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Global climate change has become one of the core issues of world governance. Many
countries have put forward the goal of carbon neutrality one after another, leading to the
intensification of international low-carbon economy competition. To assess the current
low-carbon competitiveness among countries, this article constructs an evaluation index
system of international low-carbon economy development, and obtains the scores and
rankings of countries in energy, society, economy and environment, as well as overall.
Taking 20 countries with the highest carbon emissions in the world in 2019 as samples,
starting from the concept of low-carbon economy and five evaluation principles, this article
selects 40 low-carbon evaluation indicators from five aspects, including economy, society,
science and technology, environment, and energy structure. By using the principal
component factor analysis method to calculate and test, the four factors, energy
factor, society factor, economy factor, and environment factor, are finally extracted to
construct the evaluation index system. Results show that South Korea, France, China,
Canada, and Germany are among the world’s top five low-carbon economies. The overall
competitiveness of China’s low-carbon economy is in a relatively favorable position (3rd

overall), with the most outstanding performance in terms of economic strength (1st), but
poor performance in terms of social development (9th) and environmental carrying capacity
(9th), and the biggest disadvantage in terms of energy structure (13th).

Keywords: low-carbon economy, evaluation index system, international competitive power, principal component,
factor analysis, China

INTRODUCTION

With the release of the IPCC AR6 Synthesis Report on August 9, 2021, the world will fully enter the
era of “carbon neutrality,” and countries will strive to achieve carbon neutrality by the middle of
the century. This ambitious goal will bring about the transformation of the whole social economy and
the arrival of a new round of competition. Global competition for low-carbon economy is further
intensified, and green and low-carbon development has become the focus of boosting global
economic prosperity.

The European Union (EU), the US, and Japan were the first to peak carbon in 1979, 2007, and
2008 and will take 40–70 years to become carbon neutrality. As a developing country and the world’s
largest CO2 emitter (accounted for 28.82% of the world’s emissions in 2019), China will strive to
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achieve these two goals within 30 years. Then, compared with
other countries, what advantages and obstacles does China have
in developing a low-carbon economy? In what areas should China
stick to its own development path, and in what areas should
China learn from the experience of other countries? How does
China fit into the global low-carbon economy?

However, there has not yet been an authoritative evaluation
index system for low-carbon economy in the world, which makes
it impossible to give guidance and suggestions on the
development direction of low-carbon economy at the
national level.

First, it is necessary to clarify the objective of the index system
evaluation—low-carbon economy. The term “Low Carbon
Economy” was first proposed by Kinzig and Kammen (1998), and
was officially used as an official term in the UK Energy White Paper
in 2003 (Vivid Economics 2009), the report (2009) on G20 countries’
low-carbon competitiveness defined the Low Carbon Economy was
an economic form with a certain level of carbon productivity and
sustainable development, which had characteristics about low energy
consumption, low pollution, low emission and environment friendly,
and global shared vision to control greenhouse gas emissions and
develop social economy (Lu and Zhu, 2013).

As early as in 2005, the research on low-carbon economy in
China started from Zhuang (2005, 2007), He et al. (2010), Fu and
Liu (2010) et al. (e.g., Bao et al., 2008; Fu et al., 2008; Zhang et al.,
2009). They took the lead in discussing low-carbon economy
from the aspects of development form, development mode, and
development process. Pan et al. (2010) believed that low-carbon
economy had three core characteristics, namely “low-carbon
emissions,” “high carbon productivity,” and “stages.”

Therefore, it can be seen that the essence of low-carbon economy
is the efficient utilization of energy and the development of clean
energy. Its core is technological and institutional innovation, and its
goal is to control greenhouse gas emissions and promote the
sustainable development of human beings (e.g., Yang, 2012; Xie
et al., 2017; Zhong, 2018). In recent years, governments around the
world have been racing to turn the development of a low-carbon
economy from idea into practice. The EU took the lead in developing
a number of low-carbon policies to change the traditional lifestyle of
residents (Dagoumas and Barker, 2010; Hughes and Strachan, 2010;
Government, 2009). The US paid more attention to technological
innovation to solve environmental problems. Japan rapidly
developed high and new technologies and applied them in the
field of clean energy (Strachan et al., 2008; “2050 Japan Low-
Carbon Society” project team, 2008). Countries in economic
transition and developing countries, such as Russia, South Korea,
China, South Africa, Brazil, and India, have joined the international
competition led by low-carbon economy one after another.

