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Exploring sectoral energy
structures for decarbonization: an
analysis of leading global emitting
countries

Faten S. Alamril, Azhar Ali Janjua?*’ & Muhammad Aslam3**

In pursuit of sustainability, it is necessary to comprehend the evolving relationship between economic
growth and greenhouse gas (GHG) emissions. This study conducts Index Decomposition Analysis (IDA)
for comparative sectoral analysis of the world’s ten largest GHG emitting countries across their eight
sectors; agriculture, building, fuel exploitation, industrial combustion, power industry, processes,
transport and waste, using latest available data from 2000 to 2023. This study disaggregates sectoral
emissions to evaluate the extent to which economic growth has been decoupled from GHG emissions,
thereby offering insight into national sectoral emission trajectories and sustainability progress.

This study offers sectoral ranking of countries based on average GHG emission abatement during
2000-2023 and offers the sectoral GHG emission intensity in these countries relative in year 2000. The
agriculture and building sectors demonstrated significant decoupling, abatement of GHG emissions
by an average of 6.44 MtCO, and 6.34 MtCO,, respectively, through sustainable practices. The fuel
exploitation sector achieved modest abatement of 2.24 MtCO,, though emissions intensified in

China and Indonesia. In the industrial combustion sector, GHG emissions abatement were recorded
by 0.74 MtCO, but intensified in several emerging economies. The transport sector recorded a

slight intensity of 0.36 MtCO,, highlighting the urgent need for low carbon mobility solutions. The
waste sector achieved the most substantial GHG emissions abatement of 16.31 MtCO,, led by USA,
despite intensified in four other nations. The findings emphasized the critical need for tailored, sector
specific policy interventions, technology adoption, and behavioral changes to achieve sustained
decarbonization. The study contributes to the global discourse on climate mitigation by offering
comparative sectors specific insights to align national energy structures with global decarbonizing
practices.
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JEL classification Q51, Q54, Q56
Historically, natural variabilities of the Sun and volcanic eruption were accounted for change in Earth’s
temperature, whereas in recent times, the anthropogenic activities are primarily causing climate variability'
through combustion of fossil fuels* and creating pollution. The pollution like CO,, accumulates in the atmosphere,
trapped the Sun’s heat on Earth and nurturing the temperature. Resultantly, the global warming instigating the
climatic variabilities like declining biodiversity, water scarcity, droughts, intense storms, wild fires, melting polar
ice, flooding, and others. The CO, concentration in the atmosphere has been increased by 50% than in 1750
(the advent of Industrial Revolution), this transformation in concentration is exceeding the accumulation which
took over the past 800,000 years®, more than 8.7 Million people are dying annually from outdoor air pollution®.
Greenhouse gases (GHGs) from anthropogenic activities warmed the temperature about 1.1 °C since 1900 and
caused to extreme weather events and are harming human health through pollution, forced displacement, food
insecurity, mental health and others>®.
In 2015, 196 countries adopted the Paris Agreement to strengthen the response to climate change and
limit the global warming. At COP26 countries start revising Nationally Determined Contributions (NDCs),
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commiitting to limit warming to 1.5 °C above the pre-industrial level by 2030 and achieve net zero emissions
by 2050. Achieving this goal requires a 45% reduction in global GHGs emissions from 2010 levels by 2030,
necessitating urgent and transformative climate action. Currently devastating climate disruptions include,
reducing ice sheet, rising sea level, intensifying extreme weather and melting glaciers, are causing widespread
harms to human health, ecosystems, and economic stability. The emissions level impact the social aspects as
well by lessening emissions leads to increase happiness’ and with rising carbon emissions environment, social
and governance performance declined rapidly®. In last two decades, 55 most climate vulnerable economies
faced US$ 500 billion damages’, climate affected death toll passed 4 million in 2024. Extreme heat caused about
489,000 deaths annually during 2000-2019. In year 2022 alone, the disasters triggered a record 31.95 million
displacements caused by floods, storms, wildfires, and droughts. Exceeding 1.5 °C could trigger multiple climate
tipping points like breakdowns of ocean circulation systems etc., therefore every fraction of warming matters.

According to the United Nations Environment Programme!!, member states of the G20 economies are
collectively responsible for emitting approximately 77% of global GHG emissions. A subset of Twenty-five mega
cities including Shanghai, Beijing, Tokyo, Moscow and New York account for 52% of GHG emissions originating
from urban areas. To align with the 1.5 °C global warming threshold established under Paris Agreement, global
emissions must decline by 42% by 2030 and 57% by 2035, relative to 2019 levels'!. Global GHG emissions from
anthropogenic activities were approximately 61.8% higher in 2023 compared to 1990, reflecting an average annual
increase of 1.5%, and reached around 52,962.90 Mt (CO2 equivalent). While most major emitting countries
reduced their GHG emissions intensity per unit of GDP, with the exception of China where it remained broadly
unchanged!!.

Table 1 enlists the top ten GHG emitting countries in 2023, collectively responsible for approximately 65%
of global emissions, by emitting 34,801 Mt (CO, equivalent). In contrast, the 47 least developed countries emit
only 3% global GHG emissions. At COP 29 in November 2024, delegates emphasized on worsening effects of
global warming and highlighted the urgent financial and technological support required by developing nations
to effectively address climate related challenges.

