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Abstract: As global climate change becomes more urgent, carbon dioxide (CO,) emissions are a key
indicator in assessing the effectiveness of the world's energy transition. These emissions are mainly
sourced from the energy sector in major countries such as China, the United States and a group of
other countries. The research analyzes CO, emission trends by sector, including Power, Industry,
Ground Transport, and Residential to identify priority sectors that contribute significantly to total
emissions. Using international data and a quantitative approach through linear regression and
ANOVA, results show that the Industry, Power, and Ground Transport sectors experienced
significant increases in emissions, while the Residential sector remained relatively stable. Significant
differences between sectors emphasize the need for specific and focused policy interventions.
Geographically, China is the largest contributor to emissions, while some countries such as Brazil
and the UK show a decrease in emissions in the Power sector, reflecting the early success of the energy
transition. The research offers a new approach by analyzing CO, emissions sectorally and spatially,
providing a scientific basis for more equitable and efficient emissions reduction policies. The findings
confirm the importance of international collaboration in achieving carbon neutrality targets in a
sustainable way.

Keywords: CO, emissions; energy transition; sectoral emission analysis; climate change mitigation;
international collaboration

1. Introduction

The research was conducted based on the fact that global carbon dioxide (CO,) emissions
continue to increase consistently from year to year, which in turn poses a serious threat to the stability
of the Earth's climate [1,2]. While many efforts have been made to reduce these emissions, a
quantitative understanding of the contribution of each economic sector to total carbon emissions is
still not fully comprehensive. Differences in emission growth rates between sectors such as energy,
industry, transportation and residential have not been analyzed in detail, making it difficult to
determine the most strategic focus of intervention. The geographical distribution of CO, emissions
shows significant disparities [3]. Some countries contribute a large portion of the total global
emissions, while others have a much smaller contribution. This imbalance raises issues of
responsibility sharing and effectiveness in implementing climate change mitigation policies at the
global level. However, data on long-term trends in emissions by sector and country are still not
available in a complete and integrated manner, even though this information is needed to develop
policies based on scientific evidence. In the midst of a global push to shift to renewable energy, an in-
depth understanding of which sectors are most urgent to intervene is becoming increasingly
important. High dependence on fossil fuels, especially in the energy and industrial sectors, continues
to be a major obstacle to decarbonization, despite normative international commitments to reduce
emissions [4]. Meanwhile, clean energy policies that have been implemented in various countries
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have not shown optimal results, which indicates the need to evaluate the effectiveness of these
policies based on empirical data. The residential sector actually has great potential in improving
energy efficiency, but this potential has not been fully explored due to the lack of adequate long-term
data. Therefore, a strong scientific foundation is needed to prioritize appropriate and effective
mitigation policies, both at the national and international levels. Moreover, the increasingly extreme
climate change conditions encourage the need for more focused and sectoral analysis of carbon
emission sources, so that the resulting mitigation response can be faster, targeted and sustainable.
This research was conducted as part of this effort, with the hope of making a real contribution to the
mapping, understanding and mitigation of carbon emissions globally.

The study aims to analyze the global distribution of carbon dioxide (CO;) emissions by
examining the contributions of major countries as well as other country groups. The main focus of
the analysis is on the long-term trend of CO, emissions from four main sectors, namely the Power,
Industry, Ground Transport and Residential sectors. To identify patterns and trends in emissions
over time, a linear regression approach was used. The study also sought to assess whether there were
significant differences in average emissions between economic sectors through the analysis of
variance (ANOVA) method. An important part of the study was to evaluate the trends in CO;
emissions from the power generation sector between countries, particularly by comparing the 10
countries with the highest and 10 countries with the lowest levels of emissions. The research
interprets the implications of these emissions trends for energy policy and the transition to carbon
neutrality, and determines the priority sectors that should be the main focus of future carbon
emissions mitigation strategies. The benefits of the research are broad and significant, both at the
national and international levels. The results of this study are expected to provide a strong scientific
basis for formulating more effective CO, emission reduction policies. The research findings can assist
the government and other stakeholders in identifying strategic sectors that should be top priorities
for achieving carbon neutrality targets. Providing quantitative evidence, the research shows that the
Industry, Power and Ground Transport sectors are major contributors to the increase in atmospheric
carbon emissions. The research reveals the effectiveness of clean energy policies implemented in
certain countries such as Brazil, Japan, the UK, and Spain that have successfully shown a downward
trend in emissions. More broadly, the research can encourage investment and innovation in
renewable energy technologies, especially in sectors where emissions have increased significantly.
As a foundation for comparative research across countries and sectors, the energy transition strategy
is expected to be more equitable, scalable and efficient. As such, the research raises public and policy
makers' awareness of the urgency of data-driven collective action in the face of an increasingly urgent
global climate crisis.

The hypothesis in this study was built on the basis of historical studies and previous research
showing that global CO, emissions are not evenly distributed between countries [5]. Countries with
large economies are assumed to have a much higher proportion of emissions compared to developing
countries or small country groups [6]. The electricity generation sector is estimated to be a major
contributor to global CO, emissions due to a long history of dependence on fossil fuels dating back
to the industrial revolution [7]. As the global economy grows, the industrial sector is expected to
experience a significant increase in emissions, mainly due to industrial expansion in developing
countries and the presence of heavy industry in developed countries [8]. The land transportation
sector also contributes a large amount of emissions, influenced by urbanization trends and the
increase in motor vehicles [9]. In contrast, the residential sector tends to show stagnant or seasonally
fluctuating emission patterns, as household energy consumption is relatively constant over time. It
is assumed that there are significant differences in average CO, emissions between economic sectors,
implying an imbalance in the carbon intensity of each sector. Developed countries are assumed to
have shown a downward trend in emissions through the adoption of clean energy policies and
renewable energy development that started earlier than developing countries [10]. In contrast,
developing countries are likely to still register an increase in emissions because they are still
dependent on fossil energy sources in their development process. The implementation of renewable
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energy policies in some countries is assumed to have started to have an impact on reducing emissions,
especially in the electricity generation sector. However, the imbalance of emission contributions
between countries and sectors is believed to be one of the main obstacles in achieving global carbon
neutrality targets, given the differences in technological capacity, economics and historical
responsibilities between global actors.