Second, in terms of establishing the evaluation index system of
low-carbon economy, Chinese scholars Fu and Zhuang (2010)
were the first to set indicators with different linear weights (AHP
and DEA) and rank them. Then, Zhuang and Pan et al. (2011)
constructed an evaluation system by judging whether various
indicators were within the preset threshold. To further refine the
indicators, Fu and Zheng et al. (2011) designed an index system of
evaluating the level of low-carbon economy development, which
involved one target layer, five rule layers, and nineteen index

layers, and then used the Analytic Hierarchy Process (AHP)
method to carry out quantitative evaluation on the low-carbon
economy at the provincial scale in China, and compared and
contrasted some key indicators with those of other countries. Luo
and Tong (2011) used the factor analysis method and the entropy
weight method to calculate and rank the low-carbon economy
development capacity of China’s provinces, and thus summarized
the national low-carbon economy development capacity; Yan and
Ma (2015) took Chongqing as the research object and
comprehensively applied the expert scoring method (Delphi
method), AHP, entropy weight method, and TOPSIS method
(the superior and inferior solution distance method); Duan et al.
(2016) took Dalian as the research object and adopted the AHP-
entropy method; Azizalrahman and Hasyimi (2018) established a
general multi-criteria evaluation model to evaluate ten cities
around the world.

Most importantly, the existing literature fails to consider, from
the nation level, to construct international low-carbon economy
development indicators, and compare the low-carbon economy
development level among counties. Most of current domestic and
foreign research objects involve: first, the industry level, such as
manufacturing (Wang and Pan, 2019), tourism (Tao, 2017),
transportation (Fan et al., 2018), etc.; second, the city level
(Xu and Liu, 2014; Pei and Tan, 2013; Yuan et al., 2017);
third, the provincial level (Yang, 2012; Shi et al., 2018) and
regional level (Xie et al., 2017; Zhong, 2018).

The main contributions of this article are as follows:

1) A new evaluation index system of international low-carbon
economy development is designed and applicable to the
national level.

2) Using principal component factor analysis, four principal
factors are extracted (energy factor, social factor, economic
factor, and environmental factor).

3) A clear list of four factor rankings and scores for 20 countries,
as well as total scores and rankings, in which China presents
clear strengths and weaknesses.

The rest of this article is organized as follows. Construction of
evaluation index system is presented in Construction of
Evaluation Index System. Empirical analysis is studied in
Empirical Analysis. And conclusions and suggestions are
drawn in Conclusions and Suggestions.

CONSTRUCTION OF EVALUATION INDEX
SYSTEM
Significance, Theoretical Basis, and
Principles of Index Construction
Reexamining the international low-carbon economy evaluation
index system is of great theoretical and practical significance for
further vigorously promoting global climate governance. To
assess the main nations by multiple dimensions, we can
understand the status quo of the world’s low-carbon economy
development, identify the advantages and disadvantages of
different countries, and put forward the universal evaluation
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standard. At the same time, for China, it can clearly identify the
level and shortcoming, which is conducive to exploring excellent,
replicable, and generalizable institutional achievements of other
countries, learning effective major reform measures and
successful experiences, and promoting the realization of
carbon neutrality goals.

This evaluation system is a means and tool to objectively
evaluate the level of low-carbon economy development of each
country at the nation level. Its theoretical basis consists of the
connotation and characteristics of core concepts, such as
sustainable development, green economy, low-carbon
economy, ecological civilization, new climate economics,
carbon emission decoupling, and coping with climate change
(Zhuang et al., 2020; Zhou et al., 2018).

The five principles of the index system construction are: 1)
Comprehensiveness: the selected indicators should fully reflect

the factors affecting the development of a country’s low-carbon
economy from multiple aspects; 2) Effectiveness: the selected
indicators should have a high adoption rate in reflecting the low-
carbon economy; 3) Applicability: the selected indicators should
be applicable to the evaluation needs at the nation level, and the
data should be available; 4) Correlation: the selected indicators
should be representative, but the highly overlapping indicators
with complete correlation (correlation coefficient 1, p value 0)
should not be retained at the same time; 5) Foresight: the selected
indicators should reflect both the current situation and the
potential of low-carbon economy development in the future
(Lan and Zheng, 2013; Lv et al., 2013; Cao, 2018).

Index Screening and Data Collection
Based on the policy evaluation of domestic low-carbon
construction and the review of domestic and foreign low-

TABLE 1 | The evaluation index system of international low-carbon economy development.

Target layer The international low-carbon economy development level

Criterion layer Indicator layer Direction

Economy development indexes 8 Gross production GDP per capita (constant 2010 US$) +
GDP growth (annual %) +

Industrial structure Industry (including construction), value added (% of GDP) −

Services, value added (% of GDP) +
Gross fixed capital formation (% of GDP) +
External balance on goods and services (% of GDP) −

Foreign direct investment, net inflows (% of GDP) −

Energy imports, net (% of energy use) −

Society development indexes 8 Social development Population growth (annual %) −

Population density (people per sq. km of land area) −

Urban population (% of total population) +
Living standard Gini index (World Bank estimate) −

Poverty headcount ratio at $5.50 a day (2011 PPP) (% of population) −

Consumer price index (2010 � 100) +
Labor force participation rate, total (% of total population ages 15–64) +
Unemployment, total (% of total labor force) −

Technology development indexes 8 Technical level Research and development expenditure (% of GDP) +
Researchers in R&D (per million people) +
Scientific and technical journal articles +
Patent applications, residents +
High-technology exports (% of manufactured exports) +
Electric power transmission and distribution losses (% of output) −

Education investment Tertiary education enrollment (% gross) +
Government expenditure on education, total (% of GDP) +

