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Abstract: In order to realize the national carbon intensity reduction target, China has decided
to establish a unified national carbon emissions trading market in 2017. At the initial stage,
eight industrial sectors will be covered in the carbon market and the other industrial sectors will be
included gradually. The aim of this paper is to study the issue of how to allocate the carbon emissions
quotas among different industrial sectors fairly and effectively. We try to provide theoretical support
for how to determine the coverage scope and access order of the carbon market. In this paper,
we construct a comprehensive reduction index based on indicators of equity and efficiency principle.
We adopt entropy method to get the objective weights of the three indicators. Then, an allocation
model is developed to determine each sector’s reduction target for the year of 2020. The result
shows that our allocation scheme based on entropy method is more reasonable, and our allocation
method will promote the equity of carbon quotas allocation and the efficiency of carbon emissions.
With consideration of China’s current economic situation and industrial background, we discuss
some policy implications regarding the construction of carbon market.
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1. Introduction

Since the Kyoto protocol came to effect in 2005, both developed countries and developing countries
around the world have made much effort to reduce greenhouse gas emissions. In 2005, the European
Union (EU) member states established a carbon emissions trading system and began carbon quotas
trading. So far, the European Union Emissions Trading System (EUETS) has become the world’s
largest carbon emissions trading market, playing an exemplary role for other countries. It is also
well known that China has been the top carbon emitter in the world since 2008 [1], therefore, China
has promised to shoulder more reduction responsibility in the future. In 2009, China promised
to reduce its carbon intensity by 40%–45% in 2020 based on the level of 2005 at the Copenhagen
climate conference [2]. Moreover, at the Paris climate conference in 2015, China once again made a
commitment to reduce carbon intensity by 60%–65% in 2030 based on the level of 2005 [3]. At the
22nd Conference of the Parties to the United Nations Framework Convention on Climate Change
(UNFCCC) in 2016, the Chinese government claimed that it will actively implement the commitments
to the Paris Agreement [4].

To reach the reduction target, the Chinese government is taking effective measures to reduce
emissions. In early 2013, China launched carbon emission trading in seven pilots. After three years of
pilot phase, the Chinese government has accumulated much experience in carbon markets [5]. Based
on the experience of EUETS and China’s seven pilots, China’s National Development and Reform
Commission (NDRC) claims that China will establish a unified national level carbon emission trading
market in 2017. By then, it is expected this market will become the largest carbon emission trading
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market in the world. Moreover, China has made efforts to enhance energy efficiency and develop clean
energy to reach the reduction target [6].

Many studies have addressed the burden sharing problem for carbon emissions reduction.
For China, many researches have studied the allocation of carbon emissions among provinces or
regions [7,8]. In a unified carbon market, the allocation of carbon emission quotas is the most important
issue [9]. The responsibility sharing of carbon emission reduction should be discussed at different
levels [10], which include region level, industry level and firm level. In recent years, researches in
sector-based approaches to reduction are increasing [11–13]. Reasonable allocation of carbon emissions
reduction among different industrial sectors is of great significance [11]. A clear carbon intensity
reduction target should be set among different industrial sectors [14].

In this paper, we study how to allocate the carbon intensity reduction burdens among 35 industrial
sectors according to three indicators based on equity and efficiency principle. We also study the access
order of the carbon market covering other industries in the future. In the start-up phase, China’s
unified carbon market will cover eight industrial sectors, petrochemical, chemical, building materials,
steel, nonferrous metals, paper, electric power and aviation, which are all high-emission industrial
sectors, accounting for 40%–50% of China’s carbon emissions [15]. Thus, the total amount of the eight
industrial sectors’ carbon quotas should be calculated and controlled by the government.

The rest of the paper is organized as follows. Section 2 presents a brief overview of related
literature. Section 3 introduces the indicator selection and methodologies. Section 4 puts forward the
results. Section 5 presents the discussions. Conclusions and policy implications are given in Section 6.