Emission Gap Report!! classified GHG emission in eight sectors; power industry, industrial combustion,
buildings, transport, agriculture, fuel exploitation, processes and waste. Primarily, the sectors responsible to
raise global GHG emissions are power sector 96%, Industrial combustion and processes 91%, transport 78%,
waste 56%, fuel exploitation 48%. Therefore, exploring the sectoral GHG efficiency, sectoral intensities have
significant impact to improve the environmental concerns and in restraining the global warming. One of the key
feature of NDC:s is to reduce the emissions’ intensity which is may be investigated through decoupling sectoral
GHG emissions. Organization for Economic Cooperation and Development (OECD)!? define decoupling as
alienating the bound between environmental pollution and economic development and according to UNEP'?,
“Decoupling at its simplest is reducing the amount of resources such as water or fossil fuels used to produce
economic growth and delinking economic development from environmental deterioration”

Substantial literature exists that accumulates global emissions for carbon dioxide!*, methane!®, and nitrous
oxide emissions!®, some studies have explored the sectoral trends of leading emission economies!’, while Lamb
etal.! provided a regional comparison of five key sectors across ten global regions using data from 1990 to 2018.
The present study contributes by employing an updated dataset (2000-2023) to analyze sectoral GHG emissions
in the world’s leading ten emissions emitting nations. Leal et al.'® emphasized the relative roles of sectors in
Australian GHG emissions to identify both underperforming and high emission sectors requiring strategic
interventions to improve the sectoral efficiency and overall national emissions targets. This study investigates
the decomposition of emissions across eight major sectors, ranked the countries by their 2023 GHG intensity
indices, and explores the current sectoral emissions trends. Tenaw!® advocated for sectoral specific investigation
for more effective climate policy insinuation. This study highlights the comparative sectoral decoupling status
of the countries to achieve the sustainable development strategies and to avoid the dangerous impacts of
climate change. This investigation will aid the formulation for sectoral emission reduction policies and timely
accomplishing the carbon emission targets to save the world from climate change.

Countries GHGs

China 15943.99
United States | 5960.804
India 4133.554
Russia 2672.039
Brazil 1300.169
Indonesia 1200.200
Japan 1041.013
Iran 996.7527
Saudi Arabia | 805.1581
Canada 747.678

Table 1. Top ten GHG* emitting Countries-2023. *Aggregated CO, (fossil only), CH4, N20O and F-gases
retrieved from Emission Gap Report 2024, UNEP.
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Table 2: Data Description

Variables Description

Brazil, Canada, China,
Indonesia, India, Iran,
Global Ten leading GHG emitting countries | Japan, Russia, Saudi
Arabia, United States of
America

agriculture, building, fuel
exploitation, industrial
Sectors combustion, power
industry, processes,
transport and waste

Annual
Global total GHG emission equivalent of Mt
CO2

Annual
Global sector specific GHG emission equivalent of Mt
CcO2

Annual
Country specific total GHG emission equivalent of Mt
CO2

Annual
Country sector specific GHG emission equivalent of Mt
CO2

In 100 Billions
USD 2015

In 100 Billions
USD 2015

Global gross domestic product

Country specific gross domestic product

Table 2. Explains the factors used in this study where National level and global economic data are obtained
from world development indicators provided by the world bank® (https://databank.worldbank.org/source/
world-development-indicators). These data ensure consistency and comparability across countries over the
time. Sector specific GHG emissions data are sourced from emissions database for global atmospheric research
(EDGAR)*3, which offers harmonized emission estimates across a wide range of countries and sectors. These
classification of sectoral framework is proposed by Crippa et al.34, which categorizes emissions into eight
major economic sectors (https://publications.jrc.ec.europa.eu/repository/handle/JRC138862). It quantifies
emissions by sector, primarily from on-site combustion and process related sources. The data does not include
the indirect emissions arising from electricity or heat purchased by the end use sectors such as, the emissions
from the power sector pertain solely to generation activities, the electricity consumption in other sectors is
not reflected in their respective emission totals. The most recent available datasets are used to capture current
trends in decoupling, and methodological consistency is maintained by using the original classification and
aggregation schemes defined by the provided data sources. emissions data are assigned to sectors according

to these predefined categories to ensure consistency. No adjustment is made to the sector definitions or

the reported values. This approach preserves the integrity of original methodology and allows for reliable
comparisons across countries and over time.

First part of this study presents the introduction section, second part elaborates the literature review, third
part explains the recommended methodology, fourth part elucidates the results and presents discussion, fifth
part consists of conclusion, policy recommendation and limitations and lastly, the references are provided.

Literature review

Gonzélezetal.?* decomposed the GHG emissions in Spain during 2008-2018 at global and sectoral level. The study
estimated 18.44% reduction in GHG emissions mainly because of intensity effect which remains more influential
in agriculture and transport. while somewhat different patterns in sectors. The energy efficiency measures
including, innovation, research and development, greener energies, environmental friendly technologies are
essential to mitigate greenhouse effect. Liu et al.?! investigated the Chinese transport sector to decouple carbon
emissions and growth for aiding emission reduction policy. During 2001-2018, annual average emission in
transportation sector increased by 7.69% and emissions intensities from energy, transport and emission have
increased by 16.67%, 5.32% and 2.22% respectively. This study suggested to optimize the energy structure with
supportive clean technologies by reducing consumption of coal and crude oil to restrain the emissions.