Environment development indexes 8 Air pollution PM2.5 mean annual exposure (micrograms per cubic meter) −

CO2 emissions (metric tons per capita) −

CO2 emissions (kg per 2011 PP P $ of GDP) −

CO2 intensity (kg per kg of oil equivalent energy use) +
Greening protection Forest area (% of land area) +

Fertilizer consumption (kilograms per hectare of arable land) −

Renewable internal freshwater resources per capita (cubic meters) +
Disaster risk reduction progress score (1–5 scale; 5 � best) +

Energy structure development indexes 8 Energy consumption Energy use (kg of oil equivalent per capita) −

GDP per unit of energy use (constant 2011 PP P $ per kg of oil equivalent) +
Fossil fuel energy consumption (% of total) −

Alternative and nuclear energy (% of total energy use) +
Electricity production from oil, gas, and coal sources (% of total) −

from hydroelectric sources (% of total) +
from nuclear sources (% of total) +
from other renewable sources (% of total) +
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carbon economy index system, we preliminarily established an
evaluation index system according to the development and
operability of low-carbon economy.

The index system includes five dimensions: economy, society,
science and technology, environment, and energy structure. For
screening indicators of dimension, we searched and collected
relevant information extensively, drew on the low-carbon
development indicator system of relevant regions, provinces,
and industries. Then, we sorted, summarized, classified, and
summarized nearly one hundred effective indicators with high
adoption rate, and screened out suitable indicators at the national
level and available data (2009–2019). In addition, we solicited the
opinions of low-carbon economic experts. Finally, the
correlation test was carried out on all the variables according
to the correlation principle, and the indexes that were completely
correlated with each other were eliminated. A total of 40 indexes
covering 5 dimensions were retained to ensure that the above five
principles were met.

As shown in Table 1, the index system mainly includes three
levels: target layer, criterion layer, and indicator layer (Fu et al.,
2011). The target layer is the international low-carbon economy
development level, the criterion layer includes five dimensions of
economy, society, science and technology, environment, and
energy structure, and the index layer includes 11 first-level
indicators and 40 second-level indicators.

It is worth noting that the positive and negative correlation
(Table 1) between the indexes and low-carbon economy is
limited to the general economic laws, and the specific and
detailed change laws are not within the scope of this article.

In accordance with the principles of openness, reliability, and
consistency in the process of data collection, basic data from open
channels were used as much as possible in this article. The data of

the 40 development indexes of the above 20 countries were
mainly derived from the World Bank database, International
Energy Agency (IEA), U.S. Energy Information Administration
(EIA), the World Economic Yearbook, the BP Statistical Review
of World Energy, the report of the United Nations Food and
Agriculture Organization, and other relevant statistics.

To maintain the authenticity, accuracy, and availability of the
data, for the difference in the updating time of different indexes in
the statistical data, data of 2019 were selected uniformly in this
article for comparative analysis. For statistical data differences
caused by different statistical calibers, the World Bank database
shall prevail in this article. For the default values, the method of
substitution of adjacent years, or averaging or substitution of
similar countries were adopted.

EMPIRICAL ANALYSIS

Selection of Representative Countries
This article selects the world’s top 20 CO2 emitters in 2019, and
the total carbon emissions of these countries reach nearly 80% of
the world’s total carbon emissions. Table 2 lists the proportion
and growth rate of CO2 emissions in 20 countries in 2019, as well
as in the past 10 years.

In Table 2, the global CO2 emission in 2019 reaches 34.17 billion
tons, among which China (28.76%), the United States (14.53%), and
India (7.26%) account for nearly half of the global carbon emissions.
In 2019, global carbon emissions grow by 0.5%, less than half the
average growth rate of 1.1% over the past decade. Nine countries,
including the United States, Russia, Japan, the United Kingdom, and
some EU countries, have experienced long-term negative growth in
their carbon emissions, whichmeans that they have reached “carbon

TABLE 2 | Countries rank of carbon dioxide.

Million tonnes Share (%) 2019 Growth rate per annum (%)

2019 2008–2018

1 China 9,825.8 28.8 3.4 2.6
2 US 4,964.7 14.5 −3.0 −1.1
3 India 2,480.4 7.3 1.1 5.3
4 Russian Federation 1,532.6 4.5 −1.0 −0.03
5 Japan 1,123.1 3.3 −3.5 −1.1
6 Germany 683.8 2.0 −6.5 −1.0
7 Iran 670.7 2.0 4.1 2.5
8 South Korea 638.6 1.9 −3.6 2.2
9 Indonesia 632.1 1.8 8.8 4.4
10 Saudi Arabia 579.9 1.7 1.1 3.0
11 Canada 556.2 1.6 −1.7 0.4
12 South Africa 478.8 1.4 1.8 −0.1
13 Mexico 455.0 1.3 −2.5 0.8
14 Brazil 441.3 1.3 −0.2 1.7
15 Australia 428.3 1.3 4.2 −0.2
16 United Kingdom 387.1 1.1 −2.5 −3.4
17 Turkey 383.3 1.1 -2.2 3.6
18 Italy 325.4 1.0 −2.0 −2.8
19 Poland 303.9 0.9 −4.9 0.0
20 France 299.2 0.9 −2.6 −1.8

Total World 34,169.0 100 0.5 1.1

Data source: BP statistical review of world energy 2020.
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peak.”With economic growth slowing in 2019 and some of the one-
off factors driving energy demand easing in 2018, the growth of
energy markets across the world has slowed, especially in the US and
Russia, where carbon emissions’ growth has fallen back from 2.61
and 4.19% in 2018 to −2.97 and −1.02% in 2019, respectively. With
the exception of China, its carbon emissions are still growing at a
faster pace (3.4%) in 2019, indicating a good economic growth.

