly in Croa-
tia, Finland and Slovakia. Nevertheless, enhancements of industrial
structure, notably in the United Kingdom, led to a substantial 50 Mt
decrease during this period.

Countriesinthe achieving group underwent continuous or more
rapid decline in 2010-2020, after COP15 in Copenhagen. Emissions
continued to rise by 0.3% to 43.6%, driven by GDP per capita growth,
excludingltaly and Greece. In contrast, energy intensity strengthened
to emerge as a paramount factor inreducing emissions compared with
the period of 2000-2010, notably in Germany, the United Kingdom
and the United States, offsetting population and GDP per capita con-
tributions. Furthermore, another key driver behind the reductionin
emissions was the energy structure. Among the achieving group, 11 out
of 15 countries primarily emphasized energy intensity as the pivotal
factor in mitigating emissions, with reductions ranging from 13.5%
to 51.2%. The remaining four countries achieved declines through
energy structure modifications, resulting in reductions ranging from
12.2%t0 32.8%.

In the halfway group, the rise of GDP per capita was the topmost
factor driving the growth of emissions from-~15.7%to ~40.8% in five out
of seven countries for1990-2000. Conversely, energy intensity played
apivotalroleincurbing emissions growth by 7.7-71.7% in six countries.
From2000t0 2010, energy intensity—the predominant factor—made
emissions drop from9%to040.1%in four countries. During this duration,
Malta primarily adjusted industrial structure, resulting in a decrease
of 0.6 Mt (27%), despite the growth of emissions mainly driven by
populationand GDP per capita. Emissions decreased by 15.6% and 4.2%,
induced by energy structure in Belgium and Luxembourg, respectively.

From 2010 t0 2020, the halfway group experienced notable emis-
sion reductions, with a slowed impact of population growth. Six of
the seven countries in the halfway group primarily relied on lowering
energy intensity, resultingin reductions of 16.6-40.8%. In France (half-
way group), energy structure was the most key driver of a decrease in
emissions (39.8 Mt or 14.3%).

In the failing group, GDP per capita led to an increase in emis-
sions across 11 countries from 1990 to 2000. Notably, Australia and
Canada, both part of the failing group, saw increases (28.5% and 18.1%,
respectively) primarily driven by rising GDP per capita. Conversely,
energy intensity emerged as the leading factor in reducing emissions by
~3-35.3%in 5 out of 12 countries during this period. During 2000-2010,
six failing group countries continued prioritizing energy intensity,
resultinginreductions from 7% to 18.3%. Particularly, Australia’s focus
on energy intensity led to a notable 15.6% reduction, remaining a pri-
mary driver in subsequent years.

From 2010 t0 2020, energy intensity stilldominated the emission
reductionin10 out of 12 failing group countries, achieving reductions
from 10.2% to 67.7%. In Canada, population growth contributed to a
9.8% growth (47.4 Mt), while energy intensity played a critical role in
reducing emissions (49.5 Mt or 10.2%). Additionally, Spain and Nor-
way experienced notable emission reductions of 10.9% (26.3 Mt) and
12.5% (4.6 Mt), respectively, driven by adjustmentsin energy structure.
Moreover, changesinindustrial structure in eight failing group coun-
tries resulted in varying degrees of emission declines, with Spain and
Cyprus achieving over a 3.5% reduction. Conversely, the emissions of
four countriesincreased to varying degrees due to changesinindustrial
structure, such as an 8.4% increase (2.6 Mt) in Ireland.
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Fig.3| Contributions of different factors to changes in CO, emissionsin
various countries in the periods 1990-2000, 2000-2010 and 2010-2020.
Mt CO, refers to a million tonnes of CO, emissions. Different factors include

population, GDP per capita, industrial structure, energy intensity, energy mix
and carbonintensity. The numbers represent the percentage change in emissions
for different factors.

More efforts are needed for NDCs and economic
growth
To achieve NDCs in 2030, 19 countries out of the 34 will have to cut
more emissions in the next 10 years than they did from 2010 through
2020 (Fig.4a). Thus, the shiftin emissions levelsin 2020-2030 must be
greater thanthatin 2010-2020. Conversely, countries such as Estonia,
Lithuania, Latvia and Romania (achieving group) have achieved the
2030 target set by the European Union (that is, a level of emissions
50% lower thanthatin1990) over the period 2010-2020. This achieve-
ment, however, is mainly because these countries had highly inefficient
technologies and energy-intensive development in the early 1990s%.
Intuitively, countries that have struggled to meet their goals in
COP15 will probably encounter even more substantial challenges in
the future. These challenges extend beyond emission reduction and
encompass the intricate interplay between reducing emissions and

