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While global greenhouse gas (GHG) emissions are still rising, a number of countries Received 15 December 2020

have emerged with a sustained record of emissions reductions. In this article, we Accepted 4 October 2021

identify these countries and examine their progress, exploring how fast, how deep,

and in which sectors they have reduced emissions. We analyse changes in all D o .
. L . . - ecarbonization pathways;

major GHG emissions sources, with both production - and consumption-based emissions reductions; sector

accounting, but exclude very small countries with high volatility, along with land- emissions trends; country

use, land-use change and forestry CO, emissions. We find that 24 countries have emissions trends

sustained reductions in annual CO, and GHG emissions between 1970 and 2018, in

total equalling 3.2 GtCO,eq since their respective emissions peaks. In all but three

countries, overall GHG reductions are less than energy and industrial CO,

reductions alone. We group countries into three types of emissions pathway: six

former Eastern Bloc countries, where emissions declined rapidly in the 1990s and

have continued on a downward trajectory since; six Long-term decline countries,

which have sustained reductions since the 1970s; and 12 Recent peak countries,

whose emissions decline began in the 2000s. In all cases, emissions reductions

were achieved primarily in the energy systems sector, specifically in electricity and

heat generation, which still remains the largest source of emissions in most

countries. By contrast, in the transport sector, emissions tend to be stable or

increasing. Transport is the second largest source of current emissions in Recent

peak and Long-term decline countries. While the total GHG reductions of these 24

countries are trivial compared to recent global emissions growth, some have

achieved a decline of up to 50% in their annual emissions, showing what is

possible even under very moderate climate action. Most countries

achieved emissions reductions alongside sustained economic growth, and some

approached the fast annual rates of change that will be needed across the world

in the coming decades to limit warming to 2°C. This raises the hope that more

substantive climate policy, as planned in a growing number of countries, may

bring about deeper and more rapid emissions reductions than some may expect

today.
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Key policy insights

e 24 countries have sustained CO, and GHG emissions reductions between 1970 and
2018

o The annual emissions reductions of some countries are within the range of those
needed to limit global warming to 2°C, but not consistently, nor across all
underlying sectors

o Most emissions reductions were achieved in the energy sector; transport emissions
have remained stable or continue to grow
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1. Introduction

Global greenhouse gas (GHG) emissions have continuously grown, almost uninterrupted, since the start of the
industrial revolution (Friedlingstein et al., 2019; Minx et al. 2021). While countries in the Global North are
responsible for building up the majority of GHGs in the atmosphere, some have managed to reach a peak in
emissions and sustain long-term reductions (Le Quéré et al,, 2019). These countries and their achievements
in reducing GHG emissions are the focus of our article.

The goals of the Paris Agreement imply steep reductions towards net-zero global emissions within the next
few decades (IPCC 2018). Assessing progress in countries with sustained emissions reductions is important for
rapid learning and for spurring other countries to increase their ambition and action, fulfilling a key logic of the
Paris Agreement. At the same time, it remains important not to overstate climate mitigation progress (Lamb
et al.,, 2020), not least because current Nationally Determined Contributions (NDCs) indicate global emissions
growth until 2030, with more than a decade already wasted on limited climate action in the meantime
(Hohne et al., 2020). These issues will be the focus of the five-yearly global stocktake mechanism of the Paris
Agreement rulebook, where countries evaluate their collective progress towards meeting the Agreement’s
goals.

In this article, we set out to comprehensively evaluate the progress of countries that have managed to
reduce their GHG emissions — whether due to deliberate climate policy, or other factors. Our aims are to identify
how many countries are sustaining long-term emissions reductions, by how fast, how much, and in which
sectors. We then evaluate these reductions against rates of change projected in climate change mitigation
scenarios that limit global warming to 1.5°C and 2°C. In doing so, we attempt to provide a multi-faceted per-
spective on progress in national GHG emissions reductions, identifying bottlenecks and future needs to scale up
the low carbon transition.

Several articles and reports have dealt with the topic of decarbonizing countries (Burck et al., 2021; Eskander
& Fankhauser, 2020; Le Quéré et al., 2019; Levin & Rich, 2017; Xia et al., 2020). We build on and update this prior
literature in a number of ways. First, we identify decarbonizing countries based on sustained annual reductions
in emissions between 1970 and 2018, starting from a year of peak emissions. We examine trends in all GHG
emissions, as well as carbon dioxide (CO,) emissions from fossil fuel combustion. In doing so we capture impor-
tant underlying shifts in the composition of national emissions and sources (albeit excluding land-use, land-use
change and forestry (LULUCF) CO, emissions due to high uncertainties). Second, we set out to explain different
types of emissions reduction pathways by clustering countries with similar trajectories. Third, we analyse clus-
ters and their constituent countries in terms of shifts in underlying emissions sources, allowing us to question
the extent to which current reduction rates can be sustained into the future. Finally, we compare these histori-
cal rates of emissions reductions to rates projected in integrated assessment scenarios, thus benchmarking the
achieved progress against necessary rates for meeting the 1.5°C and 2°C climate targets. Our analysis is mainly
descriptive, rather than explanatory, but aims to give a comprehensive picture of the trends and underlying
features of decarbonizing countries.