Principal Component Factor Analysis
As we know, there are numerous indicators or variables that
reflect the low-carbon economy development of a nation. It is
necessary to reduce the data dimension and the complexity of
problem analysis. Moreover, there are some structures or
dimensions in the data that exist but cannot be observed
directly, or variables that have, between themselves, relatively
high correlation coefficients, so new variables that capture the
joint features of the original variables are desired to be established
for subsequent multivariate analyses.

Factor analysis is a multivariate technique that tries to identify
a relatively small number of factors that represent the joint
behavior of interdependent original variables. Each one of
these new variables is called common factor, which can be
understood as the cluster of variables from the previously
established criteria (Fávero and Belfiore, 2019). Among the
methods used to determine factors, the one known as
principal components is, without a doubt, the most widely
used in factor analysis, because it is based on the assumption
that uncorrelated factors can be extracted from linear
combinations of the original variables.

The principal component factor analysis has four main
objectives: 1) to identify correlations between the original
variables to create factors that represent the linear
combination of those variables (structural reduction); 2) to
verify the validity of the previously established constructs,
bearing in mind the allocation of the original variables to each
factor; 3) to prepare rankings by generating performance indexes
from the factors; and 4) to extract orthogonal factors for future
use in confirmatory multivariate techniques that need the absence
of multicollinearity (Fávero and Belfiore, 2019).

The Model
Let us assume a dataset that hasn countries, and for each
countryi(i � 1, ..., n), values corresponding to each one of
thepmetric variablesX. And there is a strong correlation
between these variables, then the basic matrix form of the
factor model can be expressed as:

X − μ � LF + ε, (1)

whereX � (X1, X2,/, Xp)′, μ � (μ1, μ2,/, μp)′, L �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
l11 l12 ... l1m
l21 l22 ... l2m
... ... ...
lp1 lp2 ... lpm

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, F � (F1, F2, ..., Fm)′, ε � (ε1, ε2, ..., εi)′,

and where Xi − μirepresents the ith standardized variableX,
i � 1, 2, ..., p. Fj represents thejth extracted principal factor,

j � 1, 2, ..., m, and usually m is much less than p. lij is the
coefficient value of factor Fj, which represents the load of the
ith variable on thejth factor (factor loading). εi represents the
special factor or error of the ith variable, and is the part that
cannot be explained by principal factors.

Hypotheses are that

E(F) � 0, cov(F,E) � E(FF′) � I, (2)

E(ε) � 0, cov(ε, ε) � E(εε′) � Ψ �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ψ1 0 ... 0
0 ψ2 ... 0
... ... ...
0 0 ... ψp

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (3)

cov(ε, F) � E(εF′) � 0. (4)

In this article, we discuss the orthogonal factor model (1),
which satisfies hypothesis (2)–(4).

Next, when choosing the number of factors, only the factors
that correspond to eigenvalues greater than one are considered.
This criterion is often used and known as the latent root criterion
or Kaiser criterion. Also, these extracted factors have respective
proportions of variance shared by the original variables and the
first factorF1, formed by the highest proportion, is also called
principal factor. In general, when the cumulative proportion of
variance reaches more than 80%, it can be thought that these
extracted factors are enough to explain the original variables.

Next, the principal components method is used to calculate
the factor loadings, which simply are Pearson correlations
between the original variables and each one of the factors.
This method expresses the factor F (Expression 5) in the
linear form of the variableX, so that the variance of the
variable can be explained by the principal component, which
is suitable for the situation where the least variable is used to
explain as much variance as possible. Moreover, the total shared
variance of each variable in all the extracted factors is also
calculated, which is defined as Communality.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
F1

F2

...
Fp

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
α11 α12 ... α1p

α21 α22 ... α2p

... ... ...
αp1 αp2 ... αpp

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
X1

X2

...
Xp

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,
var(Fi) � αi′Σαi, i � 1, 2, ..., p,

cov(Fi, Fj) � αj′Σαj, i, j � 1, 2, ..., p.

(5)

where αi � (αi1, αi2, ..., αip)′and αi′αi � 1. Under this constraint
condition, the principal component is solved by maximizing the
variance of the linear function F1 � α1′X.