Engo?? conducted a study on the Republic of Cameroon’s transport sector during the period 1990-2016 and
found that the energy intensity effect hindered the decoupling of energy consumption from economic growth,
whereas changes in the economic structure contributed to promote decoupling. The induction of Jet kerosene
and aviation gasoline in energy supply is significantly reducing emissions in transport sector. It suggests to
reduce the traditional motor gasoline and gas diesel oil through adjusting prices, taxes and phasing out emission
intensive vehicles while promoting clean energy sources, modern technologies. Demographic factor and
economic activities are the driving factors in transport sector and the government should raise public awareness
to achieve the emission reduction targets.
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Table 4. Comparative Analysis of Industrial Combustion ‘ ‘ ‘ ‘
Country Index value in 2023 (2000=1) Average values (2000-23) é‘gegg_gze?:)b Change annual (Az\z)e(;‘gig;();HG reduction
Efficiency | Activities | Intensity | Efficiency | Activities | Intensity | Efficiency | Activities | Intensity | Efficiency | Activities | Savings
India 0.797 2.085 1.670 0.950 1.501 1.414 -0.848 3.267 2.406 0.128 -0.842 -0.714
China 0.511 3.217 1.646 0.919 2.143 1.819 -2.621 5.240 2.534 0.406 -1.796 -1.390
Iran 1.537 1.033 1.542 1.229 1.071 1.312 1916 0.205 2.055 -0.411 -0.141 -0.553
Indonesia | 0.856 1.549 1.258 0.980 1.280 1.228 0.276 1.930 2.176 0.107 -0.512 -0.405
Russia 0.998 1.014 0.988 0.810 1.123 0.901 0.133 0.102 0.126 0.479 -0.244 0.235
Saudi A. | 0.766 1.139 0.886 1.049 1111 1.162 -0.776 0.604 -0.241 -0.071 -0.216 -0.287
Brazil 0.679 0.855 0.557 0.807 0.971 0.789 -1.742 -0.654 -2.369 0.472 0.068 0.541
Canada 0.550 0.795 0.425 0.680 0.897 0.619 -2.541 -0.987 -3.507 0.870 0.240 1.110
USA 0.509 0.835 0.407 0.664 0.897 0.603 -2.957 -0.781 -3.716 0.932 0.242 1.174
Japan 0.608 0.599 0.336 0.809 0.782 0.647 -2.432 -2.196 -4.580 0.477 0.552 1.029

Table 4. Elaborates the comparative sectoral decomposition analysis of industrial combustion. Using year
2000 as the base year (2000=1), the year 2023 data reveal significant variation in performance of major
GHG emitting countries. India, China, Iran and Indonesia exhibit the most deteriorating in intensity index,
with increase of 67%, 64.6%, 54.2% and 25.8%, respectively. In contrast, Japan and USA show substantial
improvements, with reduction of 66.4% and 59.3% in intensity. Iran stands out as the only country with a
Sharp decline in efficiency, marked by a 53.7% drop, whereas USA and China recorded notable efficiency
gains of 49.1% and 49.9%, respectively. On an annual average basis, China, India, Iran, Indonesia and Saudi
Arabia demonstrate worsening trends in intensity, while the USA and Canada report improvements of 39.7%
and 38.1%, respectively. In term of GHG emission outcomes, abatements were most evident in the USA (1.17
MtCO,), Canada (1.11 MtCO,) and Japan (1.03 MtCO,) while China (1.39 MtCO,) and India (0.714 MtCO,)
contributed to environment degradation.

Table 5. Comparative Analysis of Transport ‘ ‘ ‘ ‘ ‘ ‘

Country

Average % Change annual Average GHG reduction

Index value in 2023 (2000=1) Average values (2000-23) (2000-23) (2000-23)

Efficiency | Activities | Intensity | Efficiency | Activities | Intensity | Efficiency | Activities | Intensity | Efficiency | Activities | Savings

China

0.639 3.217 2.264 0.852 2.143 1.751 -1.426 5.240 3.719 0.434 -1.754 -1.320

India

0.905 2.085 1.831 0.967 1.501 1.450 -0.473 3.267 2.785 0.080 -0.837 -0.756

Saudi A.

1.030 1.139 1.236 1.117 1.111 1.244 0.441 0.604 1.015 -0.225 -0.215 -0.439

Indonesia

0.827 1.549 1.236 0.911 1.280 1.162 -0.753 1.930 1.194 0.214 -0.507 -0.293

Iran

1.000 1.033 0.973 1.042 1.071 1.116 -0.050 0.205 -0.002 -0.083 -0.141 -0.224

Brazil

1.056 0.855 0.895 0.998 0.971 0.969 0.248 -0.654 -0.399 0.007 0.067 0.074

Russia

0.723 1.014 0.718 0.793 1.123 0.889 -1.433 0.102 -1.387 0.511 -0.242 0.269

Canada

0.720 0.795 0.573 0.881 0.897 0.797 -1.369 -0.987 -2.334 0.278 0.234 0.511

USA

0.629 0.835 0.513 0.800 0.897 0.724 -2.043 -0.781 -2.811 0.501 0.236 0.736

Japan

0.623 0.599 0.353 0.792 0.782 0.635 -2.256 -2.196 -4.410 0.526 0.553 1.079

Table 5. Elucidates the comparative analysis of transport sector across selected countries. As of year 2023,
China (126%), India (83.1%), Saudi Arabia (23.6%) and Indonesia (23.6%) exhibited a deterioration in
emission intensity. Notably, Saudi Arabia is the single country where both the efficiency and economic