2. Materials and methods
2.1. Data

Our estimates of national CO, and GHG emissions are from the Emissions Database for Global Atmospheric
Research (EDGAR) v5 database (Crippa et al., 2019) - the methodology being in line with the earlier version
4.3.2 (Janssens-Maenhout et al., 2019). EDGAR covers the time span 1970-2018 for CO, and 1970-2015 for
non-CO, gases. We use a fast-track extension for non-CO, GHG emissions for 2016-2018 as described in
Olivier et al. (2005) and Minx et al. (2021).

We group EDGAR emissions sources into 5 sectors: energy systems, transport, buildings, industry, and agri-
culture. These sectors cover aspects of energy supply, including fossil fuel extraction, processing, transport and
generation (energy systems sector); energy demand in three final sectors (transport, buildings, and industry
sectors); non-energy related process emissions (e.g. cement and F-gases within industry); and agriculture
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emissions (agriculture sector). These are further split into 27 subsectors, as described in the supplementary data
file to this article, to enable the analysis of more fine-grained emissions trends.

Our data covering the agriculture sector includes the main sources of non-CO, agricultural GHG emissions,
such as those from livestock, soil management and fertilizer application. However, EDGAR does not include
LULUCF CO, emissions. We analyse the potential impact of including LULUCF CO, emissions, using data
from FAO (2021), but choose not to include it in our core analysis due to high uncertainties — as discussed
in the supplementary materials (SM).

To calculate total GHG emissions, we weight each gas using global warming potentials with a time horizon of
100 years (GWP100), using factors from the Intergovernmental Panel on Climate Change (IPCC) 5th Assessment
Report (Myhre et al., 2013). While GWP100 has limitations, particularly in terms of differentiating the short — and
long-term impacts of different gases, we follow much of the scientific and policy literature in adopting it here
(Lynch et al., 2020). All GWP values are described in the supplementary data file to this article.

To complement our main analysis using the EDGAR data, we draw on two additional sources: consumption-
based emissions data from the Global Carbon Project (Friedlingstein et al., 2020), as updated from Peters et al.
(2011), and population data from the World Bank (2020). The data and results from this paper can be found at
https://doi.org/10.5281/zenod0.5497833.

2.2. Identifying countries with sustained emissions reductions

Our main requirement for identifying countries with sustained emissions reductions is that they have reduced
annual GHG emissions on average for at least 11 years (2008-2018). This time frame makes sure we don't give
weight to short-term year to year fluctuations, and also avoids the main impacts of the global financial crisis,
which led to a drop in global CO, emissions in 2009 followed by a rapid rebound (Peters et al., 2012).

To make allowances for even longer sustained emissions reductions, we identify the peak year of CO, emis-
sions for every country between 1970 and 2008. We then calculate the average annual reduction rate in CO,
and total GHG emissions between that peak year and 2018, discarding any countries with positive growth in
either metric. We therefore only include countries with declining CO, and GHG emissions, based on the
trend since the CO, peak year. Several further exclusions were made on the basis of data quality and consist-
ency in trends, as described in the SM.

To compute all average annual reduction rates, we use a method proposed by the Global Carbon Project
(Friedlingstein et al., 2019): in a given time period, we fit a linear model to the natural logarithm of the GHG
emissions data, expressing the time coefficient as the reduction rate in percent per year. This method has
the advantage of not oversampling individual years. Compared to other smoothing procedures, such as aver-
aging yearly growth rates, or a linear trend on a moving average-smoothed series, we see little difference in the
results.

2.3. Grouping similar country trajectories

We complement our analysis of individual countries by clustering them into three groups based on socio-econ-
omic history and peak years. One cluster we identify as former members of the Eastern Bloc. These countries all
sustained a sharp and distinctive decline in emissions following the Soviet Union collapse around 1990. We sep-
arate the two remaining groups by peak years: either early in the 1970s and 1980s, followed by a long trend of
sustained emissions reductions; or in the late 1990s or early 2000s.

We analyse each cluster descriptively, summarizing their total emissions, population, absolute and relative
reductions in annual emissions since peak years, and other information. In the case of absolute and relative
reductions in annual emissions, we calculate these against the peak years of each constituent country in
each cluster - hence using varying underlying time periods. As in our identification of decarbonizing countries
(described in the prior section), for each country we use the same peak year for both GHG and CO, emissions
(the CO, peak year), in order to ensure comparability between each emissions metric. All data and estimations
for countries and clusters are available in the SM.
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2.4. Estimating decarbonization rates over time

Our initial identification of countries is based on the average annual reduction rate between a peak year and
2018. However, each country has varying reduction rates at different points in time. To allow for this and to
explore whether decarbonization rates are broadly increasing (or decreasing) in speed, we calculate five year
rolling average reduction rates for each country. For every year starting in the peak year, we estimate the
average annual reduction rate since the preceding 4 years (e.g. the rolling average reduction rate for 1975
spans the years 1971-1975). We use the same method for estimating reduction rates as described in section 2.2.