The limitations of the study lie in the sectoral scope, analysis methodology, and scope of data
used. The study only focused on CO, emissions from four main sectors, namely Power, Industry,
Ground Transport and Residential, leaving out other sectors such as agriculture, aviation and waste
management. The statistical approach used was also limited to linear regression and ANOVA,
without considering non-linear or machine learning methods that can capture more complex
patterns. The data analyzed are mostly global agre-gates or from countries with the highest and
lowest emissions, so they are not fully representative of small or developing countries. Reliance on
historical data is also a limitation, as the quality and completeness of the data may vary between
countries. The study does not integrate social and economic factors such as population growth,
industrialization rates, and energy policy in depth, nor does it directly evaluate the influence of
energy policy on emissions trends. The time span of observations is limited by data availability, so it
may not capture recent changes due to the pandemic or technological developments. The analysis
only covers direct emissions from the sector, without considering indirect emissions such as from the
energy supply chain. The "Rest of World (ROW)" category, which includes many countries
collectively, also limits the interpretation of country-specific contributions. The visualization in this
study is still general and does not include spatial maps that can strengthen geographical regional
analysis.

While many studies have addressed global carbon dioxide emission trends and the role of
renewable energy in energy sector transformation, most of the focus is still limited to macro analyses
that incorporate aggregated national or sectoral data without considering the dynamics of
heterogeneity and complex interactions between sectors and countries simultaneously. Previous
studies such as those conducted by [11] and [12] While these studies do reveal the non-linear impact
of renewable energy development on carbon emission efficiency in developed countries, they fall
short in describing the pattern of energy transition in developing countries and its linkages to specific
economic sectors. Most studies tend to use conventional statistical or econometric models without
integrating advanced analytical methods that can capture temporal and spatial patterns more
dynamically and adaptively to rapid policy and technological changes. While there are studies that
highlight the technical and economic aspects of the energy transition globally [13], and environmental
impacts of the electricity sector [14], There are no comprehensive studies linking sectoral and cross-
country CO, emission trends with real-time data-based policy adaptation strategies or more practical
and contextualized simulations of energy transition scenarios. This leaves a gap in understanding
how different emissions trends across sectors can contribute differently to total emissions and how
renewable energy interventions can be tailored for maximum effectiveness.

2. Methods

2.1. Dataset

The research data used in the study comes from the CO, Emissions Dataset, a comprehensive
dataset that contains detailed information on carbon dioxide (CO,) emissions from various countries
and economic sectors. The dataset is designed to support the efforts of researchers and policy makers
in understanding and addressing the impact of emissions on the global environment.

The main advantage of the dataset lies in its ability to explore and visualize CO, emissions by
country, sector of activity, and development over time. This makes it a highly effective tool for
conducting time series analysis to forecast future emissions trends.

The dataset presents static data, which encourages collaboration between researchers and policy
agencies in promoting sustainable development practices. Researchers can observe the significant
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impact of certain global events, such as the COVID-19 pandemic that caused a drastic decrease in
economic activity and directly lowered CO, emissions globally, as reported by [15] in a study
supported by Carbon Monitor. They found that between January and April 2020, there was a 7.8%
reduction in global emissions (938 Mt CO, equivalent) compared to the same period the previous
year. This decline was most pronounced in the land transportation, electricity and aviation sectors.

2.2. Descriptive Analysis of Global CO, Emissions

Total global CO, emissions for year t are calculated as:

N
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2.3. Trend Analysis Using Linear Regression

For each sector, a simple linear regression was modeled [16]:
Yo =po+pit+ & (6)

In the model based on equation (7), (Y;) represents the amount of CO, emissions at time t, measured
in units such as MtCO,, while t represents time in discrete units (years or months) expressed as an
integer from 1 to n. Parameters () is the intercept or initial emission value at (t = 0), while (8;) is a
trend coefficient that shows the rate of change of emissions over time, which is positive if the trend
is increasing, and negative if it is decreasing. Component (&) is an error term that describes the
random deviation of the actual value from the model, and is assumed to follow a normal distribution
with zero mean and constant variance, namely {&, ~ V'(0,0%)}. As for estimating (B,) and (B;) by
minimizing the residual sum of squares:

min ;m — By — But)? @)

Analytic solution of OLS estimation:
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where (Y) and (t) are the averages of (Yi) and t, respectively. A significance test of the regression
coefficients is conducted to determine whether the trend of changes in CO, emissions over time can
be considered statistically significant. In this case, the null hypothesis (Hy) states that the regression
coefficient (B; = 0), meaning there is no significant trend in emissions over time. In contrast, the
alternative hypothesis (H) states that (; # 0), which indicates a significant trend, either increasing
or decreasing. This test is performed by calculating the t-statistic of the estimated trend coefficient,
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and then comparing it with the t-student distribution to obtain the p-value [17]. If the p-value is
smaller than the significance level (0.05), then Hy is rejected, concluding that the emission trend is
statistically significant. Test Statistics:
5 ©)
)
SE(B1)

where SE(B;) is the standard error of ($;), calculated as:

(10)

and:

z R (11)
oz =t E (¥, - Yp)?
n_z t t

The p-value is calculated from the t distribution with (n —2) degrees of freedom. If the p-value < 0.05,
then (B;) is statistically significant. If (B; > 0) and is significant (p-value < 0.05), then the trend is

increasing. If (B; < 0) and is significant (p-value < 0.05), then the trend is decreasing. If p-value > 0.05
the trend is not statistically significant, although the direction of the trend may be indicated by the

sign of (B1). A t-test is performed by calculating SE(f,), then testing for significance.