2. Literature Review

Many scholars have studied the allocation of carbon emission among different regions. The first
category focuses on the allocation among different countries. den Elzen and Höhne [16] discuss the
reduction burdens allocation between Annex I and non-Annex I countries under the Kyoto protocol
for 2020 and 2050. Person et al. [17] use an energy-economy systems model to assess the economic
impacts on developing regions following a global cap and trade system for carbon dioxide and
put forward an allocation method based on equal per capita or contraction and convergence for
developing countries. Böhringer and Lange [18] propose two kinds of allocation rules for dynamic
grandfathering schemes with concretions to an open or a closed trading system in EUETS. Marklund
and Samakovlis [19] discuss how to redistribute the reduction target among the member states in
EUETS. Their conclusion resulted in a differentiation of the EU greenhouse gases (GHGs) emission
reduction target, where half of the member states reduce their emissions while the rest stabilize,
or even are allowed to increase emissions. The second category focuses on the allocation among
different provinces in China. Yi et al. [2] study the issue of how to allocate carbon intensity reduction
targets among provinces of China to meet the national reduction target. They construct an allocation
model based on three indicators and give the indicators different weights, analyzing the results using
cluster analysis. Some researchers allocate the carbon emission quotas among regions in China in
light of the collaborations. They use Shapley value method to define the value of regional emission
reduction connection and find that the Central region has the largest radiation effect on others among
all regions [14]. Wang et al. [20] allocate the emission allowance among China’s 30 administrative
regions based on zero sum gains data envelopment analysis model to realize national reduction target
by 2020. They propose an efficient emission allowance allocation scheme on provincial level and give
several scenarios of China’s regional economy, emission, energy consumption in the future.

When allocating the carbon emissions, three major principles are used. The first category is based
on the principle of equity. Ringius et al. [21] say that burden sharing rule is compatible with the three
principles of responsibility, capacity, and need. They allocate carbon emission allowance based on
three different but complementary notions of distributive fairness: equality, equity and exemption.
Ding et al. [22] regard cumulative emissions per capita as the indicator of equity principle and allocate
carbon allowance among different countries based on the standard of fairness and justice. It seems that
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using accumulative per capita emission instead of national accumulative emissions is more equitable
for developing countries. He et al. [23] also prefer to use accumulative emission per capita as the
indicator of equity principle for carbon allowance allocation. Miketa and Schrattenholzer [24] carry
out a quantitative emission entitlements allocation study based on three major equity principles,
which are egalitarian equity, horizontal equity, and proportional equality. Yi et al. [2] develop a
comprehensive index based on three indicators of per capita GDP, accumulated carbon emissions and
energy consumption per unit of industrial added value for reduction capacity, reduction responsibility
and reduction potential, respectively. These three indicators reflect the vertical equity principle,
historical egalitarian equity principle and polluter pays equity principle, respectively. The second
category is based on the principle of efficiency. Choi et al. [25] employ a non-radial slacks-based data
envelopment analysis (DEA) model for estimating the potential reductions and efficiency of carbon
emissions for China. Then they use this model to estimate the marginal abatement costs of carbon
emissions. Wang et al. [26] establish several efficiency models to estimate the environmental efficiency,
economic efficiency, economic environmental efficiency of different provinces in China by considering
carbon dioxide emissions. They find that half of the provinces are in the status of high incoordination
between environment and economic efficiency. The third category is based on the principle of both
equity and efficiency. Wei et al. [7] discuss which provinces will be allocated more of a carbon dioxide
reduction burden in China using an extended Slacks-Based Measure (SBM) model. They construct an
emission abatement capacity index which is based on weighted equity and efficiency indexes.

When allocating the carbon quotas to the covered firms, two major approaches of allocation
are adopted: free allocation and auction. Within a free allocation, there are two acceptable ways
to allocate carbon quotas: (i) grandfathering, carbon quotas based on the historical emissions;
and (ii) benchmarking, carbon quotas based on product output [27]. The EUETS has been implemented
in three separate phases. The carbon emission quotas were predominantly allocated for free in the
first two phases. In the third phase, the majority of the quotas are sold by auction [28]. Oestreich
and Tsiakas [29] find that there is a large and statistically significant carbon premium in stock returns,
which is primarily driven by the free allocation of carbon quotas. Therefore, the Chinese government
should allocate the carbon quotas for free in the first phase to reduce the firms’ resistance and emission
reduction cost [30].