stimulating economic growth. Notably, Croatia stands out in this con-
text. Whileit successfully achieved the emissionreductiontargetsetin
COP15, itis essential to acknowledge that this target was comparatively
modest—a 5% decrease from 1990 levels. To determine how much
more it needs to reduce emissions to meet its NDC target, we would
need specific information about NDC, current emissions and details
ofthetarget. The economic growth rates of Norway, Croatia and Japan
in 2010-2020 were 14.8%, 19.5% and 3.6% (Fig. 4b), and emissions in
these countries dropped by 9.1%, 20.9% and 14.2%, respectively. Their
economies will grow largely by 25.2%, 31.4% and 12.4%, respectively,
under Shared Socioeconomic Pathway 2 (SSP2, middle of the road),
whereas their emissions will need to fall by a further 61.8%, 34.2% and
30.7% to meet their NDCs for the next stage (2020-2030). Therefore,
these countries must urgently improve energy intensity and adjust
their energy mix to meet the dual pressure of emission reduction and
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Fig.4 | Progresses and challenges in meeting emission targets of NDCs
alongside economic development. a-c, Changesin CO, emissions (a) and
economic growth (b) from 2010 to 2020 and 2020 to 2030, and emissions per
capitain2020 and 2030 (c). The projection of CO, emissions is consistent with
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GBR, United Kingdon; GRC, Greece; HRV, Croatia; ITA, Italy; LTU, Lithuania; LVA,
Latvia; ROU, Romania; SVK, Slovakia; SWE, Sweden; USA, United States.

economic development. The emissions per capita of these developed
countries have decreased compared with 2020 levels; Switzerland
achieved the lowest in 2020, at 2.6 t. If Cyprus reaches its NDC tar-
get in 2030 with a growing population, its emissions per capita will
need to decrease by 70.7% in 2030 (that is, 1.3 t per person in Fig. 4c).
The emissions per capita of Australia also need to be reduced from
14.2 t per personin 2020 to 9.3 t per person.

Discussion
The actual mitigation of emissions and the achievement of mitigation
targets varied, especially for Australia,Japan and Norway, which missed

the targets by the widest margin. To address potential emission leak-
age, we analyse both territorial and consumption-based emissions.
For example, in Luxembourg, territorial emissions decreased by 34.1%
while consumption-based emissions increased by 43.9% compared
with 1990, which highlights the discrepancy between the two kinds
of emission. Energy intensity was among the main factors affecting
the decline of emissions. However, countries where both territorial
and consumption-based emissions goals have not been achieved will
faceincreasing challengesin their future emission reduction efforts or
might even miss certain pathways altogether. In addition, the reduction
of emissions primarily depends onthe changein the energy structure
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and the industrial structure in some countries, such as Spain and
Poland. Therefore, it is necessary to strengthen the policy support to
adjust the energy structure as well as industrial structure to promote
the further reduction of emission intensity?**. Concerningly, many
countries are stillgrappling with economic recovery as the coronavirus
disease 2019 pandemicrecedes. It remains uncertain whether energy
intensity will continue to decrease. Notably, emissionintensity and pro-
ductionstructure played pivotal roles in reducing consumption-based
emissions (Supplementary Fig. 4). Assuming that countries can meet
their latest NDCs by 2030, it is expected that these 19 countries will
face evenmore pressure to reduce emissions than they did during the
2010-2020 period. Infact,17 of these countries will face the dual chal-
lenges of stimulating economic growth and reducing emissions, being
more pronounced than they were in the previous decade.

Considering the remarkable decline in CO, emissions during the
pandemic, we also choose 2019 as the target year for amore reasonable
analysis. Thirteen countries achieved their targets by reducing net
emissions embodied intrade. Additionally, there were four countries
classified into the halfway group (Fig. 1 and Supplementary Table 2).
However, the failing group, composed of 17 countries, has failed to
effectively achieve their emissions domestically. Combining the two
target years 0f2019 and 2020, France, Belgiumand Luxembourg have
been relocated from the failing group to the halfway group. France’s
emissions decreased by 23.9% from1990 t0 2020, surpassing the mini-
mum of its stated aim of ranging between a 20% and 30% reduction.
France has established a goal of achieving carbon neutrality by 2050,
but it must take measures to prevent outsourcing emissions to reach
the target.