2.4. Test the Difference in Average CO, Emissions Between Sectors Using the ANOVA (Analysis of
Variance) Method

In conducting an ANOVA test to compare average CO, emissions between sectors, there are
some basic assumptions that need to be met for the analysis results to be statistically valid. First, the
CO; emissions data in each sector group must follow a normal distribution. Second, the variance
between sector groups is assumed to be homogeneous or equal (known as the homoskedasticity
assumption). Third, each observation in the data must be independent, meaning that they do not
influence each other.

Mathematically, ANOVA tests for differences in means between groups by comparing the total
variation of data [18]. There are k sectors (groups), with each i sector having (ni) observations, and
the total number of observations is (N = ¥X; n;) Each CO, emission value of the jth observation in
the ith sector is expressed as (Yj;). The average CO, emission for the ith sector is denoted as (Y,.), while
the overall average CO, emission from all sectors is denoted as (Y..). This structure forms the basis
for calculating the between-group and within-group variances, which are then used to test the
significance of mean differences via the F statistic [19]:

k
12)
SST = z(yij Y
=1

i=1
Between-Group Sum of Squares (SSB):
ST (13)
SSB = Z ni(Yl-. - Y)z
i=1

Within-Group Sum of Squares (SSW):
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Based on basic identity:

SST = SSB + SSW (15)
F Test Statistics:

MSB (16)

T MSW
In ANOVA analysis, the F statistic value is obtained by comparing the variance between groups
(Mean Square Between or MSB) to the variance within groups (Mean Square Within or MSW) [20].

MSB is calculated as:
SSB (17)
MSB = :
k-1
while MSW is calculated as:
SSw (18)
MSW = ——
N-k
The F value is then obtained from the ratio:
_ MSB (19)
T MSW

which follows the F distribution with free degrees (df; = k — 1) for the numerator and (df, = N — k)
for the denominator. The p value from the F distribution is used to test the significance of the
difference in means between sectors.

3. Results

3.1. Global CO, Emissions Contribution Gap by Sector and Country

Based on the analysis conducted by the study, CO, emissions by sector show that global
emissions are dominated by contributions from several large countries, with the highest total
emissions coming from the entire world in aggregate at 155,540 million tons. China is the largest
individual contributor with 48,003 million tons, followed by the Rest of the World (ROW) group of
countries with 46,393 million tons and the United States with 21,632 million tons. The European
Union and the United Kingdom (EU27 & UK) contributed 14,004 million tons, while India
contributed 11,108 million tons. Russia, Japan, and other European countries such as Germany, the
UK, Italy, France, and Spain also made significant contributions, albeit smaller than the top three.

As seen in Figure 1, China has the highest total individual CO, emissions, followed by other
country groups (ROW) and the United States, while European countries contribute relatively lower
emissions, emphasizing the imbalance in global emissions contribution that needs to be addressed in
the transition to renewable energy.
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Figure 1. Dominance of China, ROW, and the United States in World Carbon Emissions Contribution.

3.2. Trend Analysis of CO, Emissions in the Energy, Industry, Transportation and Residential Sectors

The research found significant trends in CO, emissions across the main sectors contributing to
total carbon emissions. Based on a linear regression analysis of emissions data from the Power,
Industry, Ground Transport and Residential sectors, it was found that the first three sectors
experienced a very significant increase in emissions over time. In particular, the Industry sector
shows the sharpest increasing trend with a coefficient estimate of 3.36x10-® and a very small p value
(p < 0.001), followed by the Power and Ground Transport sectors, with estimates of 3.97x10-% and
1.69x10-8, respectively, which are also significant at high confidence levels (p < 0.001). In contrast, the
Residential sector shows a negative trend direction with an estimate of -1.88x10-°, but is not
statistically significant (p = 0.763), indicating no significant change in CO, emissions from this sector
over the observed time period.

Table 1 shows that CO, emissions in the industrial, power generation and land transportation
sectors have increased significantly over time, while the residential sector has shown no significant

change.
Table 1. Linear Regression Results of CO, Emission Trends by Sector.
Sector Coefficient Estimation =~ Standard Error  Statistics t P-value Significance Level
Ground Transport 1.69 x 108 2.24 x10°° 754  8.00x1071¢ (p <0.001)
Industry 3.36 x 108 2.37 x10°° 142 4.50 %104 (p <0.001)
Power 3.97 x 108 4.02 x107 9.87  248x102 (p <0.001)
Residential -1.88 x 10 6.24 x 107 -0.301 0.763 ns (not significant)

Figure 2 shows the regression trend of CO, emissions by sector, which illustrates the contrasting
trend dynamics between sectors over the observed time period. Table 2 confirms that efforts towards
carbon neutrality should focus on reducing energy, industry and transportation sector emissions
with specific and intensive strategies, while the residential sector shows opportunities to maintain
and improve household energy efficiency.
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Figure 2. Comparison of CO, Emission Trends between Major Sectors.
Table 2. CO, Emission Trends by Sector and Implications for Carbon Neutrality Strategies.