However, China should also learn lessons from EUETS. In the first two phases, the carbon quotas
were allocated to the Member states, who have the authority to allocate the quotas to the firms [31].
In the third phase, the EUETS cancels off the allocation power of each country, and directly allocate the
carbon quotas to the firms of each covered industry, mostly by means of auction [32]. This is because
every Member state hopes to protect their own firms and declare too many carbon quotas during the
first two phases. This is the main reason of the low price of carbon quota [28]. Moreover, this has
led to the different emission benchmark of the same industry in different countries [33]. Therefore,
due to the limitations of allocation among regions, researches in sector-based approaches to carbon
emissions reduction are increasing. Cai et al. [34] assess the carbon emission mitigation opportunities in
China’s five sectors. Wang and Liang [35] identify China’s twelve key economic sectors and investigate
contributing factors in carbon emissions reduction. Chen and He [11] study the inter-sectoral burden
sharing of carbon emission reduction in China in 2020. Xia and Chen [36] allocate the reduction burden
of China’s energy intensity from both sectoral and regional perspectives, finding that the sector-based
reduction methods could lower costs. The allocation of carbon emissions among the industries can
help to set up different emission reduction targets for each industrial sector. This will also assign the
allocation authority to the central government and be conducive to the regulation of the carbon market.
Thus, it is an important issue to be studied, and it is also meaningful because different industrial
sectors will be included in China’s unified carbon market gradually.

To sum up, previous literature provides important foundation for this paper, but there are still
some problems to be solved. First, some studies focus on the allocation among regions or industrial
sectors, but the authors do not set a clear carbon intensity reduction target among 35 industrial sectors
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in China. It is an important aspect worthy of further studying because the government should control
the total amount of carbon emissions of each industrial sector and allocate the carbon quotas rationally.
Second, many scholars use equity principle to allocate the carbon emission quotas. However, few
studies solve this problem based on both equity and efficiency principles. Third, many scholars
construct the reduction comprehensive index with some indicators, whose weights are given by
subjective experience of researchers, lacking an objective weights.

Based on the limitations of existing studies, this paper mainly makes three contributions. First,
we quantitatively study how to allocate the carbon intensity reduction burdens among 35 industrial
sectors in China. Second, we ensure a fair and efficient allocation by considering both equity and
efficiency principles. Third, we construct a clear and comprehensive reduction index with objective
weights based on the entropy method.

3. Indicator Selection and Methodologies

3.1. Indicator Selection

Under the definition of equity principle [37] and efficiency principle [5,38,39], we try to construct
a comprehensive index to take both equity principle and efficiency principle into consideration.
Then we use the comprehensive reduction index to analyze how to allocate CO2 intensity reduction
burdens among different industrial sectors. The comprehensive index consists of per capita industrial
added value, historical accumulated CO2 emission and carbon intensity as indicators for emission
reduction capacity, responsibility and potential, respectively. Ringius et al. [37] briefly review the
principles of equity. We select two equity indicators to quantify the reduction burdens among different
industries. The indicator of per capita industrial added value is for the dimension of reduction
capacity, reflecting the vertical equity. The indicator of historical accumulated CO2 emission is for
the dimension of reduction responsibility, which means all the industries have the equal rights to use
atmospheric resources among generations. Kaya and Yokobori [38] first propose the concept of carbon
emission efficiency, and define carbon emission efficiency as CO2 emission divided by nominal GDP.
Sun [39] considers carbon intensity as an efficiency indicator to evaluate a country’s energy saving and
emission reduction. Zhang et al. [5] use carbon intensity as an efficiency indicator to allocate carbon
quotas. It should be noted that the carbon emission efficiency has an opposite relationship with carbon
intensity. If an industrial sector has a high carbon intensity, it means its emission efficiency is low.
In addition, the indicator of carbon intensity is for the dimension of reduction potential, which means
one industry with high carbon intensity has more room to increase the emission reduction efforts and
to increase carbon emission efficiency. Thus, the assumptions of our model are as follows:

(1) Emission reduction capacity

It has a significant meaning by using per capita industrial added value as the indicator to quantify
emission reduction capacity, because per capita industrial added value represents the economic
strength and development level of the industry. One industry will have strong power to pay for the
costs of emission reduction if it has a high per capita industrial added value.