Some countries, such as Malta, achieved their carbon emissions
targets by offshoring emissions to other countries—‘carbon leak-
age’—which affects the success of their climate mitigation. As action
on climate change is a global imperative, it is questionable to effec-
tively shift emissions to less-developed countries along global supply
chains. In other words, countries need to avoid ‘free-riding’ on their
own carbon emissions targets®. The road towards more equitable and
transparent distribution of national responsibilities is provided by
the view of consumption-based emissions. Specifically, the trends of
global consumption-based emissions have been thoroughly analysed
in the Intergovernmental Panel on Climate Change Sixth Assessment
Report Working Group Il chapter 2, which reflects the discussions of
inequalities in consumption associated emissions and determination
forthejust transition'. However, it is crucial to realize the fact that most
countries have now set carbon neutrality targets is thus both an oppor-
tunity and a challenge. On the one hand, there is aneed to continue to
promote the achievement of national carbon neutrality targets, on the
other, thereisaneed to matchmeasures such asborder taxes to prevent
carbonleakage to countries that have not yet set carbon neutrality tar-
gets®*. Inbrief, consumption-based emissions representa promising
way for advancing the effectiveness and fairness of climate action in
the international climate negotiations or commitments.

The 2009 Copenhagen conference shaped the progress of global
climate change negotiations, setting the stage for subsequent COP
meetings, particularly the attainment of the Paris Agreement. Despite
the absence of a comprehensive global agreement, countries estab-
lished emission reduction targets during COP15, leading to diverse
processes and ongoing challenges. Croatia, with amodest 5% reduction
goal, facesthetask of reducing 34.2% emissions while ensuring a31.4%
economic growth tomeetits NDC under SSP2. In contrast, we also need
to admit that Switzerland, despite falling short of its ambitious COP15
target, has still been noteworthy in mitigating emissions. The Paris
Agreement, established during COP21, marks a pivotal shift, aiming to
limitglobal temperature increases®. Subsequent COP meetings focus
onaddressing critical themes such as climate adaptation, loss and dam-
age and financial support mechanisms**. The retrospective analysis
of COP15 and the prospective analysis of NDCs as well as ongoing COP

meetings create a continuous global framework for climate actions.
Itis crucial to track and evaluate factors such as energy intensity and
mix timely. Meanwhile, the effectiveness and feasibility of targets in
every country, compatible with their development stage, are vital.
Theseinsights reveal emission trends, highlight policy issuesindevel-
oped countries and guide future reduction strategies.

Currently, there are also circumstances in developing countries
making policies or commitments difficult to achieve. Especially in
recentyears, the emissions of these countries have continued to grow,
forming the key driver of future emissions*>¢. Quantifiable climate
targets for developing countries need to prioritize future achievability,
drawing insights from the emission targets and accomplishments of
developed countries. Meanwhile, timely reviews of national climate
commitments are crucial, fostering collaborative global efforts to
combat climate change.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41558-024-01977-5.
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Methods

10 analysis

Theinput-output (I0) is an economic analysis tool that estimates the
relationships among different sectors around the economy by quan-
tifying the inputs required by one sector and the outputs generated
by another®. Specifically, each column in the 10 table represents the
required inputs and each row indicates the production activities®. 10
analysis offers asynthetical framework for understanding how changes
inasector canhaveripple effects throughout the entire economy. The
core concept underpinning this model is that the output is driven by
the final demand. Hence, its fundamental equation is

X=>UI-A)"F o)

where X denotes the total output. L=(I-A)"" is the Leontief inverse
matrix, which demonstrates the direct and indirect requirements of
all sectorsin all countries. In addition, I is the identity matrix, A is the
direct requirement matrix and F is the final consumption.

Emissions embodied in trade

Generally, territorial emissions account for the emissions produced
by national production by compiling an emissions inventory that
covers both emissions from domestic production to serve domestic
consumption and those associated with export*®*'. By comparison,
consumption-based emissions generally account for the emissions
generated by that country’s consumption of all products across global
supply chains***,including domestic and imported products to meet
domestic demand*‘. The linkage and allocation between territorial and
consumption-based emissions are usually shown through 10 tables®.
The accounting of consumption-based emissions of country ris
as follows:

CL=ELF (2)

where E is a vector that reflects the CO, produced by the unit output
of subsectors and subregions and F' represents the final demand in
therregion.

International trade activities can cause the transfer of emissions,
leading to the issue of carbon leakage*®. Thus, carbon leakage of
country rcanbe specified as

Carbon leakage'=C, — C. (3)

where Cyindicates territorial emissions.