Sector CO; Emissions Trends Interpretation for Carbon Neutrality

Power Significant increase Electricity generation sector still dependent on
fossil fuels, need for rapid and efficient
renewable energy transition.

Industry Significant sharp increase Industrial activities trigger high emission
increases, need energy efficiency and green
technology to reduce emissions.

Ground Significant increase Land transportation contributes to rising

Transport emissions, it is important to accelerate the
adoption of electric vehicles and sustainable
transportation.

Residential Not significant, tends to decrease Residential sector emissions relatively stable,

potential for household energy efficiency to be

maintained and improved.

In the Power sector, CO, emissions show a consistently increasing trend over time. An increasing
linear regression line with a fairly steep slope and relatively narrow confidence bands suggests that
this increase is significant and steady. This indicates that the electricity generation sector remains a
major contributor to carbon emissions, largely due to continued reliance on fossil fuels. A similar
trend is observed in the Industry sector, where the increase in emissions is sharper than in other
sectors. The steeply rising trend line illustrates that industrial activity is still growing with high
carbon emissions, reinforcing previous findings that this sector has the highest regression coefficient.
The trend shows the urgency to reform energy and production process efficiency in the industrial
sector to curb the rate of emission increase. The Ground Transport sector also shows a significant
upward trend, albeit with a slower gradient than industry and power. This indicates that the growth
of ground transportation activities continues to contribute to increased carbon emissions, but at a
relatively more manageable rate. Low-emission vehicle technology or sustainable transportation
policies have started to have an impact, but not enough to reverse the overall trend. The Residential
sector shows a very different pattern. The regression line is almost flat and even slightly declining,
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and the data points are more widely spread with wide confidence bands, reflecting the high
variability and greater uncertainty of the trend. The downward trend is statistically insignificant,
meaning there is no strong evidence that CO, emissions from the residential sector have changed
significantly over the observation period. This could be due to a combination of factors such as
stagnant energy efficiency, seasonal variations in household energy consumption, or the neutral
effect of domestic policies.

3.3. The Significance of Differences in CO, Emissions Between Economic Sectors as a Basis for Prioritizing
the Renewable Energy Transition

Based on the research conducted, there is a highly significant difference in average CO,
emissions between economic sectors, obtained through analysis of variance (ANOVA) with a p value
of less than 0.05. This means that not all sectors contribute the same carbon emissions, but there are
certain sectors that are substantially higher in CO, emissions than other sectors. Thus, the study
confirms the importance of targeting intervention priorities at the highest-emitting sectors as a
strategic step in promoting the transition to renewable energy. Focusing on these sectors will have
the most significant impact on reducing total carbon emissions nationally, thus paving a sustainable
path towards achieving carbon neutrality. Table 3 summarizes the ANOVA results for the
comparison of CO, emissions between sectors:

Table 3. ANOVA Results for Comparison of Average CO, Emissions between Major Sectors.

Source of Df SumSq MeanSq Fvalue Nilai p Significant
Variation (Pr>F)
Sector 5 540,629 108,126 3,497 <2x107'¢ Highly significant
Residual 135,402 4,186,611 31

It can be seen that there are significant differences in average CO, emissions between sectors
with very small p values (<2 x 10-1¢). Sectors have statistically different contributions to total carbon
emissions, confirming the need to focus interventions on the highest-emitting sectors to support the
renewable energy transition and achieve carbon neutrality in a sustainable manner.

Figure 3 shows a comparison of total CO, emissions from different sectors. Each bar shows total
emissions in millions of metric tons, while the percentage proportion of total national emissions is
shown alongside. That sectors dominate CO, emissions indicates that the focus of renewable energy
development and carbon reduction policies should be directed towards these sectors to effectively
and sustainably achieve carbon neutrality targets.

Proportion and total emissions highlight sectors with highest impact

Power 38.6%
Industry 30.5%

Ground Transport 18.2%

Sector

Residential 10.5%
International Aviation 1.3%

Domestic Aviation :0.9%

0 50,000 100,000
Total CO2 Emissions (Million Metric Tons)

Figure 3. Comparison of Total CO, Emissions across Economic Sectors and their Proportion to National

Emissions.
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3.4. Dynamics of Global Power Generation Sector CO, Emissions and Challenges to the Energy Transition to
Carbon Neutrality

Based on the analysis of CO, emissions from the power generation sector of various countries, a
diverse picture of trends in emissions changes over time is obtained, which is highly relevant in
efforts to utilize renewable energy as a sustainable path towards carbon neutrality. The study has
focused on the 10 countries with the highest emissions and the 10 countries with the lowest emissions,
with some major countries such as China, India, Russia and France showing a significant upward
trend in emissions. This indicates that despite their energy transition efforts, their dependence on
fossil fuels in the power generation sector is still increasing, posing a major challenge in achieving
carbon reduction targets.

In contrast, countries such as Brazil, Japan, the Rest of the World (ROW) region, Spain and the
UK are showing a significant downward trend in emissions. This decline means successful
implementation of clean energy policies, increased renewable energy-based power generation
capacity and improved energy efficiency. It can be seen that Brazil, which has traditionally relied
heavily on hydroelectric energy, and Japan, which is transforming with a focus on renewable energy
post-Fukushima, show strong downward trends. Some regions such as the European Union (EU27
& UK) and the United States show insignificant trends, which could mean that there is fluctuation or
stagnation in the reduction of power generation emissions, so further policy pushes and technological
innovations are still needed to achieve carbon neutrality targets.