In this study, we use industrial added value instead of industrial output value. This is because
the industrial added value is equal to the output value minus the middle input, which can reflect the
created value of an industry and avoid repeated calculation.

Many scholars prefer to use per capita GDP instead of GDP to measure the economic strength
of a region and to quantify emission reduction capacity [2,5,14]. This is because the concept of per
capita is more able to reflect people’s willingness and the economic level to reduction. Similarly for
the industry, labor remuneration and operating surplus are two important parts of industrial added
value. Any abatement costs will affect the managers’ income and the employees’ remuneration. If two
industrial sectors have the same amount of industrial added value, the industrial sector with fewer
employees will have stronger ability and willingness to reduce emissions.
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(2) Emission reduction responsibility

We choose historical accumulated CO2 emission as the indicator to quantify emission reduction
responsibility, which reflects the historical egalitarian principle. Since GHGs can stay in the atmosphere
for a long time, we should use historical accumulated CO2 instead of emission of just one year.
Industries with higher historical accumulated CO2 emission should bear more reduction burden.

In order to ensure a more accurate calculation, we calculate 35 industrial sectors’ 18 species of
energy consumption from 1996 to 2012. According to the CO2 calculation method by Intergovernmental
Panel on Climate Change [40], we precisely calculate the CO2 emissions of the 35 industrial sectors
from 1996 to 2012 [41].

(3) Emission reduction potential

Carbon intensity, which is selected as the indicator of emission reduction potential, refers to
the CO2 emission per unit of industrial added value. We use per value added instead of per output
value to define carbon intensity of an industrial sector. This is because we want to analyze the carbon
emission in the process of industrial value creation. This definition of carbon intensity is usually used
in the literature [11,42,43].

Carbon intensity is used as the indicator of reduction potential in many studies [5,11,14]. China’s
industrial sector proves carbon-intensive overall and its carbon emissions are almost 10 times larger
than those of the service sector up to now. Each industrial sector has emitted a large amount of carbon
emissions during the industrialization process, and thus there is much carbon emission reduction
potential in the industrial sector. Therefore, carbon emission reduction potential is represented by
carbon emissions per unit of industrial value added in this paper [14]. A sector’s carbon intensity is
primarily determined by the sector’s energy consumption and energy structure. The bigger a sector’s
carbon intensity, the lower its emissions efficiency is, and the larger the reduction burden it should
bear [11].

Many of China’s industrial sectors have high carbon intensity because of unreasonable energy
structure and low level of emission reduction technology. Industrial sectors with higher carbon
intensity can reduce the carbon intensity relying on increasing reduction capital investment and
rationalizing energy structure. Thus, the higher carbon intensity an industrial sector has, the more
reduction room there will be, which reflects the carbon emission efficiency principle.

We summarize the contents of the above, the indicators and principles are shown in Table 1.

Table 1. Inter-industry intensity reduction allocation principles and indicator selection.

Indicator Principle Interpretation Dimension

Per capita industrial
added value Vertical equity Reduce emissions in proportion to capacity Capacity

Historical accumulated
CO2 emission

Historical egalitarian Equal rights to use the atmospheric
resources among generations Responsibility

Carbon intensity Carbon emission
efficiency principle

Industrial sectors with high carbon
intensity should make more efforts to
increase emission efficiency

Potential

3.2. The Construction of Emission Reduction Comprehensive Index

The comprehensive index of emission reduction Ri, is constructed based on the three indicators
of per capita industrial added value, historical accumulated CO2 emission and carbon intensity. Some
researchers have selected some other indicators to construct a comprehensive index in the study of
interregional carbon emission allocation [2]. The index represents a comprehensive evaluation of an
industrial sector’s reduction burden in the future. The higher the index is, the more reduction burden
an industrial sector need to shoulder. The index of Ri is calculated by the following formula:

Ri = w1 Ai + w2Bi + w3Ci (1)
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where Ri is the comprehensive index for Ai is the proportion of per capita industrial added value of
i industrial sector to the sum of the per capita industrial added value of 35 industrial sectors; Bi is
the proportion of historical accumulated CO2 emission of i industrial sector to the sum of historical
accumulated CO2 emission of 35 industrial sectors; and Ci is the proportion of carbon intensity of i
industrial sector to the sum of carbon intensity of 35 industrial sectors. w1, w2, w3 are the weights for
the three indicators, the sum of which equals one.