To contextualize these reduction rates, we contrast them with rates extracted from integrated assessment
scenarios. We use the IIASA scenario database of the IPCC Special Report on 1.5°C (IPCC 2018; Huppmann et al.,
2019; Rogelj et al., 2018). This database includes both 1.5°C and 2°C scenarios; we select all those that have a
probability of meeting 2°C of at least 50%. To evaluate reduction rates closest to the time period of our own
analysis (1970-2018), we extract the global emissions levels in these scenarios at the 2020 and 2040 time
steps, then calculate average annual reduction rates as in section 2.2. This allows us to contrast recent national
emissions reduction rates with the global rates necessary for meeting climate targets at varying levels of strin-
gency. Importantly, integrated assessment scenarios embody different technological features and socio-econ-
omic assumptions, such as rates of carbon dioxide removal (CDR), which influence the comparison we make.
These features are described in the underlying literature (Rogelj et al., 2018).

3. Results

We structure our results into four sections, corresponding to our different methods and areas of analysis: (1) the
number of countries reducing emissions, their geographic coverage and rates of change; (2) the varying emis-
sions trajectories of decarbonizing countries, grouped into three clusters; (3) the underlying sector changes that
led to emissions reductions across countries and clusters; and (4) the comparison of achieved reduction rates
over time with future rates expressed in 2°C and 1.5°C scenarios from the literature.

3.1. 24 countries sustained emissions reductions between 1970 and 2018

We find that 24 countries have managed to reduce both CO, and GHG emissions between 1970 and 2018
(Figure 1). Almost all of these countries are European (22 in total), ranging across all of the continent’s
diverse areas: from Scandinavia (e.g. Sweden, Finland, Denmark), to the Mediterranean (Spain, Italy, Greece),
Eastern Europe (Ukraine, Hungary, Czech Republic) and Western Europe (France, Germany, the UK). Two
more countries outside of Europe have further contributed to lowering global emissions: the United States
(US) and Jamaica. So far, no country in Asia or Africa meets the criteria for sustained emissions reductions.
Figure 1 overlays the trend in total territorial CO, and GHG emissions, as well as consumption-based CO, emis-
sions, showing that all countries achieved consistent reductions by all three metrics, albeit with varying peak
years depending on the metric.

Average annual CO; reduction rates range from rather modest trends of around —0.5%/yr (e.g. Belgium,
North Macedonia, Netherlands) to rapid rates of more than —3%/yr (e.g. Greece, ltaly, Finland, Denmark,
Ukraine). However, when we contrast these CO, reduction rates with GHG reduction rates tracked from the
same peak year, then the performance of most countries declines significantly (see SM Figure 4, which tabulates
reduction rates and amounts for each country). For example, the US has sustained an average —1.1%/yr in CO,
emissions reductions since 2005, but only —0.5%/yr over the same period in GHG emissions reductions. In some
countries the difference is stark, such as Finland (=3.1% in CO, to —1.8% in GHG), Ireland (—2.1% CO,, —1%
GHG) and Denmark (=3.3% CO,, —2.5% GHG). In all but three countries, average annual reductions in GHG emis-
sions were lower than those of CO, emissions over the same time period. We address some of these cases and
reasons for diverging CO, and GHG reductions in subsequent sections.

Apart from Jamaica', only countries in the Global North have managed to reduce emissions. Of course, most
of these countries have a higher historic responsibility for warming trends, as well as a greater capacity to take
mitigation action, as reflected in the Annex | categorization of the United Nations Framework Convention on
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Figure 1. Countries with declining CO2 and GHG emissions since peak year. Trends for territorial CO2 (green), territorial GHG (blue) and con-
sumption-based CO2 emissions (orange) are shown. Note that the y-axis limit differs in each plot but always starts at 0, putting an emphasis on
the completeness of each decarbonization trajectory. The average annual reduction rate and the reduction in annual CO2 emissions since peak
years is shown in each plot subtitle. Clusters are described in the forthcoming section.

Climate Change (UNFCCC). Nonetheless, several Annex | countries are prominently missing from the list of
countries that reduced emissions. For instance, calculating average annual CO, emissions change from 2008
to 2018, the same years as our minimum inclusion criteria, Turkey (+5.2%), Canada (+1.2%), the Russian Federa-
tion (+0.9%), Japan (+0.5%), Australia (+0.3%) and New Zealand (+0.2%) all grew in emissions.