Next, to better visualize the variables represented by a
certain factor, we can think about a rotation around the
origin of the originally extracted factor F, so that we can
bring the points corresponding to variable X closer to one
of the new factors. Even though there are several factor
rotation methods, the orthogonal rotation method, also
known as Varimax, whose main purpose is to minimize the
number of variables that have high loadings on a certain factor
through the redistribution of the factor loadings and
maximization of the variance shared in factors that
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correspond to lower eigenvalues, is the most frequently used
(Fávero and Belfiore, 2019).

Based on Expression 1, the new rotated factor is expressed as a
linear combination of the original variables again, and factor
scores are calculated.

F̂ � BX � L′R−1X, (6)

where B is the regression coefficient that needs to be estimated; X
is the standardized variable; L′ is the rotated factor loading; R is
the correlation matrix.

The Results
The overall adequacy of the factor analysis needs to be evaluated
based on the KMO statistic and, mainly using the result of
Bartlett’s test of sphericity. These 15 index variables (Table 4)
are the optimal combination results of the factor analysis model.
The KMO statistic provides the proportion of variance
considered common to all the variables present in the analysis,
and by calculating, KMO � 0.628, which suggests that the overall
adequacy of the factor analysis is middling. On the other hand,
Sig.χ2Bartlett < 0.05 allows us to reject that correlation matrix is
statistically equal to identity matrix with the same dimension, at a
significance level of 0.05 and based on the hypotheses of Bartlett’s
test of sphericity. Thus, we can conclude that the factor analysis is
adequate.

In Table 3, based on the Kaiser criterion, only four factors that
correspond to eigenvalues greater than 1 are taken into
consideration, formed by sharing 81.541% of the total variance
of the original variables, that is, with a total variance loss of
18.459%. After factor rotation, 22.572, 21.929, 20.610, and
16.429% of the total variance are shared to form each factor
respectively, representing the weight of each factor in the
total score.

Further combined with Table 4, it is found that after rotation,
variables X1-X4 have high loadings on the first factor, named as
“energy factor,” variables X5-X8 have high loadings on the
second factor, named as “society factor,” variables X9-X12
have high loadings on the third factor, named as “economy
factor,” variables X13-X15 have high loadings on the fourth
factor, named as “environment factor.”

Based on Expression (6), we can calculate the factor scores
expressions from the loadings. The rotated factor scores can be
obtained through the estimation of four multiple linear regression
models, in which a certain factor is considered to be a dependent
variable in each one of them, and as explanatory variables, the
standardized variables. For example, we are able to write the
expressions for factor F1 as follows:

F̂1 � 0.298 ·X1 − 0.33 ·X2 +/ + 0.078 ·X15

The four factor scores of each country are shown in Table 5,
with higher scores leading to higher rankings. However, for the
energy factor, the lower the score, the smaller the energy
consumption, the more in line with the requirements of low-
carbon economy, so the higher the ranking.

Finally, a well-accepted criterion that is used to form
integrated rankings from factors is known as weighted rank-

sum criterion. In this criterion, for each country, the values of all
the extracted factors obtained weighted by the respective
proportions of shared variance are added, with the subsequent
ranking of the countries based on the results obtained. In Table 5,
for example:

ScoreChina � 22.572 · ScoreenergyChina + 21.929 · ScoresocietyChina + 20.610

· Scoreeconomy
China + 16.429 · Scoreenvironment

China

Result Analysis
From Tables 4, 5, we can see that the first factor has a relatively
high factor loading in the four indicators, such as energy
consumption, power generation, and CO2 intensity, which
indicate that the low-carbon economy is first and most
significantly affected by the energy consumption and structure.
In the ranking of “energy factor,” France (−3.25), Brazil (−1.20),
and Canada (−1.13) rank the top three, indicating that these
three countries have the best performance in energy factor.
Combined with the statistics of the World Bank in 2019, the
main reasons are as follows: Brazil and Canada have abundant
water resources, and their hydropower generation accounts for
about 60% of the total electricity generation; nuclear power
accounts for 77.63% of France’s electricity generation. Thus,
these three countries are relatively low in fossil energy
dependence and CO2 intensity. On the contrary, Japan,
Australia, South Africa, Poland, and Iran rank at the
bottom, whose fossil energy consumption accounts for about
90%, since they have basically given up nuclear power generation,
or lack of domestic water resources or abundant fossil resources,
respectively.

The second factor has a relatively high factor loading in the
four indicators, such as R&D expenditure and researchers, school
enrolment ratio, and poverty ratio, which indicates that the low-
carbon economy is secondary affected by science and technology,
education, social security, and other social factors. In the ranking
of “society factor,” South Korea (1.64), Australia (1.37), and
United States (0.82) rank the top three, indicating that as
developed countries, they have higher levels of science,
technology, education, and income, and can realize low-carbon
production and life style. For example, factories use more
advanced low-carbon production technology and equipment,
and residents generally accept low-carbon and environmentally
friendly life style and have the economic ability to take actions
and implement it. On the contrary, Indonesia, India, and South
Africa, as developing countries, rank at the bottom. Since the
government does not invest enough in research and education,
citizens are too poor to attend higher education institutions, and
factories are lack of high-tech talent and high-tech enterprises,
which hinder the transition to low-carbon economy severely.