Globally, the emission trend of the power generation sector shows a significant increase,
indicating that the world as a whole still faces major challenges in reducing dependence on fossil
energy sources. This underscores the urgency of accelerating the utilization of renewable energy,
both in terms of policy, technology, and infrastructure investment. Global efforts towards
sustainability and carbon neutrality depend on high-emitting countries alone, and on synergized
action from all countries, including those with low emissions, to make the energy transition fair,
effective and sustainable.

It can be seen in Figure 4 that the trend of CO, emissions from the power generation sector is
displayed using a line graph with a smooth trend line (loess) for 20 countries, consisting of 10
countries with the highest emissions and 10 countries with the lowest emissions. It can be seen that
while there are countries that have succeeded in reducing power sector emissions through the
utilization of renewable energy, globally the emissions trend still shows an increase, confirming the
urgent need to expand and accelerate the adoption of clean energy in order to sustainably achieve
carbon neutrality targets.
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© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2025

d0i:10.20944/preprints202505.2007.v1

11 of 21

A detailed analysis of carbon emissions from various sectors in a number of key countries and
regions shows that emission patterns are highly diverse and point to significant challenges in
utilizing renewable energy as a pathway to sustainable carbon neutrality. In particular, the industrial
and power generation sectors are the largest contributors to carbon emissions in almost all countries,
with China and the Rest of World (ROW) standing out as the two entities with the highest emission
figures in these sectors. This indicates that the dominance of heavy industry and fossil fuel-based
power generation is still very large, so the transition to renewable energy should focus on
transforming these two sectors. The land transportation sector also shows a large contribution to
emissions, especially in countries with high mobility and significant population density such as
China, India and the United States. Meanwhile, the aviation sector, both domestic and international,
while smaller in terms of emissions than industry or power generation, still makes a contribution that
cannot be ignored, given the sector's rapid growth and the technological challenges in
decarbonization. The data shows that domestic and residential emissions remain substantial,
signaling the need for improved energy efficiency and the use of clean energy sources at the
household level.

Table 4 represents the distribution of carbon emissions per sector in various countries and the
implications for the utilization of renewable energy to achieve carbon neutrality.

Table 4. Distribution of Carbon Emissions by Sector across Countries and Implications for Renewable Energy

and Carbon Neutral Policies.

Sector/Country Emissions Dominance Implications for Renewable Energy
and Policy
Industri Major contributor to carbon Focus on transforming the

emissions, especially in China

and ROW.

industrial sector through low-

carbon technology and efficiency.

Power Generation

Emissions are largest in almost
all countries, especially China

and the US.

It is necessary to accelerate the
development of renewable energy
power plants such as wind and

solar.

Land Transportation

Emissions are significant in
countries with high mobility
(China, India, US).

The encouragement of electric
vehicles and environmentally
friendly public transportation is

important.

Flights (Domestic &

International)

Emissions are relatively smaller
but growing, the challenge of

decarbonization is great.

Sustainable fuel innovation and
green aviation technology are

needed.

Domestic and Residential

Substantial emissions,
particularly in China, EU27 &
UK, and ROW.

Improved household energy
efficiency and use of renewable

energy at home.

3.5. Country Grouping Based on Sectoral CO, Emission Patterns in Support of the Renewable Energy

Transition to Carbon Neutrality

Research has grouped countries based on sectoral CO, emissions related to patterns of emission
contributions in various key sectors, which is particularly relevant in the context of renewable energy
utilization as a sustainable path to carbon neutrality. Using k-means clustering on robustly scaled
data, four groups of countries were obtained, each with significantly different emission
characteristics.
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The first cluster includes countries with relatively moderate to high emissions in the road
transport, industrial and power generation sectors, with average emissions from power generation
and road transport in the range of thousands of tons of CO,, indicating significant reliance on fossil
fuels in these sectors. The variability of emissions within this cluster is also quite high, indicating
heterogeneity in energy efficiency levels and carbon reduction policies between countries in the
group. The second cluster identifies countries with drastically higher emissions, particularly in the
industrial and land transportation sectors, where industrial emissions average nearly 48 thousand
tons of CO,, indicating a large concentration of heavy industrial activity and fossil energy use. This
implies a major challenge for countries in this cluster to shift to cleaner and more efficient renewable
energy sources, given the high carbon intensity of these sectors.

Based on statistical analysis using the Kruskal-Wallis test to test for significant differences in
carbon emissions among the clustered groups in the major emitting sectors. The study found that
there were significant variations in the distribution of carbon emissions between clusters in most of
the sectors analyzed. In particular, the residential sector ranks first with a p value of 0.0232, indicating
that carbon emissions from this sector differ significantly between the clusters formed, which
represent different regions or energy policy scenarios. Followed by the land transportation sector
with a p value of 0.0251 and the industrial sector with a p value of 0.0304, these results indicate that
renewable energy transition strategies have different impacts on emission reductions in these sectors,
depending on the characteristics of each cluster. The domestic aviation and power generation sectors
show significant results with p-values of 0.0355 and 0.0385 respectively, emphasizing that the
implementation of renewable energy and energy efficiency in these sectors is not uniform, but is
strongly influenced by factors such as the penetration rate of green technologies, national policy
regulations, and regional energy consumption levels. Meanwhile, the international aviation sector
shows a p value of 0.0610, which is slightly above the conventional significance threshold (p < 0.05),
indicating a tendency for differences between clusters although not strong enough to be statistically
significant.