3.3. Determine the Weights of the Three Indicators

3.3.1. Equal Weights of the Three Indicators

In this study, we give an objective weight to allocate the carbon quotas more accurately. Thus, we
adopt the entropy method to determine the weights. However, in order to make a contrast with this
method, we also give an equally weighted system, in which the weights of the indicators are all 1/3.

3.3.2. The Entropy Method to Determine the Weights

Entropy method is a kind of objective weighting method. According to information theory,
the information entropy is defined as the uncertainty measure of random variables. The higher order
degree of a system is, the smaller the entropy is; on the contrary, the higher disorder degree of a
system is, the larger the entropy is. Therefore, we can examine the disorder degree of the indicators
based on the concept of entropy. The larger disorder degree of an indicator is, the larger influence
it may have on the comprehensive evaluation, and thus it should be given more weight [14,44,45].
The advantage of entropy method is that it can calculate more accurate and more objective weights
than the subjective evaluation method. The entropy method can be used in conjunction with other
methods. The disadvantage is that the entropy method is only used in the determination of weight so
far [46].

Entropy method is frequently used in management science to determine the weights. It makes use
of the inhomogeneity of data itself to reflect the importance of indicators [47]. Wang and Lee [46] adopt
the information entropy concept to confirm the weight of evaluating attribute based on Shannon’s
entropy theory. Sun et al. [45] introduce the information entropy method into the basin level waste
water permits allocation. Zhang et al. [14] combine the entropy method with the Shapley value
method to allocate the carbon quotas in China. Sun et al. [48] adopt the entropy weighted method
to evaluate the impact of green technology innovation on ecological-economic efficiency of strategic
emerging industries.

Thus, in this study, we can calculate the entropy of the three indicators for carbon emission
reduction capability, responsibility and potential, respectively. Then we can determine the final
weights of these three indicators accurately. First, we develop the decision making matrix A of the
three indicators for China’s 35 industrial sectors.

A =


a11 a12 a13

a21 a22 a23
...

...
...

a35,1 a35,2 a35,3

 (2)

where aij represents the value of indicator j for industry sector i (i = 1, 2, 3, . . . , 35; j = 1, 2, 3). Then,
we conduct a normalization operation as follows:

zij = aij

/
35

∑
i=1

aij (3)
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As a result, the standardized decision making matrix Z of the three indicators is as follows:

Z =


z11 z12 z13

z21 z22 z23
...

...
...

z35,1 z35,2 z35,3

 (4)

ej denotes the entropy of indicator j in the standardized decision making matrix. ej is defined as
Equation (5)

ej = − 1
ln m

m

∑
i=1

zij ln zij (5)

where 0 ≤ ej ≤ 1, m = 35, denotes the 35 industrial sectors.
The dispersity of evaluation value of indicator j can be represented [46]:

dj = 1 − ej, j = 1, 2, 3.

If zij is more dispersed, dj is bigger, indicator j is more important. If zij is relatively concentrated,
indicator j is less important. If all zij are equal and the distribution is absolutely concentrated, indicator
j is invalid. Thus, when there is no subjective preference for indicator j, its weight factor is obtained as
Equation (6) [48].

wj =
dj

∑3
j=1 dj

=
1 − ej

∑3
j=1 (1 − ej)

(6)

where 0 ≤ wj ≤ 1, ∑3
j=1 wj = 1.

Thus, we can calculate the final weights of the three indicators, which are reduction capacity,
reduction responsibility and reduction potential. Then we will establish an allocation model based on
equity and efficiency principle.

3.4. Inter-Industrial Allocation of China’s 2020 Intensity Reduction Target

In 2009, the Chinese government has committed to decrease its carbon intensity by 40%–45% in
2020 based on the level of 2005. According to the China Statistical Yearbook, the national economy is
composed of primary sector, secondary sector and the tertiary sector. The primary sector comprises
agriculture (farming, fishery, forestry, animal husbandry, and water conservation). The secondary
sector includes industry and construction, with industry divided into three parts: manufacturing,
mining, and electric power, gas and water production and supply. The tertiary sector includes business
(wholesale, retail trade and hotel, restaurants), transport (transport, storage and post), and other
services (other tertiary sectors) [11].