6 W.F. LAMB ET AL.

How would different accounting methods change these results? If countries were only assessed on the basis
of total GHG emissions, including LULUCF CO, from a dataset that focuses on forestry (FAO, 2021), a further 17
would be added, including Australia, Brazil, Canada and the Russian Federation, while a single country would be
removed - Slovenia (SM Table 1). Using UNFCCC accounting, the results are different yet again, e.g. with Aus-
tralia’s emissions falling by 14% from 2005 to 2020. Thus, many countries with growing fossil CO, emissions but
declining LULUCF CO, emissions could also be considered, but we do not do so here as the complexities of
LULUCF emissions data are beyond the scope of this paper.

In all 24 countries, consumption-based CO, emissions have been declining since at least 2008. The flat or
upward trend of consumption-based CO, emissions up to this year in the UK, Denmark, France, Belgium and
others confirms that offshoring was an issue but has since declined in importance as worldwide emissions trans-
fers have peaked due to a decline in the carbon intensity of traded goods (Wood et al., 2020).

The total reductions in annual CO, emissions of these 24 countries, subtracting 2018 emissions from each
respective peak year, sum to approximately 3.2 GtCO,. Equivalent GHG emissions reductions were only margin-
ally higher over the same period (by 0.1 GtCO,eq). Considering these reductions occurred over multiple
decades, and that they represent approximately 9% of global CO, emissions in 2018 (37.5 GtCO,), the total
impact of these 24 countries appears to be rather limited to date. They have been far outweighed by the
growth of emissions in other countries and regions of the world. Nonetheless, total reductions in annual emis-
sions from peak years have been very large indeed in some countries. Ukraine has reduced CO, emissions by
77% since 1988; Denmark by 56% since 1996; and the UK by 46% since 1973 (SM Figure 4). At the same time, the
largest country in our sample had among the lowest reduction rates — the US, with a 12% reduction in CO,
emissions since 2005, and just 5% for GHG emissions.

3.2. Three types of emissions reduction pathways

Country emissions trends follow one of three broad patterns: (1) several decades of growth, followed by a
recent peak and decline in emissions; (2) a long and continuous decline in emissions since the 1970s; or (3)
a rapid and deep drop in emissions in the 1990s, followed by relative stability. We call these groups ‘Recent
peak’, ‘Long-term decline’ and ‘Former Eastern Bloc', respectively.

Recent peak countries had their highest levels of emissions on average in 2004. Prior to this year, most
of them experienced several decades of continuous and sometimes rapid emissions growth. Breaking with
this trend, these countries have managed relatively fast emissions reductions in the past decade. They
include 12 countries, with the US, Italy and Spain standing out as the largest current emitters. Although
the relative reductions in annual emissions of these countries have tended to be small, due to the
short period since reductions started, the absolute impact was large, at 1.1 Gt CO, emissions, and 0.8
GtCO,eq for GHG emissions. This is because they — particularly the US - account for a substantial pro-
portion of current global CO, and GHG emissions (16.8% and 15.5%, respectively), as shown in Figure
2. But despite their overall reducing trend, some of these countries, such as Cyprus and Portugal, have
seen an uptick of emissions in the past five years. Continued observation will therefore be needed to
confirm a longer-term decarbonization trend.

Long-term decline countries have undergone a continuous period of emissions reductions since the 1970s.
They include 6 European nations: Sweden, Germany, the United Kingdom, France, North Macedonia and
Belgium. Despite relatively slow average decarbonization rates compared to other groups, they have accumu-
lated large relative reductions in annual emissions over a period of several decades: 39.8% in the case of CO,
emissions, and 39.1% for GHG emissions. Together, these countries have contributed a 1.1 Gt CO, drop in
annual emissions from their respective peak years to 2018. This is a similar level of magnitude as Recent
peak countries. Yet unlike Recent peak countries, the Long-term decline group has also managed to reduce
total GHG emissions by an equivalent amount: 1.3 GtCO,eq.

The emissions trends of countries in the Former Eastern Bloc group were shaped by a historic event of global
significance: the dissolution of the former Soviet Union in 1990-1991. This event affected a swathe of countries
across Eastern Europe and central Asia. As the Soviet Union broke up, the state-run economies of its core states
(e.g. Ukraine in our analysis), as well as satellites in Eastern Europe (e.g. Romania, Hungary, Czech Republic,
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a. Countries with declining CO2 and GHG emissions since 1970
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Figure 2. Three groups of decarbonizing countries. Groups are clustered manually, based on socio-economic history (Former Eastern Bloc) and
peak years. Panel b depicts country CO2 emissions trends normalized to 1 in 1970, with an average trend by group in bold. Panel c depicts the
relative importance of each group in terms of their global CO2 emissions, GHG emissions and population in 2018. Panel d depicts the total
relative reduction in annual emissions per group since each underlying peak year.
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Bulgaria, and Slovakia) all suffered severe downturns, leading to historic drops in industrial output, energy
demand, and emissions.