The third factor has a relatively high factor loading in the four
indicators, such as GDP growth rate, services value added, gross
fixed capital formation, and the urbanization ratio, which
indicates that the low-carbon economy is based on the
economic foundation and vitality. In the ranking of “economy
factors,” China (2.34), India (2.08), and South Korea (1.20)
rank the top three, whileBrazil, the United Kingdom, and South
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Africa rank the bottom three. In 2019, the world economy faces
downward pressure due to a combination of major uncertainties,
such as trade frictions, trade protection, geopolitics, and recession
risks. Regardless of the backdrop of weak global business
confidence and investment motivation, emerging economies,
such as China, India, and South Korea, are likely to gain
momentum (Zhi, 2020).

The fourth factor has a relatively high factor loading in the
three indicators, such as forest coverage rate, PM2.5
concentration, and labor force participation ratio, which
indicates that the low-carbon economy cannot be separated
from a country’s environmental carrying capacity. In the
ranking of “environment factors,” Japan (1.94), South Korea
(1.19), and Indonesia (1.14) rank the top three, mainly due to
their extremely high proportion of forest area, which reaches 68.5,
63.4, and 49.9%, respectively. In addition, the three countries are
all island countries or peninsulas, where the air is highly mobile
and the PM2.5 concentration is relatively low. On the contrary,
Saudi Arabia and Iran are at the bottom, with weak
environmental carrying capacity due to their arid deserts, low
forest cover, oil production, and high levels of PM2.5. In addition,
the labor force participation rate is included as an environmental
factor. According to the test, the labor force participation rate is
significantly negatively correlated with the PM2.5 concentration
at the level of 1%, and significantly positively correlated with the
forest coverage rate at the level of 5%.

In terms of overall scores, the top five countries are South
Korea (84.51), France (75.19), China (49.73), Canada (29.04),
and Germany (24.13), the last three areMexico, Iran, and South
Africa. Combined with the statistical data of 2019 and the factor
scores in Table 5, every country has different status quo and
advantages of the low-carbon economy.

South Korea, which ranks first overall, also ranks among the
world’s top three in terms of technology, environment, and
economy. While its population is just 51million, the per capita
income is $31,400. In 2019, industrial output ranked the sixth
in the world, with manufacturing and service industries as the
main industries, particularly shipbuilding, automobile,
electronics, steel, textile, and other industries ranked among
the world’s top 10 in output, and semiconductor sales ranked
the first in the world, and tourism was also relatively
developed. Moreover, South Korea attaches great
importance to the development of education and science
and technology, such as high-speed Internet services, the
aerospace industry, robot, and biotechnology, which are
highly competitive in the world. However, South Korea is at

a relative disadvantage in terms of energy factors in developing
low-carbon economy, due to its small land area, few mineral
resources, lack of natural resources, and dependence on
imports of major industrial raw materials.

Interestingly, France, which ranks second overall, ranks first
in energy factor, in complete contrast to South Korea. France has
low CO2 intensity, due to its high use of clean energy. It has closed
all iron and coal mines, fully exploited hydropower and
geothermal resources, and even approximately 78% of
electricity is provided by nuclear power. Its GDP ranks
seventh in the world; the service sector employees account for
approximately 77% of the total labor force; it is the world’s largest
tourist reception country, but also the world’s consumption
center, due to developed business. In addition, in the world, it
ranks second in nuclear power equipment capacity, petroleum
and petroleum processing technology, third in aviation and
aerospace industry, and sixth in steel and textile industry. It is
also a high-welfare country with a well-developed social
insurance system.

China’s Ranking
China, which ranks third overall, ranks first in economy factor.
The rapid accumulation of capital has become the most important
factor for a country’s economic growth, since natural resources are
limited by land area and labor force is restricted by population
growth rate. 1) Based on these three factors of production, China is
the fourth largest in land area and the first largest in population in
the world. 2) China’s GDP growth rate is 6.81%, and gross fixed
capital formation accounts for 42.29% of GDP, compared with 2
and 20% in most developed countries, respectively.

The disadvantages of China’s low-carbon economy are also
obvious. In terms of the other two indicators of “economy
factors,” China’s added value of services and the urbanization
rate, rank fourth from the bottom and third from the bottom
among the 20 countries, respectively. 1) Although China has
advantages in production factors, it obviously does not allocate
the factors in the tertiary industry with higher added value, and the
industrial structure is unreasonable. 2) In addition, although the
urbanization rate has increased from 10.64% in 1949 to 59.58% in
2019, with an average annual increase of 0.71 percentage points,
making it the largest and fastest urbanization in the history of the
world, there is insufficient support in basic areas and frequent
problems in urban development.

China ranks 9th in society factor. In the process of economic
growth, technological progress can break the law of declining
returns on capital while accumulating capital and maintaining

TABLE 3 | Extracted principal components and total variance explained.