activity indices contributed to worsen the intensity index. In contrast, Japan, USA and Canada demonstrated
improvements across all three dimensions, efficiency, activity and intensity. During 2000-2023, intensity index
increased for China (75.1%) and India (45%), despite improvements in efficiency, primarily due to the impact
of increased economic activity. Conversely, Japan (36.5%), USA (28.6%) and Canada (21.6%) recorded the
lowest intensity values, indicating progress toward decarbonization.

Batoukhteh and Darzi-Naftchali?* explored the relationship between agricultural development and GHG
emissions using economic, social and environmental aspects using 57 years’ data from 1961 to 2017. It indices
showed the reduction of GHG emission by 79% for developed, 26% for developing and 5% for least developing
countries. The study estimated about 65% developed countries effectively decoupling while unfavorable for
others. Therefore, food security is at risk and adopting the environmental measures are essential. Adenauer et
al.24 investigated the unilateral agriculture policies to reduce emissions in U.S which shows significant impact
on trade. Li et al.? analyzed mining and extractive related sectors by taking CO, emissions from 1991 to 2014
for comparative analysis of energy efficiencies and energy intensities of China and Nigeria are enumerated. It
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suggested the circular economy have not emerged into CO, emission reduction in both countries while the
economic activities and energy use are the significant factor for reducing the emissions. Chontanawat et al.?6
studied the industrial sector in Thailand from 2005 to 2017 using Logarithmic Mean Divisia Index (LMDI)
method to decompose the sources of CO, emission. The structural effect promoted emission reduction while
the energy intensity raised the emission.

Lamb et al.! investigated the GHG emissions of five sectors from ten region using dataset of 1990-2018. It
suggests decarbonization of energy systems in North America and Europe from renewables and fuel switching
while the emissions are expanding, in industrializing growing regions because of fossil fuels, in industry, buildings
and transport sectors because of the growing demand in Eastern Asia, Southern and South East Asia and in
agriculture sector because of carbon dense forest areas in Africa, Latin America, and South-East Asia. concluded
the limited progress for reducing GHG emissions. Chen et al.”’ found that Macao’s economic growth is becoming
resilient from energy consumption. Xu et al.® used Chinese sectoral carbon emission for comparative analysis
and decoupling it from economic growth. It is reccommended to implement stringent environmental policies
targeting export oriented enterprises, along with sector specific allocation of emission reduction responsibilities,
supported by a system of incentives and penalties. Construction sector is a key contributor of emission, Guo et
al.?8 investigated the conventional technique of building and off site prefabricating construction in China and
concluded that utilizing prefabricated elements in concrete building structure can lead to a significant decrease
in GHG emissions.

Azzeddine et al.* explored the GHG emissions of Morocco during 1990-2018 to decouple climate change
effects and cointegration results endorsed the long run relationship of emissions and GDP, however decoupling
index exhibit relative smaller increase in GHG emissions than GDP. Kong et al.8 in green credit plays pivotal role
in promoting environmental, social and governance performance by mitigating carbon emissions. Vélez-Henao
and Pauliuk*® found the Colombian industrial and economic growth made building sector the largest energy and
material consumers because of increased inhabitants and urbanization. Therefore, circular economy is an option
to reduce resource depletion and climate change. Without circular economy building stocks will emit 13-25
Mt CO,/yr while the adoption will reduce 49% GHG emissions to achieve the net zero emissions by 2050. Raza
and Lin*! illustrates the fossil fuel consumption raised the CO, emissions intensity while the structural change
reduced emission in industrial sector of Pakistan.

The literature endorsed the decoupling analysis which associates GHG emissions, economy and energy.
Delinking emission from GDP induces green growth thus policies formulations to achieve the emission target
directs to stimulate the efficiency. Tenaw'® decomposed the aggregate energy intensity in Ethopia during 1990~
2017 and found that the efficiency component remained the significant role in reducing the energy intensity
and suggested sectoral investigation for more effective policy formulation. Leal et al.'® suggested the adoption of
energy efficiency measures according to the needs of each sector by enhancing renewable energy technologies.
Grand?? suggested the suitability of decoupling for growing economies and supports the green de-growth for
declining economies.

Methodology

Data

This investigation elaborates a comparative sectoral decoupling analysis of the ten largest global GHG emitting
countries, utilizing the updated reliable data sources.

Method

Advancing sustainability encourages a comprehensive understanding of the structural and developmental
dynamics of economies in relation to their associated GHG emissions. The literature endorsed the decoupling
between economic growth and emissions on national, regional and industrial level*>-*’. The decoupling refers
the separation of economic growth from the emission of GHGs. Index number decomposition provides reliable
measures to estimate the intensity, efficiency and transformation levels®®. Practically, the decoupling reveals the
association between emissions and with economic growth to analyze the state of internal mechanism>*-41.