In detail, the Kruskal-Wallis test results show that the p values for the five sectors are below the
significance threshold (p < 0.05), indicating that there are significant differences in emissions
distribution between the clusters. Dunn's post-hoc analysis revealed the most striking and repeated
differences between clusters 2 and 3, and between clusters 3 and 4 in almost all sectors, especially in
Industry and Power, where the unadjusted p values were below 0.05. Although after correction these
p values do not all remain significant, a consistent trend of differences between certain clusters is
evident, suggesting a potential systemic link between decarbonization strategies and emissions
outcomes in these strategic sectors. The Ground Transport and Domestic Aviation sectors show a
similar pattern, with the 3rd cluster (most likely representing a group of countries or regions with
high levels of renewable energy adoption or stronger transportation efficiency strategies) showing
significant differences against the other clusters. This strengthens the argument that policy
interventions aimed at transforming public transportation and fuel efficiency have a real impact on
reducing carbon emissions. Residential and Power highlight household electrification and the shift
from fossil fuel power generation to renewable energy sources such as solar and wind. The significant
differences between clusters within these sectors can be interpreted as empirical evidence that
aggressive energy transition strategies contribute to measurable emissions reductions. Table 5 shows
the results of the analysis of significant sectors and the interpretation of the Dunn post-hoc test results
after the Kruskal-Wallis test:
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Table 5. Results of Dunn's Post-Hoc Test on Differences in Carbon Emissions between Clusters in Five Major

Sectors.
Sector Cluster Pairs with P.adj Interpreting
Significant Difference
(P.unadj < 0.05)
Residential 3-Feb 0.1238  The 3rd cluster is significantly different from the other clusters,
4-Mar 0.1309  suggesting the possibility of more efficient household energy
strategies in this cluster.
Ground 3-Feb 0.1238  Significant differences show the adoption of low-carbon
Transport 4-Mar 0.1939 transportation technologies in the 3rd cluster, such as the use of
EVs and green infrastructure.
Industry 3-Feb 0.1315 Differences indicate industrial transformation in cluster 3,
4-Mar 0.1431 possibly through energy efficiency or the wuse of
biomass/renewables as substitutes.
Domestic 3-Feb 0.2629  The 3rd cluster tends to have a more efficient domestic air
Aviation 4-Mar 0.1522  transportation system or has implemented more active carbon
mitigation policies.
Power 3-Feb 0.1396  The 3rd cluster shows higher adoption of renewable energy in the

4-Mar 0.1563 electricity generation sector, such as solar and wind power.

As can be seen in Table 5, the results of Dunn's post-hoc test on five key sectors show significant
differences in carbon emissions by energy strategy cluster. The third cluster consistently shows
significant differences against the other clusters, indicating that this group represents regions with
higher adoption of renewable energy. Sectors such as industry, road transport and electricity
generation were highlighted as being sensitive to differences in decarbonization strategies, showing
great potential as a policy focus in the transition to carbon neutrality.

The research approach involves normalizing the total CO, emissions data by sector and country
with a robust scaling method that considers the median and interquartile range (IQR), to reduce the
influence of extremes or outliers that often appear in emissions data that vary widely between
developed and developing countries. After normalizing the data, three different methods were used
to determine the optimal number of clusters in the K-means analysis, namely the Elbow method,
Silhouette method, and Gap Statistic.

As can be seen in Figure 5, which is the Elbow Method, the significant decrease in the within-
cluster sum of squares (WSS) value up to the elbow point indicates that the optimal number of
clusters is when the addition of further clusters no longer substantially reduces the internal variation.
This is indicated by a change in the slope of the curve, and in this case suggests an optimum of
between 3 and 4 clusters. The Silhouette Method shows how well each object fits into its cluster
compared to other clusters; the peak value of the silhouette gives a strong indication of the optimal
number of clusters that produces the best separation and cohesion between country groups. It can
also be seen that the Gap Statistic is used as an additional validation method with a statistical
approach that compares the internal variation of the actual cluster with the variation from random
data that has a similar structure. A large gap between the two indicates that the cluster structure
found is indeed significant and not the result of random chance.
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Figure 5. Results of Dunn's Post-Hoc Test on Differences in Carbon Emissions between Clusters in Five Major

Sectors.

As can be seen in Figure 6, with the k-means method and the optimal number of clusters of four,
the visualization of the clustering results shows that countries are clearly distributed based on the
sectoral characteristics of their emissions. The first cluster defines countries with medium to high
contributions in various sectors, especially land transportation, industry, and power, such as India
and Japan. The second cluster, which uniquely consists of only one entity, the world aggregate
(WORLD), shows extreme values across all sectors, indicating a very high global total scale. The third
cluster includes countries with relatively moderate and homogeneous sectoral contributions, while
the fourth cluster shows lower and more dispersed emissions characteristics, including countries
such as France and the UK.
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Figure 6. Clustering Countries Based on Sectoral CO, Emission Patterns Using the K-Means Method with Four
Optimal Clusters.
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4. Discussion