Decomposition analysis

Adecomposition analysisis frequently employed to identify the under-
lying factors responsible for shifts in a specific environmental indica-
tor*”*%, Decomposition analysis encompasses two primary methods:
index decomposition analysis (IDA) and structural decomposition
analysis (SDA)**°. The IDA method primarily focuses on the decom-
position of environmental indicators from territorial perspective
and can be used to estimate direct impact®. The SDA method needs
to be combined with 10 tables, focusing on the decomposition envi-
ronmental indicators from consumption-based emissions®*. In the
past, the SDA method was constrained by time lag and the lack of time
series 10 tables®’, making it difficult to track the causes of changes in
environmental indicators in a timely and effective manner. Now how-
ever, theendeavour of numerous researchers and the construction of
databases make it feasible for us to timely and effectively track changes
inenvironmental indicators over a time series™.

IDA is extensively used to analyse the contributions of economic
and social factorsto changesin greenhouse gases, such as CO,and air
pollutants, suchas SO, (refs. 55-57). Among IDA methods, the Laspeyres
andDivisiadecompositionanalyses are two of the most commonly used.

Further, Divisiadecomposition analysis includes the arithmetic mean
division index and the logarithmic mean division index (LMDI)*®, The
LMDImethod hasbeen applied to varied sectors suchas manufacture,
transportation and electricity®®°, covering analysis at different scales
suchas countries*”®, regions®” and subregions®. In this study, the LMDI
is taken to decompose the change in carbon emissions of every coun-
try into carbon intensity (CI), energy structure (ES), energy intensity
(EI), industrial structure (IS), GDP per capita (GP) and population
(P) factors, as follows:

4
T axgx xP

IIMw

E
- X
Gi

ole

X

v IQ

“)

3 4
= EZCIU XESU XEIU' XISI' X GP x P
i=1j=1

Acr=ci-ct

®
= ACH + ACE + ACY + ACR + ACSP + ACE

whereidenotes variousindustrial sectors, which are categorized into
primary, secondary and tertiary industries;jrepresents distinct types
ofenergy, namely coal, oil, gas and others. Specifically, given that other
factors remain constant, ACY' represents the change in emissions
caused by the change in carbon intensity during a specific period.
Similarly, ACOS’, ACE, AC, ACP and AC? manifest the changesin energy
structure, energy intensity, industrial structure, GDP per capita and
population, respectively, resulting in changes in emissions.
Inthisregard, each of the items in equation (6) is as follows:

3 4 02 ctl ye
Y _ ZZ U
Aly InC12 lnCtl xIn ( ya ) ©
ij

i=1j=1

SDA requires the usage of 10 tables that cover information on
trade flow, production structure, final demand and so on. If there are
nfactors, there are n! decomposition methods. Thus, there are five ele-
mentsin thisstudy, thatis, 120 decomposition methods. In this study,
the two polar method®* is taken to decompose into emission intensity
(E), productionstructure (L), consumptionstructure (Fs), consumption
per capita (F¢) and population (P) factors, as follows:

Cc = ELFSFcP (7)

— C2 1
ACc = €2 — ACY

= AELFsFP + EALFF.P + ELAFSF-P + ELFsAF.P + ELFsFC AP (8)
— E L Fe F P
=AC; +AC: + ACCs + ACC° + ACg

Specifically, given that other factors remaining constant, AC;
represents the change of emissions caused by the change of emission
intensity during a specific time period. Similarly, AC,, AC{S, AC[
and AC} respectively manifest the changes of production structure,
consumption structure, consumption per capita and population
in emissions.

Data availability

Theemissionand energy datafrom1990to 2019 used in this study are
from the International Energy Agency®. CO, emissions only include
those associated with fossil fuel consumption and do not encompass
emissions fromindustrial processes and international aviation or ship-
ping®. Meanwhile, we have chosen to use the 10 table from EXIOBASE
database®*. EXIOBASE has covered 44 countries and 5 regions, 163
sectors from1995t02022 (ref. 67). While the starting year of this table
is 1995, we supplemented it with the 10 table from the Eora database®®
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from 1990 to 1994. The Eora database spans 189 countries, encom-
passes 26 aggregated sectors and includes a time series from 1990 to
2015 (ref. 69). Moreover, we use data of gross value added by kind of
economicactivity from the United Nations’ to reflect GDP and aggre-
gate economicactivity into primary, secondary and tertiary industries.
Similarly, the population data used in the analysis of driving factors
also originates from the United Nations.

Code availability
The codein MATLAB analysing the results of this study is available from
Zenodo (https://doi.org/10.5281/zenod0.10780940) (ref. 71).
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