Component Initial eigenvalues Rotation sums of squared loadings

Total % Of
variance

Cumulative % Total % Of
variance

Cumulative %

F1 6.326 42.173 42.173 3.386 22.572 22.572
F2 2.706 18.042 60.215 3.289 21.929 44.502
F3 2.021 13.471 73.687 3.092 20.610 65.112
F4 1.178 7.854 81.541 2.464 16.429 81.541
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high enthusiasm for capital accumulation, which is also
conducive to product innovation and industrial upgrading. 1)
China spends 2.13% of its GDP on R&D, much less than South
Korea (4.5%), Japan (3.2%), and Germany (3.04%). 2) China has
1,234 R&D researchers per million people, compared with 7,514 in
SouthKorea and 5,304 inGermany. 3) As the support of education is
undoubtedly behind the talents, the enrollment rate of Chinese
colleges and universities is 50.6%, while that of South Korea is
94.35%. 4) In addition to the urgent need for national investment in
education, poverty is a top priority. According to the World Bank’s
standard of $5.50/day, China’s poverty rate is 27.2%, while that of

developed countries is only 0.2–3.5%. China’s GDP per capita is
$7,752, only 14% of that of the United States. Therefore, compared
with developed countries, China still has a higher proportion of poor
population, insufficient development of higher education, and
shortage of research funds and researchers, which leads to the
relatively backward pace of low-carbon economy development.

China ranks 9th in environment factor. 1) China’s forest coverage
rate is only 22.35%. On the one hand, because of the serious
desertification, rocky desertification, and soil erosion in northwest
China, on the other hand, because of the high proportion of domestic
agriculture, there is a great demand for water resources and arable

TABLE 4 | Rotated factor loadings matrix and component score coefficient matrix.

Indexes F1 F2 F3 F4

Load Coef Load Coef Load Coef Load Coef

X1 Fossil fuel energy consumption 0.897 0.298 0.260 0.129 −0.056 -0.069 −0.243 −0.039
X2 Alternative and nuclear energy consumption −0.894 −0.330 0.293 0.127 −0.094 0.092 0.081 −0.174
X3 Electricity production from oil, gas and coal 0.884 0.305 −0.183 −0.051 0.241 −0.011 −0.101 0.138
X4 CO2 intensity 0.852 0.265 −0.012 0.051 0.240 0.019 −0.221 0.024

X5 R&D expenditure −0.144 0.002 0.674 0.200 0.069 0.152 0.569 0.182
X6 Researchers in R&D −0.198 0.002 0.757 0.224 −0.127 0.087 0.491 0.108
X7 Tertiary education enrollment 0.048 −0.002 0.885 0.382 −0.076 0.103 0.001 −0.173
X8 Poverty headcount ratio 0.072 −0.001 −0.809 −0.280 0.453 0.058 −0.063 0.143

X9 GDP growth rate 0.164 −0.036 −0.189 0.072 0.852 0.318 −0.130 −0.007
X10 Services, value added -0.262 -0.002 0.324 −0.004 -0.653 −0.202 0.258 0.041
X11 Gross fixed capital formation 0.053 −0.037 0.085 0.144 0.890 0.389 0.163 0.095
X12 Urban population ratio −0.070 0.044 0.586 0.130 −0.664 −0.184 0.142 −0.049

X13 Labor force participation ratio −0.180 0.066 0.349 −0.010 −0.128 0.020 0.737 0.345
X14 PM2.5 mean annual exposure 0.186 −0.093 −0.150 0.148 0.575 0.202 −0.626 −0.316
X15 Forest area ratio 0.194 0.078 −0.020 −0.174 0.014 0.024 0.840 0.482

TABLE 5 | Rankings and scores of low-carbon economy development level.

Country Low-carbon Energy factor Society factor Economy factor Environment factor

Ranking Score Ranking Score Ranking Score Ranking Score Ranking Score

South Korea 1 84.51 7 −0.18 1 1.64 3 1.20 2 1.19
France 2 75.19 1 −3.25 7 0.51 8 -0.04 16 −0.51
China 3 49.73 13 0.47 9 0.32 1 2.34 9 0.32
Canada 4 29.04 3 −1.13 10 0.30 13 −0.42 8 0.33
Germany 5 24.13 6 −0.19 6 0.61 10 −0.22 4 0.66
United States 6 14.35 10 0.04 3 0.82 14 −0.48 7 0.43
Australia 7 7.21 19 0.93 2 1.37 9 −0.17 10 0.10
Turkey 8 3.90 11 0.12 4 0.80 5 0.56 18 −1.36
Indonesia 9 3.79 9 −0.11 20 −1.92 4 1.19 3 1.14
Japan 10 2.46 20 1.12 8 0.40 15 −0.63 1 1.94
India 11 1.87 4 −0.33 19 −1.65 2 2.08 17 −0.75
Russia 12 −2.23 12 0.36 12 0.15 11 −0.22 6 0.45
United Kingdom 13 −12.22 5 −0.26 11 0.27 19 −1.09 13 −0.08
Brazil 14 −12.47 2 −1.20 17 −1.18 20 −1.10 5 0.55
Poland 15 −18.82 17 0.90 14 −0.11 6 0.11 11 0.10
Italy 16 −27.73 8 -0.13 15 −0.37 17 -0.99 14 −0.13
Saudi Arabia 17 −34.46 14 0.58 5 0.69 7 −0.01 20 −2.22
Mexico 18 −51.24 15 0.59 16 −1.04 16 −0.77 12 0.04
Iran 19 −54.46 16 0.77 13 0.00 12 −0.34 19 −1.84
South Africa 20 -82.54 18 0.92 18 −1.60 18 −1.00 15 −0.36
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land. 2)Meanwhile, China’s rich coal, poor oil, a little gas, and energy-
intensive industries have resulted in a PM2.5 concentration of 52.66,
compared with 7.41 in the United States.