Research has found that global CO, emissions are highly imbalanced, with China, the ROW and
the United States dominating. This finding is in line with Climate Jus-tice theory, which emphasizes
that the distribution of emissions responsibilities fairly between developed and developing countries
[21]. Countries that contribute heavily to emissions have a greater moral and historical responsibility
to fund and lead the transition to renewable energy In theory, a country's carbon footprint interprets
the level of fossil energy consumption and energy efficiency in its economic system [22]. Major
countries such as China and the US contributing the highest emissions mean a high reliance on fossil
fuels for industry and transportation. This strengthens the argument that to achieve carbon
neutrality, a systemic shift to renewable energy must start from the top contributing countries [23].
The research conducted has supported previous findings that global structural imbalances in energy
production and consumption hinder the achievement of decarbonization targets [24]. Developing
countries that fall under the ROW category face technological, investment and infrastructure
constraints to adopt renewable energy. This is in line with the literature that suggests that
international financing mechanisms, technology transfer and global cooperation will accelerate the
energy transition in the Global South [25]. Using quantitative data that shows the dominance of
emissions by certain countries, the research supports an evidence-based policy approach in designing
decarbonization strategies [26]. The development of solar energy in China or the improvement of
energy efficiency in the US industrial sector should be the focus of policy interventions [27]. Countries
with relatively low emissions also still need to strengthen energy security and avoid lock-in to fossil
fuels. Findings from the research also reinforce the urgency of implementing the Paris Agreement,
especially in voluntary nationally determined contributions (NDCs) [28,29]. Emissions inequality
means that climate ambition cannot be uniform, but must be tailored to each country's emissions
contribution and economic capacity. The research emphasizes the need to strengthen commitments
and increase emissions transparency as a foundation for cooperation towards global carbon
neutrality.

In the utilization of renewable energy, research has shown diverse sectoral dynamics in the
contribution to CO, emissions. The industrial sector is the largest contributor to the increase in
emissions, with an estimated coefficient of 3.36 x 10-® and a very high significance (p < 0.001). This
implies a very worrying trend, where the growth of industrial activity has not been matched by the
control of carbon emission intensity. Theoretically, this finding is in line with the Environmental
Kuznets Curve (EKC) approach, which states that in the early stages of economic development,
emissions tend to increase with industrial expansion, before declining as the country reaches higher
income levels and starts adopting clean technologies [30]. However, in this case, the results show that
the industrial sector in the studied region is still in the carbon-intensive phase, with no signs of
transition towards energy efficiency or electrification of production processes. Previous research
conducted by [31] and [32] also indicates that the industrial sector globally accounts for more than
24% of CO, emissions, mainly due to the use of fossil fuels in heavy manufacturing processes such as
cement, steel and petrochemicals. The research thus reinforces the conclusion that without structural
interventions such as the integration of renewable energy and the adoption of low-carbon
technologies, the industrial sector will remain a major contributor to the climate crisis. The power
generation sector also saw a significant increase in emissions with a coefficient estimate of 3.97 x 10-
8 and a high significance level (p <0.001). This finding confirms that the energy transition in this sector
still faces major obstacles, mainly due to the dominance of coal and natural gas in the energy mix.
Theoretically, the Energy Transition Pathways approach underscores that the shift towards a
sustainable energy system depends not only on the availability of technology, but also on incentive
policies, infrastructure readiness, and the willingness of poli-tics to change [33]. Study by [34] and
[35] mentioned that the electricity sector should be at the forefront of decarbonization because it is
the basis for electrification across sectors, such as transportation and industry. Therefore, the increase
in emissions in this sector indicates the need to accelerate investment in renewable energy, especially
solar and wind, to reduce dependence on fossil fuels and support the achievement of carbon-neutral
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targets. In the land transportation sector, a significant upward trend in emissions was also detected
with a coefficient estimate of 1.69 x 10-8 (p < 0.001), despite the adoption of electric vehicles (EVs) and
other green technologies. This indicates that the dominance of fossil-fueled motor vehicles is still not
significantly replaced, especially in urban areas with rapid vehicle growth. Sustaina-ble Mobility
theory suggests that transport decarbonization efforts should include a systemic approach, including
the development of low-emission public transport, urban planning control, and fuel subsidy policy
reform [36,37]. Data from [38] Supporting this, it shows that even as vehicle efficiency increases, total
emissions continue to rise due to the increase in the number of vehicles and the length of daily trips.
Emission reduction strategies in this sector therefore require the integration of cross-sectoral policies
that rely on vehicle technology, and the transformation of the transportation system as a whole. In
contrast, the residential sector shows a flat or even slightly declining emission trend, with a coefficient
estimate of -1.88 x 10-° that is statistically insignificant (p =0.763). Although not showing a significant
decline, this result indicates that household energy consumption did not experience a surge that had
a major impact on CO, emissions. Based on the Energy Efficiency Paradox theory, although energy-
efficient devices such as LED lighting, inverter cooling, and smart energy management systems are
widely available, mass adoption is still hampered by cost constraints, lack of awareness, and
consumer preferences [39]. Research by [40] noted that the residential sector does have a large
potential for energy efficiency, but its impact on total emissions is relatively small compared to the
industrial, transportation and electricity sectors. Although not a top priority in the decarbonization
strategy, strengthening household energy efficiency programs remains relevant in supporting the
long-term targets of the energy transition.