The longer-term trend in this group, however, has not been a rebound to high emissions levels, but rather a
stabilizing of emissions and a continuous, albeit more gradual, decline in all cases. This indicates a structural
break following the Soviet Union dissolution and the possibility of these countries continuing along a decarbo-
nization trajectory driven by continuous reductions in emissions and energy intensity (SM Figure 3). This con-
trasts with many other former Eastern Bloc states, such as the Russian Federation, Poland, Belarus, and so on,
which also experienced a sudden drop, but have since rebounded in emissions.

In terms of total emissions reductions, the collapse was dramatic, with Former Eastern Bloc countries equal-
ling the other groups in reducing annual CO, emissions by 1 GtCO, since peak years in the late 1980s, and 1.1
GtCO,eq for total GHG emissions. The average relative reductions in annual CO, and GHG emissions are 65.5%
and 61.1%, respectively, but reached as high as 77% for CO, emissions in Ukraine. Indeed, this country was
responsible for the majority of this group’s overall reduction in annual CO, and GHG emissions, at 646 and
732 MtCO,eq, respectively.

3.3. GHG emissions reductions have been primarily realized in the energy and industry sectors

Shifts in the contributions of underlying sectors reveal a striking pattern across most countries: energy systems
and industry are responsible for the large majority of GHG emissions reductions (SM Figure 5). Emissions in the
energy systems sector are primarily from electricity and heat generation in power plants (e.g. coal and gas
power stations), as well as the extraction, processing and transport of fuels for these plants. Across all
country cases where we identify sustained emissions reductions, GHG emissions reductions were realized
specifically in this sector. This indicates that such countries managed to reduce overall energy use, underwent
a transition to cleaner fuels (such as coal to gas), expanded renewable energy or zero-carbon sources (such as
solar PV, nuclear or wind power), or achieved a combination of these.

In all countries, GHG emissions reductions have also been realized in the industry sector —apart from the US.
Industry comprises a variety of different manufacturing and resource extraction activities, including metals,
chemicals, and cement production, as well as a broad range of generic manufacturing processes (‘Other indus-
try’ in the underlying IEA data and our subsector classification). Again, GHG reductions in this sector may indi-
cate a number of possible underlying shifts, such as improved manufacturing efficiencies, fuel switching
between different feedstocks (e.g. coking coal to electric arc furnaces), as well as absolute reductions in indus-
trial output at a national level.

The transportation, buildings, and agriculture sectors comprise direct emissions, such as vehicles on roads,
gas or coal boilers in buildings, and methane produced by livestock (enteric fermentation). Countries have had
varying levels of success in reducing these types of emissions. In the Recent peak group, transportation GHG
emissions have declined alongside other sectors. However, the opposite is true in Long-term decline countries
and the Former Eastern Bloc, with increases in transport emissions offsetting progress in other sectors. Changes
in buildings emissions have tended to be quite small in most cases, excepting Sweden, the Netherlands, France,
Ireland, Belgium and Slovakia, which reduced these sources on par with other sectors. Overall, agriculture emis-
sions reductions have been more important for Former Eastern Bloc countries, compared to others.

Breaking down the emissions change into even more detailed subsectors shows the importance of particular
sources in either driving or hindering decarbonization efforts (Figure 3). In the Recent peak cluster of countries,
the vast majority of reductions in annual GHG emissions were from the electricity and heat sector (over —800
MtCO,eq alone). These emissions were partially offset by growing fugitive emissions sources (+151 MtCO,eq)
and ‘other industry’ (+192 MtCO,eq). Since the US is by far the largest emitter in this group, we can attribute
most of these changes to this specific country. The absolute changes in other emissions sources were quite
trivial, even though relative changes in some cases were not (e.g. fugitive emissions from coal mining:
—43.1%). Electricity and heat remains the largest sector in 2018 at 2198 MtCO,eq, followed closely by road
transport at 1862 MtCO,eq. Overall, most reductions were from CO, emissions, which declined from 83% of
total emissions in this cluster in 2000, to 78% in 2018 (SM Figure 6). N,O emissions have remained steady at
4% of total emissions since 2000, while CH4 grew from 10% to 12%, and F-gas emissions from 2% to 6%.
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Figure 3. GHG emissions by subsector and country cluster. Solid bars indicate total emissions in 2018, transparent bars indicate total emissions
at peak years for each cluster. A solid bar followed by a transparent bar indicates absolute reductions in emissions (with the remaining emis-
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subsectors are shown. Numbers in % following each bar describe the relative change in annual emissions between peak years and 2018.