China ranks 13th in energy factor. China is the world’s largest
energy consumer, accounting for 24% of global energy
consumption and 34% of global growth in energy
consumption in 2019. 1) In the primary energy consumption,
fossil fuels account for 87.67% of energy consumption, among
which coal account for 58%. 2) Fossil fuels account for 72.96% of
electricity generation. 3) Due to China’s heavy reliance on fossil
fuels, CO2 intensity is as high as 3.37, compared with 1.25 in
France. 4) China has been optimizing its energy structure for
many years, with coal consumption accounting for 58%, down
from 72% a decade ago. In 2019, renewable energy consumption
grows 29%, accounting for 45% of global growth.

CONCLUSIONS AND SUGGESTIONS

Research Conclusions
This article focuses on the low-carbon economy development
evaluation indicators at the nation level, taking the world’s top
20 countries in CO2 emissions as the research observations, closely
concentrating on the concept of low-carbon economy, based on the
five principles of index evaluation (comprehensiveness,
effectiveness, applicability, correlation, and foresight), 40
indicators were selected from five dimensions of economy,
society, science and technology, environment, and energy structure.

Since there are somany indicators tomeasure the development of
a country’s low-carbon economy, we need to reduce the data
dimension. Factor analysis is a multivariate technique that tries to
identify a relatively small number of factors that represent the joint
behavior of interdependent original variables. Thus, by using
correlation coefficients to group variables, four factors, energy
factor, society factor, economy factor, and environment factor,
are generated and extracted. Then, based on the factor scores, the
ranking of the four factors and the total score of 20 countries are
given. In the end, South Korea, France, China, Canada, and
Germany ranked among the world’s top five countries in terms
of low-carbon economy development and competitiveness.

Furthermore, through the evaluation index system of
international low-carbon economy development, we have clearly
identified the strengths and weaknesses of the 20 countries in
developing a low-carbon economy, which will help China to
define its own position, discover its own problems, identify the
right development direction, learn useful experience, draw lessons
from the experience, and avoid repeating the same mistakes.

Measures and Suggestions
Overall, China’s low-carbon economy development is in a
relatively favorable position, ranking the third in the world. It
is most prominent in terms of economic strength (No. 1), but
underperforms in terms of social development (No. 9) and
environmental carrying capacity (No. 9). The biggest weakness
is in the energy structure (No. 13).

Taking into account China’s national conditions, development
stage, sustainable development strategy, and international

responsibility, China should accelerate the development of
low-carbon economy, focus on key points, strengthen weak
areas, and refine various indicators and tasks.

1) Promoting high-quality, efficient, and steady economic
development. We will accelerate the development of
advanced manufacturing and modern service industries,
and apply the concept of low-carbon development to the
whole process of urban planning, construction and
management, and raise people’s income through targeted
poverty alleviation and full employment.

2) Strengthening support for science, technology, and human
resources. For developing countries, in a relatively short
period of time and at a lower cost, for realizing low-carbon
technological innovation, we can not only introduce, imitate,
and purchase patents, but also need to strengthen the research
and development new technologies such as energy saving and
consumption reduction, renewable energy and advanced
nuclear energy, carbon capture, utilization, and storage.
And most importantly, giving priority to education.

3) Increasing carbon sink and reducing environmental pollution.
We will continue to take action to prevent and control air
pollution from its source with all the people, and build an
environmental governance system in which the government
plays the leading role, enterprises play the main role, and
social organizations and the public participate.

4) Building a low-carbon energy system and forming an energy-
saving and low-carbon industrial system. In 2019, China’s energy
structure continued to improve: the proportion of coal
consumption in the primary energy reached a record low
(57.7%); renewable energy consumption grew 14.2%,
accounting for 26% of global growth. China’s electricity
generation accounted for 96% of net global growth.
Compared with 2018, solar power generation increased by
26.5%, wind power by 10.9%, biomass and geothermal energy
by 9.7%, and water power by 5.9%. Nuclear power generation
grew by 18.2%, higher than the 10 years average growth rate
(+15%), and China accounted for 56% of the global increase
(Dudley Bob, 2020). China will continue to follow a new path of
industrialization, develop the circular economy, improve the
industrial structure, strictly control the expansion of industries
that have high emissions and energy intensive, speed up the
phasing out of backward production facilities, and vigorously
develop the service sector and strategic emerging industries.
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