The research reveals highly significant differences in average CO, emissions between economic
sectors, a finding that is in line with previous theories and studies on carbon emissions distribution
and renewable energy transition strategies [41,42]. Theoretically, each economic sector has different
energy consumption and carbon intensity characteristics [43]. The industrial and transportation
sectors are known to have high emission levels due to their dependence on fossil fuels, as explained
by [44]. Research findings have found significant variation between sectors supporting the results of
the [45] which emphasizes that effective emission mitigation strategies should be sector-based. The
research also confirms that prioritizing the sectors with the highest CO, emissions is the basis for a
renewable energy transition strategy. This concept is in line with the carbon hotspot principle found
in the environmental literature, where a few key sectors are the main concentrations of carbon
emissions and therefore the main focus of mitigation efforts [46]. By directing policies and
interventions to these sectors, emission reductions can be carried out more efficiently and have a
significant impact on reducing total national carbon emissions. This approach is also in line with the
energy transition model developed by [47] and [48], which proposes a sector-based strategy with a
focus on substituting fossil fuels with renewable energy in accordance with the needs and
characteristics of each sector. The transportation sector is geared towards electrification and biofuel
utilization, while the industrial sector puts more emphasis on energy efficiency and the use of
renewable energy such as biomass and green electricity. From the perspective of achieving carbon
neutrality, proper prioritization in reducing emissions in key sectors can accelerate national targets
in accordance with the Paris Agreement (2015) and the sustainable development agenda (SDGs) [23].
The research reinforces the view that without a clear focus on dominant emitting sectors, energy
transition policies will be less effective in delivering significant and sustainable emissions reductions
[49]. Based on the results of the research visualization presented in the results section, the dominance
of emissions by several major economic sectors emphasizes the need for integrated and focused
policies. Such policies can be in the form of fiscal incentives for renewable energy, regulations to
improve energy efficiency, and investment in green technology, especially in priority sectors. This
sector-specific approach is also consistent with the recommendations of the UNFCCC and various
renewable energy research institutions, which state that the success strategy of the energy transition
depends heavily on policy focus and adaptation based on different sector characteristics.
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5. Conclusions

Theoretical conclusions from the analysis of global CO, emissions show a stark imbalance in the
distribution of emissions contributions. The vast majority of emissions come from a handful of large
countries such as China, the United States, and the "Rest of the World" group of countries, which
collectively account for more than 75% of total emissions. This inequality highlights the urgency of a
climate justice-based approach to responding to the global warming crisis. From a sectoral
perspective, ANOVA results show highly significant differences in average emissions between
sectors, indicating that the emissions burden is not borne equally by all sectors. Linear regression
further revealed that the industrial, power generation and land transportation sectors experienced a
significant upward trend in emissions, with the industrial sector contributing the highest increase. In
contrast, the household sector shows stability in its emission trend, even tending to decline, which
opens up opportunities for strengthening energy efficiency at the individual consumption level.
Globally, emissions from the power generation sector continue to rise, reflecting continued
dependence on fossil fuels. On the other hand, the success of countries such as Brazil, Japan, the UK
and Spain in reducing emissions shows that clean energy policies can have a real impact if
implemented effectively and consistently.

The practical conclusions of this analysis emphasize the importance of prioritizing interventions
in sectors with high emission levels. The policy focus should be on the industrial, power generation
and land transportation sectors, which show significant upward trends and contribute significantly
to total emissions. Major reforms in the power sector should be encouraged through the transition to
renewable energy such as solar, wind and hydro to replace dependence on fossil fuels. In the
industrial sector, the adoption of low-carbon technologies and improved production efficiency are
key to curbing the surge in emissions. Meanwhile, accelerating the adoption of electric vehicles and
developing efficient public transportation are strategic steps to reduce emissions from land
transportation. Despite its relatively small contribution, the household sector still needs to be kept
efficient through energy-saving programs and incentives for the use of environmentally friendly
appliances. At the global level, high emission countries such as China, India and Russia should be
the main targets of mitigation reforms to make the impact more significant. However, it is not enough
to rely solely on these countries to reduce emissions; inclusive global collaboration is also needed for
an equitable and sustainable energy transition.

Future research recommendations focus on a more detailed and comprehensive approach to
understanding the dynamics of global CO, emissions. One important direction is to disaggregate
emissions data by sector by country, to identify the dominant emitting sectors in key countries such
as China, India and the United States. Furthermore, projections of long-term trends in emissions in
sectors such as electricity generation, industry, and land transportation can be made using predictive
models such as ARIMA, LSTM, or Random Forest. The study could be complemented with an
evaluation of low-carbon energy policies in countries that have shown a downward trend in
emissions, such as Brazil, Japan and the UK, to explore the success factors of their energy transition.
The research could also include simulating the impact of renewable energy adoption under
optimistic, moderate and pessimistic scenarios, especially in the power and industrial sectors of large
countries. In addition, comparing emission trends between developed and developing countries is
important to understand the different energy transition challenges in each group. The residential
sector is also worthy of further research, especially regarding the stagnation or insignificance of its
emission trends, by examining household energy consumption patterns and the effectiveness of
efficiency incentive policies. Analysis of inter-sectoral relationships through multi-variate regression
can provide insights into emissions interdependencies, such as how industrial growth impacts the
transportation and electricity sectors. In a global context, an assessment of the disparity in emissions
contributions between large and small countries can open up further discussion on climate justice
and the principle of common but differentiated responsibilities. Spatial and temporal validation of
emission trends through the integration of satellite data such as OCO-2 or Sentinel is also an
important method that supports the accuracy of modeling. From the socio-economic side, it is

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2025 d0i:10.20944/preprints202505.2007.v1

18 of 21

necessary to analyze the impact of low-carbon energy transition on society, especially in developing
countries, so that the resulting mitigation strategy is more inclusive and equitable. The potential of
renewable energy such as wind, solar, and hydro per country also needs to be mapped for the
electricity sector, especially in countries with high emission trends. Equally important, the dynamics
of global carbon policies such as carbon pricing, carbon trading, and climate finance need to be
studied to assess their influence on emission reductions in lower-middle-income countries.

Supplementary Materials: Data and emissions trends by sector and country were sourced from Carbon Monitor
(https://carbonmonitor.org), a real-time monitoring platform for global CO; emissions. In addition, references to
relevant methodologies and analytical approaches were also obtained from the paper titled "Daily CO,
Emissions in the First Quarter of 2020 Reflect the Economic Slowdown Due to COVID-19" available on arXiv
(https://arxiv.org/abs/2004.13614).
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