A substantial body of literature has explored multiple decoupling approaches*?~*8 to effectively disseminate
the important aspects, which can be broadly classified into two principal analytical frameworks: Index
Decomposition Analysis (IDA) and Structural Decomposition Analysis (SDA). These approaches are commonly
employed to disentangle the underlying drivers of decoupling, with intensity levels assessed in both relative
and absolute terms, which are often conceptually interlinked. IDA is a widely recognized analytical technique
employed to dissect complex changes in energy consumption, emissions, and environmental impacts. By
decomposing aggregate variations into their constituent components, this approach provides detailed insights
into the key factors influencing trends across these areas, making it a valuable instrument for environmental and
energy studies®.

One of the key advantages lies in its ability to disaggregate changes in aggregate indicators, such as energy
consumption or GHG emissions, without necessitating extensive datasets. This makes it particularly useful
for policy analysis and cross country comparisons, especially in data constrained environments. Improving
GHG emission efficiency is increasingly recognized as a cost effective and accessible pathway for advancing
sustainable development objectives*:. In this context, numerous empirical studies have employed IDA technique
to investigate the driving forces behind variations in energy use and emissions across a range of national and
regional contexts'®?!. By integrating economic activity aspect, the IDA framework facilitates a more nuances
understanding of decoupling trends between economic growth and environmental degradation.

Specifically, the decomposition of GHG emissions through IDA allows for the identification of key
contributing factors, such as changes in energy intensity, emission factors, and economic structure. This
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analytical approach provides critical insights into the emissions dynamics and enabling policymakers to design
more targeted mitigation strategies. Among various index decomposition techniques, the Fisher Ideal index
is frequently utilized for its theoretical robustness and capacity to capture both proportional and structural
changes in emissions intensity?>*%8, The application of this index enables the precise quantification of emission
intensity changes, as demonstrated in the following formulation:

Gl = \/Laspeyrest X Paasche; x 100 (1)
For efficiencies calculation
it Yoi
Laspeyres, = > G /Z G.:Y,; % 100 (2)
_ Gt Y1
Paasche; = > t t/z GoiYii X 100 (3)
For activities calculations
GoiYii
Laspeyres, = > 1 t/z G..Y,; X 100 (4)
_ Gr1it Y1
Paasche; = > G t/z GiYoi X 100 (5)

Here “GI,” represents the GHG emissions intensity in given time period, “G” is used for GHG emissions, “Y”
represents the output and the subscripts represents “o”, for base year, “I” for current year, “t” for time and “i” for
individual economic sector. The efficiency index is more accurately measured using the Fisher Ideal Index and
the LMDI method®, as these approaches address the limitations of traditional intensity indicators. They allow
for a complete decomposition of GHG emissions into distinct components such as efficiency and activity effects

without leaving unexplained residuals by enhancing the transparency and reliability.

EFI; = \/Laspeyrest x Paasche; , ACI, = \/Laspeyrest X Paasche; (6)

“EFI” and “ACI” represent the efficiency index and activity index respectively, the Laspeyres and Paasche indices
are used to enumerate “EFI” and “ACT”. The “ GI” is formulated as the product of the “EFI” and “ACI”, as
expressed below:

GI, = EFI, x ACI, (7)

AGS, — EFL /Glt 4 ACI, /G[t 8)

“ A GSy” represents the changes in GHG emissions relative to the base year (i.e.year 2000). The normalization
process for base year is explained as:

Index value; = Valuet/value t ©

Therefore, the value in the base year will be
Index valuesgog = Valuegooo/ (10)
Value 2000 °

Index valuesogoo = 1. (11)

The intensity of GHG emissions, enumerate the mean GHG emissions relevant to economic activities of an
entity which is specified as the ratio of GHG emissions to output. The decomposition differentiates the changes
in GHG emissions because of changes in economic activities. The index referred to GHG emissions efficiency
and represents the GHG emissions to economic output.

Results and discussion

This investigation elaborates comparative sectoral decoupling analysis of world’s leading ten global GHG
emitting countries, utilizing three decomposed indices over the period 2000-2023. Firstly, the countries are
ranked based on the magnitude of their largest to smallest value of intensity indices in the year 2023, relative to
the base year (i.e. year 2000). Secondly, to comprehend the pattern of decoupling and comparative analysis of
these indices, average values from 2000 to 2023 are presented. Thirdly, annual average percentage changes are
enumerated to assess temporal dynamics and fourthly, the average reductions in GHG emissions are estimated,
providing insight into the effectiveness of mitigation efforts across these major emitting nations.
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Results

Supplementary Table S1 presents the comparative analysis of the agriculture sector across the ten major GHG
emitting countries, highlighting significant variations in the indices that reflect structural economic shifts,
efficiency improvements, and changes in emission intensity. In 2023, nine countries excluding Saudi Arabia
demonstrated a reduction in their intensity index compared to year 2000. China exhibited the most substantial
decline in intensity, by 50.6%, despite environmental degradation resulting from increased economic activities.
Concurrently, China’s efficiency index improved markedly by 83.7%.