The Long-term decline group has undergone a more balanced decarbonization process across multiple sub-
sectors. Again, this is mainly driven by a total of 373 MtCO,eq reductions in annual electricity and heat GHG
emissions, but with substantial additional contributions from metals (—208 MtCO,eq), other industry (—146
MtCO,eq), non-residential buildings (—133 MtCO,eq), residential buildings (—124 MtCO,eq), chemicals (—121
MtCO,eq), and fugitive coal mining emissions (—109 MtCO,eq). The largest source of emissions growth is
from the road transport subsector (+147 MtCO,eq), which remains almost equivalent to the electricity and
heat sector in terms of total emissions in 2018 (433 MtCO,eq vs 441 MtCO,eq). Compared to the Recent
peak group, there has been only a small change in the distribution of CO, and non-CO, GHG emissions,
with CO, emissions remaining approximately 79-80% of the total since 1970 - although F-gases have also
slightly grown in recent years (SM Figure 6).

A largely similar picture emerges for the Former Eastern Bloc group of countries, with a deep drop in annual
electricity and heat GHG emissions (—255 MtCO,eq), alongside other industry (—289 MtCO,eq), metals (—150
MtCO,eq), chemicals (-84 MtCO,eq), and residential buildings (=75 MtCO,eq). However, a notable difference
in these countries is the additional role of agricultural emissions, with large annual reductions in fuel
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combustion in the farming sector (—98 MtCO,eq) and enteric fermentation (e.g. livestock CH4 emissions; —72
MtCO,eq). A small increase in oil and gas fugitive emissions (+12 MtCO,eq), road transport (+30 MtCO,eq) and
waste (+3 MtCO,eq) has offset these changes to some extent. Electricity and heat still remains by far the largest
emitting sector at 211 MtCO,eq in 2018. Since the 1990 decline in emissions, the fraction of CO, emissions in
total GHGs dropped from 81% to 72% (SM Figure 6). Thus, most mitigation took place for CO, sources only,
leaving a substantial fraction of remaining CH,4, N,O and F-gas emissions.

Looking to broader trends underlying these shifts in emissions, it is important to note that each cluster on
average grew in GDP since 1990, including the Former Eastern Bloc, at rates between 1.2% and 1.5% per year
(SM Figure 3). All clusters and their constituent countries steadily reduced the carbon intensity of their energy
supplies, as well as the energy intensity of GDP (the latter particularly so in the Former Eastern Bloc). Thus, while
the effects of economic decline in recent years following the global financial crisis cannot be excluded, struc-
tural changes in energy use and other activities (whether driven by policy or not) are the main long-run drivers
of emissions reductions in these cases. Kaya plots showing these trends for each individual country are also
available in the SM.

3.4. Country reduction rates in some years are compatible with those required to meet the 2°C goal
of the Paris Agreement

In previous sections, we report emissions reductions since country peak years. However, this ignores the possi-
bility that countries have at times experienced faster or slower reduction rates. Here we examine the evolution
of reduction rates over time, and consider whether or not they are compatible with those needed to meet the
goals of the Paris Agreement.

Figure 4a depicts how CO, emissions reduction rates have varied since the peak years of each country,
based on 5 year rolling averages. How do these compare to annual reduction rates necessary for meeting
stringent warming targets? In Figure 4b we depict the global CO, reduction rates estimated in scenarios
that limit warming to 1.5°C and 2°C, averaged between the years 2020 and 2040. Overall, we observe
that while most countries have outlier values that stretch into the range of these reduction rates, few
appear to be consistently achieving the necessary rates of decarbonization. The lower end of the interquartile
range of 17 countries reaches the median value (—2.5%/yr) for scenarios with a 50% likelihood of avoiding 2°
C warming (all countries apart from the US, Netherlands, Germany, France, Belgium, Czech Republic and Slo-
vakia). But the interquartile range of just eight countries reaches the median value (—4.1%/yr) for scenarios
with a 66% likelihood of avoiding 2°C warming (Greece, Italy, Spain, Cyprus, Jamaica, Denmark, Ukraine, and
Romania). Apart from Jamaica and Ukraine, only extreme values beyond the interquartile range of countries
are placed at, or are exceeding, the median value (—6.9%/yr) for scenarios that avoid more than 1.5°C of
warming.

An alternative way of depicting country progress is shown in Figure 4c, where individual years that achieved
high rolling average growth rates (—4%/yr, i.e. approximately equivalent to those required in 2°C, 66% likeli-
hood scenarios) are highlighted in dark blue, with progressively lighter shading towards yellow in years with
slower growth rates. This demonstrates that while a few countries do achieve consistent and rapid year on
year reductions of —4%/yr (such as Greece, Denmark, and Ukraine), most other countries only reach such
rates in a few consecutive years. Three countries — the US, Germany and the Netherlands — were not able to
achieve rapid rolling average reduction rates of —4% in any year. Thus while country growth rates do approach
Paris-compatible rates in some individual years, it is more uncommon to reach these rates consistently.