The secondary sector consists of 35 sub-sectors, which are shown in Table 2. Since the secondary
sector industry in China has the largest CO2 emission and the largest carbon intensity, the 35 industrial
sectors must reach the intensity reduction target [11]. In this study, we select 45% intensity reduction
as the example target.

I2020 = k × I2005 (7)

I2020 is the carbon intensity of the secondary sector in 2020, I2005 is the carbon intensity of the
secondary sector in 2005, and k is the residual coefficient. k equals 1 minus the intensity reduction
target. If the secondary sector’s intensity reduction target is 45%, the value of k is 0.55, which means
that the carbon intensity in 2020 is 0.55 times that of 2005.

As for each industrial sector, the further relationships can be expressed as follows:

Ii2020 = ki × Ii2005 (8)
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where i represents the 35 industrial sectors. Ii2020 is the carbon intensity of i industrial sector in 2020;
Ii2005 is the carbon intensity of i industrial sector in 2005. ki is the residual coefficient for each industrial
sector, which means the carbon intensity in 2020 is the number of times that of 2005. Thus, a larger
value of ki means a smaller reduction burden and a smaller reduction comprehensive index. That is,
when the value of Ri increases, the value of ki will become smaller.

In other words, the larger the index Ri is, the greater the carbon intensity reduction burden the
industrial sector might take, and the smaller ki will be.

ki = f (Ri) = β × ln(R−1
i ) (9)

In Equation (9), this negative relationship between ki and Ri is described. Why do we use a
natural logarithm form to describe this relationship? This is because when Ri increases, the marginal
abatement cost increases, so the cost of cutting one more unit of emission rises. It is not a linear
relationship between Ri and abatement costs. It is also not a linear relationship between Ri and
the reduction burden. The marginal reduction burden should be decreased when the Ri increases.
The greater the reduction burden is, the smaller ki will be. Therefore, the larger Ri is, the smaller ki
will be. Thus, we use a natural logarithm form to describe this relationship, which is used in some
studies [2,49,50].

β is the coefficient which will be calculated at last [2].
The total CO2 emission of China’s industrial sectors in 2020 can be expressed as Equations (10)

and (11).
E2020 = AV2020 × I2020 (10)

E2020 =
n

∑
i=1

Ii2005 × ki × AVi2020 (11)

E2020 is the total CO2 emissions of China’s secondary sector in 2020. AV2020 is the industrial added
value of China’s secondary sector in 2020. AVi2020 is the industrial added value of each industrial
sector in 2020. AV2020 and AVi2020 are predictive values. In addition, we find that the industrial added
value growth of each industrial sector are not the same. If we use the average annual growth rate of
7% to predict the values will cause large errors, so we adopt ARIMA forecasting method to predict
the values [51,52]. From Equations (7)–(11), we obtain the mathematical expressions of parameter β

as follows:
β =

AV2020 × k × I2005
n
∑

i=1
ln(R−1

i )× Ii2005 × AVi2020

(12)

According to Equation (9), we can get the residual coefficient of ki. (1 − ki) is the carbon intensity
reduction burden of each industrial sector.

3.5. Data Source and Processing

The data set in this study consists of per capita industrial added value, historical accumulated
CO2 emission and carbon intensity of each industrial sector.

(a) Per capita industrial added value

We use industrial added value divided by the number of industrial employees to calculate per
capita industrial added value of each year. The industrial added value data (1996–2007) are collected
from Chinese Statistical Yearbook [53]. However, since these data are only counted to year 2007,
the industrial added value data from 2008 to 2012 is calculated using the officially released annual
average growth rate of added values [54]. All of the industrial added value data from 1996 to 2012
are converted into 1995 constant price (RMB). The data of industrial employees’ number is collected
from Wind database. Thus, the final per capita industrial added value of each industrial sector is
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obtained through accumulated industrial added value divided by accumulated numbers of industrial
employees from 1996 to 2012.