In contrast, Saudi Arabia remains the only country where all three indices (efficiency, economic activities and
intensity) show a worsening trend, indicating deterioration in sustainability efforts within its agriculture sector.
Additionally, economic activities in India, Indonesia, Iran, and Russia have not aligned with GHG emissions
mitigation, suggesting limited progress toward environmentally sustainable growth in these economies.

Japan stands out as the only country where structural economic transformation, rather than efficiency gains,
is the primary driver of reduced emission intensity in agriculture. Among the average intensity improvements
over the study period, Russia leads with a 31.8% reduction, followed by Iran (29.9%) and China (27%).

Asaresult, China achieved the highest average GHG emission abatement of 1.307 MtCO,, followed by Russia
with 0.907 MtCO, and Iran with 0.875 MtCO,. Importantly, all countries studied have shown, on average, net
abatement in GHG emissions from the agriculture sector. This trend indicates a collective movement albeit at
varying degrees toward enhanced sustainability and lower carbon intensity within global agricultural practices.

Resultantly, China (1.32 MtCOZ) and India (0.76 MtCOZ) experienced net increase in emissions, whereas
Japan (1.08 MtCO,) and USA (0.736 MtCO,) achieved substantial GHG reductions through enhanced efficiency
and economic restructuring.

Supplementary Table S3 depicts the decoupling trends in the power industry. In the year 2023, Canada
(71.7%) and USA (70.2%) demonstrated significant improvements in their intensity indices, indicating enhanced
decarbonization efforts. In contrast, China (136.1%), Indonesia (127.3%), India (57%) Saudi Arabia (32.8%)
and Iran (26.1%) exhibited deteriorating intensity indices, reflecting increased carbon intensity. Regarding
efficiency indices, Canada (67.9%), USA (60.4%) and Russia (47.7%) showed notable improvements, while
Indonesia (45.5%), Iran (26.5%), Saudi Arabia (11.6%) and Brazil (1.6%) experienced declines. Over the years
2000-2023, worsening intensity trends were observed in China (78.7%), Indonesia (64.6%), Iran (29.5%), India
(29.2), Saudi Arabia (25.3%) and Brazil (17.1%), whereas Canada (41.1%) and USA (37.5%) achieved long term
improvements. Estimates further suggest that Canada (1.32 MtCO,) and USA (1.19 MtCO,) avoided GHG
emissions, respectively, while China (1.37 MtCO,) and Indonesia (1 MtCO,) contributed to additional GHG
emission, respectively.

Supplementary Table S4 presents the decomposition analysis of processes (category) of top ten global GHG
emitting countries. Between 2000 and 2023, Saudi Arabia (84.2%), India (61.6%), Iran (61.4%) and China
(58.9%) experienced a significant increase in their carbon intensity indices, indicating a deterioration in emission
efficiency. Conversely, Japan (58.7%), Canada (52.9%) and USA (51.8%) showed decreased in carbon intensity
relative to their baselines in year 2000. In term of efficiency index trends, Saudi Arabia (57.8%) and Iran (56.3%)
exhibits notable declines, while diminishing GHG emissions were observed in China (47.5%), USA (41.3%),
Canada (39.4%) and other nations. On average, from 2000 to 2023, intensity indices worsened by enhancing
emissions in Saudi Arabia (74%), China (60.1%), Iran (52%) and India (31%), whereas the USA (36.4%), Japan
(35.8%) and Canada (31.5%) achieved consistent progress in reducing GHG intensity. Notably, Saudi Arabia
and Iran were the only countries to register long term declines in efficiency. With regard to GHG emission, USA
(1.02 MtCO,) and Japan (1.01 MtCO,) reported annual abatement, whereas Saudi Arabia (1.156 MtCO,), China
(1.148 MtCQO,), Iran (0.856 MtCO,) and India (0.578 MtCO,) experienced net annual intensification in GHG
emissions.

Supplementary Table S5 elaborates the decomposition analysis of the waste sector across the selected
countries. During 2000 to 2023, the average intensity index increased in Japan (273%), Saudi Arabia (25.9%),
China 11.5%) and in Iran (5.4%), indicating performance deterioration, while notable decline in intensity
indices were observed in the USA (91.5%), Canada (31.4%) and others countries. Japan exhibited a particular
sharp decline in efficiency, with abnormal drop of 379% in efficiency, followed by Saudi Arabia with a 13.2%
reduction. In year 2023, the intensity index rose significantly in Japan (238%), Saudi Arabia (33.4%), China
(21.4%) compared to 2000 levels, while the USA (95.3%), Canada (48.1%) and others showed continued
reduction in intensity. Decomposition analysis further reveals substantial emission abatement in USA (19.924
MtCO,), Canada (0.825 MtCO,). In contrast, emission intensification was recorded in Japan (4.296 MtCO,),
Saudi Arabia (0.472 MtCO,), China (0.317 MtCO,) and Iran (0,11 MtCO,), indicating increased GHG emissions
from the waste sector.