Two cautionary notes on this analysis are required. First, scenarios show a relatively wide range of emissions
reduction rates that are driven by important underlying assumptions. 2°C 66% likelihood scenarios range from
—1.9% to —7.7% per year, while 1.5°C scenarios range from —2.9% to —14.4% per year. Lower rates of change are
likely to occur in scenarios that have a higher dependence on the net removal of carbon dioxide from the
atmosphere later in the twenty-first century, and vice-versa (Strefler et al., 2018). Hence, even though some
countries may approach the lower end of scenario rates of change, for these to be consistent with Paris Agree-
ment warming targets, one would still need to assume the availability of certain technologies, limitations on
energy demand growth, and global cooperation. Second, here we analyse only CO, emissions reductions, in
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order to ensure compatibility with the scenario data. Earlier results showed that reduction rates have tended to
be lower for total GHG emissions (SM Figure 4). Hence the combined effect of accounting for total GHG emis-
sions, as well as ruling out certain scenario features that may be considered undesirable (e.g. from political,
social or technological perspectives), could shift Paris-compatible reduction rates even further beyond the
range of the rates achieved by countries.

4. Discussion

In our analysis, we identify 24 countries with sustained CO, and GHG emissions reductions between 1970 and
2018. Together, they reduced annual GHG emissions by a total of 3.2 GtCO,eq since their respective peak years.
We group these countries into three types of emissions reduction pathways, disentangling their progress by
focusing on changes in underlying sectors and subsectors. Finally, we contrast historical trends in CO, emis-
sions reductions with future reduction rates envisaged by Paris-consistent mitigation scenarios, finding that
some countries enter the range of annual reduction rates required to limit warming to 2°C (e.g. >4%/yr), but
few sustain these rates longer than 3-4 years, and none achieve the very fast reduction rates consistent
with 1.5°C scenarios.

As a caveat, our analysis considers reductions of annual emissions only in countries that peaked before 2009.
This may exclude lower emissions growth driven by climate policies in countries and sectors that have not yet
peaked in emissions. Eskander and Fankhauser (2020) perform such a calculation, and find much higher abate-
ment levels against a counterfactual case of emissions growth — up to 5.9 GtCO, per year in 2016 compared to
our drop of 3.2 GtCO,eq in annual emissions since peak years.

Further, since we do not attribute national emissions reductions to policies, our analysis includes reductions
that were driven by wider structural changes and other non-climate policy factors. Considering the timing of
emissions reductions by group, it is important to note that the majority of climate policy legislation has
built up from the early 2000s, with most activity occurring between 2007 and 2012 (Climate Action Tracker,
2020; Dubash et al., 2013; Grantham Institute, 2017; lacobuta et al., 2018). This coincides with the passage of
the Kyoto Protocol - one of several international factors that have stimulated climate policy development -
which was adopted in 1997, entered into force in 2005 and had a first phase of binding constraints between
2008-12 (Fankhauser et al., 2016). Indeed, 21 of the 24 countries we identify had binding targets under the
Kyoto Protocol. Kyoto targets have been linked to emissions reductions of up to 7% against a counterfactual
case (Maamoun, 2019), and potentially larger reductions if the worldwide impact of the Clean Development
Mechanism is included (Kuriyama & Abe, 2018; Maamoun, 2019). It is hence likely that policy-linked emissions
reductions mainly occurred in the past 10-15 years, while longer-term reductions before the 2000s were associ-
ated with wider structural changes.

Turning to our results, several cases illustrate the different types of climate policy progress made among the
countries we study.

The US, a Recent peak country, is a key example where recent national progress in emissions reductions
should be cautiously interpreted. Multiple studies highlight a rapid shift from coal to gas underway in the
US, which is driven by a shale gas boom, federal tax incentives, and the declining competitiveness of coal
(Feng, 2019; Mohlin et al., 2019; Peters et al,, 2017; Peters et al., 2020). While the expansion of renewable
energy is also starting to pick up pace (Mohlin et al., 2019), the fact that most progress results from fuel switch-
ing from coal to gas raises important questions about the viability of realizing continued and increasingly ambi-
tious emissions reductions. Gas, the fastest growing fossil fuel worldwide (Jackson et al., 2019), is not a zero-
carbon fuel, and new infrastructure locked in now will continue emitting into the future. Gas infrastructure
is also prone to leakage across the supply chain, leading to additional CH, emissions (Alvarez et al., 2018;
Hmiel et al., 2020; Weller et al., 2020). Indeed, reductions of annual CO, emissions compared to total GHG emis-
sions diverge starkly in the US, halving from 700 MtCO, to 351 MtCO,eq, while average annual rates decline
from 1.13%/yr to 0.5%/yr.