Supplementary Table S2 elaborates the decomposition analysis of fuel exploitation sector of global top ten
GHG emitting countries. In year 2023, Indonesia, China and India exhibited worsening trends, with their
intensity indices increasing by 47.4%, 40.9% and 8.5% respectively, compared to year 2000. This contributed an
average annual GHG emissions intensification of 0.22 MtCO, for Indonesia and 0.745 MtCO, for China over
the 2000-2023 period. In contrast, Japan demonstrated the most substantial reduction of 72.6% in its intensity
index and an average annual emission abatement of 1.038 MtCO,. Canada was the only country to record a
deterioration in efficiency, with a 7.5% decline in 2023 relative to year 2000, resulting in an average annual
intensification of 0.214 MtCO,. Over the 24 year (2000-2023) period, Canada also showed a 10.9% decrease in
efficiency index, while China led with an increased efficiency of 31.4%. Despite Canada’s improved economic
activity leading to a 0.7% reduction in intensity, while China led to enhance the intensity index by 33.4%. Overall,
China and Indonesia are identified as the major contributors to GHG emissions increase, while Japan and USA
demonstrate leadership in improving fuel exploitation efficiency and reducing emissions.
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Figure 1 illustrates, for each sector, the countries that achieved reductions in average GHG emissions over the
period 2000-2023 relative to their baseline year 2000. Figure 2 depicts sector specific GHG emissions intensities,
normalized to their respective levels in year 2000. These Figures facilitate a comparative rankings of countries
sectoral emission abatement performance. The extent of abatement varies substantially across countries, likely
reflecting a constellation of underlying determinants which are beyond the scope of this study.
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Fig. 1. Sector Wise GHG Saving (Average 2000-2023).
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Discussion

The decoupling of agriculture sector reveals that all the ten highest GHG emitting countries improved their
efficiency indices from 2000 to 2023. These gains contributed to notable emissions reductions, supporting the
earlier findings*. China and Russian achieved the most significant abatement of GHG emissions, whereas Brazil
and Saudi Arabia recorded the smallest reductions. Brazil and Saudi Arabia ranked highest in terms of intensity
index performance, while Russia and Iran rank lowest. These variations reflect differing national strategies and
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align with the observations reported by Yasmeen et al.>°

of agriculture sector.

In building sector, both the efficiency and intensity indices showed a declining GHG emission pattern across
all the countries in year 2023. Indonesia and Japan emerged as leaders in GHG emissions reduction, while Iran and
China recorded the least progress. On average, Indonesia and Japan demonstrated the most significant reduction
in intensity indices, whereas China and Iran lagged behind. The energy intensity continues to negatively impact
environmental quality, particularly in China?® and USA5!. Erdogan®? reported that technological innovation
plays an important role in reducing emissions in building sector of BRICS nations, recommending increased
investment in research and development. Ghasemi et al.>* advocated for policy interventions such as enhanced
data accessibility, public education, lifecycle based thinking, green certifications and the promotion of sustainable
business practices to achieve carbon neutrality. Guo et al.”® highlighted that the use of prefabricated concrete
structure elements can significantly contribute to GHG emissions reductions in construction.

In the fuel exploitation sector, intensity indices increased in Indonesia and China, whereas Japan and Brazil
achieved reductions. Canada was the only country where efficiency declined, while China and India showed an
increase in efﬁciency. In terms of GHG emissions, Japan, USA and Brazil achieved emission abatement, whereas
China and Indonesia experienced increases. Galimova et al.>* examined the role of e-fuels and e-chemicals
in global energy system, highlighting their potential benefits. Renewable energy resources contribute to
diversification, reduce trade costs and lower the risk of supply disruptions. In the power sector, emission
reductions were observed in USA, Canada, Russia and Japan, while the emission increased in the remaining
countries. Intensity trends were favorable for Canada, USA and Russia, but deteriorated in other nations.
Efficiency indices increased in Russia, Canada, USA and India, leading to reduce GHG emissions while other
countries recorded a decline causing a rise in emissions. Overall, four countries (Canada, USA, Russia and
Japan) demonstrated significant GHG emission abatement in the fuel exploitation sector. Electrification, low
carbon fuels and reduction of emissions are the primary significant factors to support de-carbonization efforts®.

In the industrial combustion sector, intensity levels worsened in China, India, Iran, Indonesia and Saudi
Arabia, while the USA and Canada exhibited positive progress. Efficiency declined in Iran and Saudi Arabia,
but improved in USA and Canada. In terms of GHG emissions, USA, Canada and Japan achieved notable
abatement, whereas China, India, Iran, Indonesia and Saudi Arabia recorded increased emissions. Within the
processes industry, intensity indices deteriorated in Saudi Arabia, China, Iran and India, while other countries
demonstrated a decline in the index. Efficiency also declined in Saudi Arabia and Iran but improved across the
remaining nations. USA and Japan emerged as the most effective countries in reducing GHG emissions, while
Saudi Arabia and China were the highest contributors to emission increase. These trends highlight significant
disparities in industrial performance and suggest targeted policy interventions in high emission countries.