In Long-term decline countries, all of which are in Europe, policies to expand renewables and improve energy
efficiency have been more successful in driving down emissions. An extensive coal to gas switch also occurred
over the past decades on the continent, but, around 2007, this effect was supplanted by the steady expansion
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of renewable generation capacity (Le Quéré et al.,, 2019; Peters et al., 2017; Rodrigues et al., 2020), which
increased as a proportion of electricity generation from 43% in 2010-53% in 2018 (IEA, 2020). These trends
are a result of both national and EU-level policies — such as a comprehensive set of supportive and restrictive
regulatory measures in Denmark (Sovacool, 2013), or the carbon floor price in the UK, which near permanently
switched the merit order of generation so that renewables and gas always outcompete coal (Agora Energie-
wende & Sandbag, 2017; Wilson & Staffell, 2018). Of course, another characteristic of low-emissions energy
systems over the long run can be nuclear generation capacity (Burke, 2012; Saidi & Omri, 2020), which is exten-
sive in many OECD countries, but particularly so in France, Belgium and Sweden.

Across the Former Eastern Bloc, the main driver of emissions reductions was evaporating industrial demand
in the 1990s as economies and political systems broke-up and restructured in the wake of the Soviet Union
dissolution. Cascading effects appeared to have played out across most sectors, with rapid emissions reductions
particularly in the industry and coal mining sectors, and even the agriculture sector, with rapid dietary changes
and reduced meat consumption occurring alongside the abandonment of farmland (Schierhorn et al., 2019). A
key question is whether Former Eastern Bloc countries could now rebound to emissions levels previously sus-
tained before 1990. Here the literature tends to emphasize the occurrence of deep structural changes during
the early 1990s: many inefficient and loss-making enterprises were privatized or shut-down; there was an
increasing pressure for environmental improvements; and previously subsidized energy prices saw sharp
rises in many countries (Brizga et al., 2013; Re¢kova et al., 2017; Urge-Vorsatz et al., 2006). As a result, energy
efficiencies have dramatically improved, and in some countries carbon intensities have also declined (Brizga
et al,, 2013). All countries within this group are continuing to reduce emissions, albeit at a much slower
pace, in the most recent decade.

In all countries, a notable lack of progress has been made in reducing transport emissions, which is now the
second largest source of emissions in Recent peak and Long-term reduction countries (and if energy systems dec-
arbonization continues, it will soon be the largest sector in the latter group). Indeed, transport is widely noted
as a bottleneck to climate mitigation, due to both technological reasons (i.e. realizing affordable low-carbon
energy vectors to substitute liquid fossil fuels), and the persistence and direction of underlying political econ-
omic drivers (such as cultures of car consumption and the influence of the automotive industry on transport
planning) (Creutzig et al., 2015; Luderer et al., 2018; Mattioli et al., 2018). The industry sector will also face tech-
nological challenges in mitigating process emissions and high-temperature heat applications, with policies
needed now in order to initiate transitions that may take several decades to overcome technological, political
and social inertia (Davis et al., 2018; Luderer et al., 2018). It is thus not unlikely that countries making progress in
energy system emissions alone could soon reach a frontier of mitigation efforts, which will require much more
aggressive and comprehensive sectoral policies to break through, including demand-side measures (Creutzig
et al, 2018).

5. Conclusions

While global GHG emissions are rising, a number of countries have emerged with a sustained record of emis-
sions reductions, even during extended periods of economic growth. These front-runners have shown that
reduction rates broadly in the range of those needed to limit warming to well below 2°C are possible. They
further highlight that a deep and rapid decarbonization of the energy sector is feasible, driven by switching
away from the most carbon intensive fuels, growing renewable and zero-carbon capacity, lowering demand,
and improving energy efficiency.

However, sustained emissions reductions by these countries have been dwarfed so far by emissions
increases in the rest of the world. Indeed, some declines in national territorial emissions reductions may be
related to off-shoring and the recent industrialization of the Global South - even though all of these countries
have also seen simultaneous reductions in consumption-based emissions. Further, we see that success in redu-
cing non-energy sector emissions has been limited so far. In particular, the transport sector (and to a lesser
extent industry and agriculture) now poses a potential barrier for mitigation efforts in many countries. And
while some national emissions reduction rates have been fast, they have occurred intermittently, and not con-
tinuously - as is required for global mitigation pathways to meet the goals of the Paris Agreement.
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Yet, to end with a positive note, it is not insignificant that this group of countries has managed to make pro-
gress in reducing emissions. In some, reductions of up to 50% or more in annual emissions have been achieved,
under circumstances that have arguably been only moderately favourable for climate action. As technologies
such as solar PV, wind power and electric batteries exceed all expectations of scale-up and cost reductions, and
as citizen support for national and international climate policy grows, the challenge may become easier. More
globally impactful action could potentially be built upon this foundation of progress.

Note

1. According to EDGAR, Jamaica had a short-lived peak of emissions from the industry sector in 2006 followed by a sharp decline
in subsequent years. This is likely due to activities in the mining sector (Jamaica is a major world producer of bauxite), where
Jamaica’s UNFCCC submission notes recent fuel use reductions leading to overall national emissions reductions, albeit less
dramatic in scale than in EDGAR (from 16 MtCO, in 2006-15 MtCO, in 2012) (Jamaican Ministry of Economic Growth and Job
Creation, 2018).
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