In the transport sector, average intensity levels increased in China, India, Saudi Arabia, Indonesia and
Iran, whereas declines were observed in Japan, USA, Canada and Russia. These findings align with Liu et al.?!,
which reported a significant rise in carbon emissions in China’s transportation industry. Efficiency improved
in Japan and Russia but deteriorated in Saudi Arabia and Iran. Consequently, China, India and Saudi Arabia
were the primary contributors to increase GHG emissions, while notable emission abatements were recorded
in Japan, USA and Canada. Kilinc-Ata and Fikru®® emphasized the critical transitional role of electric vehicles
in decarbonizing the transport sector, advocating for mineral specific policies to drive technological innovation
and reduce transaction costs. Solaymani and Botero®” recommended addressing both supply and demand
side measures separately and found the most significant emissions reductions occurred when both strategies
were implemented simultaneously. Additionally, their findings suggest that government support for renewable
energy development has more substantial impact on environmental sustainability that fuel price increase alone,
therefore underscoring the importance of integrated policy approaches.

In the waste industry, intensity levels (compare to baseline year 2000) worsened in Japan, Saudi Arabia and
China, while in USA, Canada and Brazil the GHG emissions declined due to improved intensity indices. The
efficiency increased in USA, China and India but declined in Japan and Saudi Arabia. USA led in GHG emission
reductions, followed by Canada, whereas Japan recorded the highest emission intensity, followed by Saudi Arabia.
Evode et al.*® investigated the use of plastics in production sectors through biochemical processes, highlighting
that improper post use disposal of plastic waste poses serious environmental risks. To mitigate climate impacts,
the study emphasized the importance of managing the full life cycle of plastic products based on their categories.
Oyejobi et al.* examined the integration of circular economy principles into concrete technology, to assessing
the potential of industrial waste materials as supplementary cementitious components. Their findings support
the transformation of the construction and transport sectors through sustainable material reuse and waste
valorization.

Major emission emitting economies remain strongly dependent on fossil fuels as economic growth,
urban expansion and industrialization continue to drive energy demand. Coal dominant power generation,
oil based transport systems, industrial fuel combustion and residential energy use are key contributors to
rising emissions®!. In response, national energy strategies are increasingly shifting toward renewable energy
deployment, supported by digital transformation of the energy sector and policy driven investment reforms
aimed at improving affordability and sustainability®’. Forward looking energy mixes emphasize sectoral
transitions, particularly in transport, where electrification, improved fuel quality and expanded public
transportation may deliver substantial emission reductions®®. Despite these advances, decarbonization progress
remains uneven across countries and sectors. Addressing these challenges requires enhanced data transparency,
life cycle based assessment, circular economy integration and standardized sustainability reporting frameworks
to enable effective policy interventions and long term carbon neutrality®*.

, emphasizing the uneven progress for decarbonization
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Conclusion

This study provides a rigorous assessment of how economic activity and emissions have evolved across the
global ten highest GHG emitting countries by disentangling sectoral behavior from 2000 to 2023 through
Index Decomposition Analysis. The quantitative evidence clearly demonstrates that decabonization progress
is uneven, sector dependent and shaped by national capabilities and policy orientations rather than by broad
uniform trends. The results reveal decisive structural decoupling in several sectors. Agriculture achieved an
average abatement of 6.44 MtCO,, attributable to measureable improvement in productivity, enhanced crop
residue management and improved energy utilization. Similarly, the building sector reduced emissions by 6.34
MtCO,, reflecting the causal influence of energy efficient construction, improved insulation and smart building
technologies. The most substantial mitigation occurred in the waste sector. Where emissions declined by 16.31
MtCO,, led predominantly by the United States with a reduction of 19.92 MtCO,, demonstrating the effectiveness
of landfill gas recovery and modernized waste processing systems. In contrast, several high impact sectors
exhibited insufficient or reversed progress. Transport emissions intensified by 0.36 MtCO,, driven largely by
increases of 3.03 MtCO,, in China, India, Iran, Indonesia, and Saudi Arabia. This intensification correlates with
rising vehicle ownership, fossil fuel dominance in mobility, and slow uptake of electrified transportation. The
fuel exploitation sector achieved limited average abatement (2.24 MtCO,), yet China and Indonesia alone added
0.97 MtCO,, underscoring persistent reliance on carbon intensive extraction methods. Industrial combustion
displayed similarly mixed outcomes, with modest reduction (0.74 MtCO,) overshadowed by combined
intensification of 3.35 MtCO, in five emerging economies, revealing entrenched dependence on traditional
industrial energy systems. The power generation and industrial process sectors shoed virtually no change,
signaling deep structural inertia that current policy measures have not adequately addressed. These quantitative
patterns affirm that effective decarbonization requires sector tailored strategies grounded in empirical realities.
The pronounced gains in agriculture, buildings, and waste demonstrate that targeted interventions supported by
coherent policy framework can generate measurable climate benefits. Meanwhile, the persistent intensification
in transport, industrial combustion, and fuel exploitation highlights the need for rapid electrification, adoption
of low carbon fuels, and modernization of industrial technologies.

This study acknowledges methodological and data related constraints, including the absence of indirect
emissions, the exclusion of welfare or policy effect analysis and limited sectoral value added data. Future work
would benefit from scenario based modeling, dynamic country selection aligned with shifting global emission
rankings, and incorporation of demographic and research and development variables to refine causal inference.
Despite these limitations, the findings offer a robust quantitatively grounded framework for policymakers
seeking to align national energy systems with global decarbonization pathways and accelerate the transition
toward a resilient low carbon world.
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