(b) Historical accumulated CO2 emission

To calculate the annual CO2 emission of each industrial sector from 1996 to 2012 accurately,
we collected 18 types of energy sources consumption from Chinese Energy Statistical Yearbook [41].
Eighteen types of fuels were considered in this study, including raw coal, cleaned coal, washed coal,
coke, coke oven gas, other gas, other coking products, crude oil, gasoline, kerosene, diesel oil, fuel oil,
LPG, refinery gas, natural gas, other petroleum, heat, and electricity. CO2 emissions come from our
calculations based on the energy consumption and emission coefficients which are collected from the
Intergovernmental Panel on Climate Change [40]. The historical accumulated CO2 emission of each
industrial sector is the summation of its seventeen years’ emission from 1996 to 2012.

(c) Carbon intensity

The carbon intensity of each industrial sector is obtained through accumulated CO2 emission
divided by accumulated industrial added value from 1996 to 2012.

4. Results

4.1. The Accurate Calculation Results of the Three Indicators

According to the data and processing methods, we calculate the values of three indicators in 35
industrial sectors in China. We present the results in Table 2.

Table 2. Three indicators’ value of each industrial sector.

Sector
Code Industrial Sector

Per Capita
Industrial Added

Value (RMB)

Historical
Accumulated
Emission (Mt)

Carbon Intensity
(t/104 RMB)

S1 Smelting and Pressing of Ferrous Metals 197,205.02 15,527.24 31.58
S2 Manufacture of Raw Chemical Materials and Chemical Products 234,454.29 8892.18 13.30
S3 Manufacture of Medicines 321,465.76 475.98 1.22
S4 Manufacture of Chemical Fibers 481,658.51 619.86 4.31
S5 Manufacture of Plastics and Rubber 81,441.08 913.73 2.26
S6 Manufacture of Non-metallic Mineral Products 204,176.42 7744.27 13.59
S7 Manufacture of Paper and Paper Products 241,294.12 1260.85 6.51
S8 Printing, Reproduction of Recording Media 200,769.92 113.41 1.03
S9 Manufacture of Articles For Culture, Education and Sport Activity 119,175.47 67.43 0.89
S10 Processing of Food from Agricultural Products 222,547.28 857.02 2.45
S11 Manufacture of Foods 167,549.00 515.84 3.01
S12 Manufacture of Beverages 234,448.40 405.87 1.58
S13 Manufacture of Tobacco 1,247,963.82 107.03 0.31
S14 Manufacture of Textile 167,776.54 1902.45 3.36
S15 Manufacture of Textile Wearing Apparel, Footwear, and Caps 89,722.81 211.60 0.90
S16 Manufacture of Leather, Fur, Feather and Related Products 101,943.56 120.12 0.95
S17 Smelting and Pressing of Non-ferrous Metals 249,314.67 3031.76 10.94
S18 Manufacture of Metal Products 246,553.33 865.22 2.47
S19 Manufacture of General Purpose Machinery 233,935.45 891.18 1.50
S20 Manufacture of Special Purpose Machinery 178,007.16 503.57 1.36
S21 Manufacture of Transport Equipment 294,527.28 903.20 1.01
S22 Manufacture of Electrical Machinery and Equipment 349,278.46 486.56 0.58

S23 Manufacture of Communication Equipment, Computers and
Other Electronic Equipment 587,103.20 546.97 0.27

S24 Manufacture of Measuring Instruments and Machinery for
Cultural Activity and Office Work 230,564.79 85.62 0.48

S25 Processing of Petroleum, Coking, Processing of Nuclear Fuel 82,766.52 3700.10 47.31
S26 Mining and Washing of Coal 31,780.08 2266.85 13.43
S27 Extraction of Petroleum and Natural Gas 33,761.59 1242.58 20.84
S28 Mining and Processing of Ferrous Metal Ores 179,154.04 359.76 8.28
S29 Mining and Processing of Non-Ferrous Metal Ores 162,156.37 271.60 3.96
S30 Mining and Processing of Nonmetal Ores 234,332.68 349.59 4.05
S31 Production and Distribution of Electric Power and Heat Power 120,777.60 3846.48 10.02
S32 Production and Distribution of Gas 62,998.41 163.84 12.45
S33 Production and Distribution of Water 12,252.98 281.82 24.91

S34 Processing of Timber, Manufacture of Wood, Bamboo, Rattan,
Palm, and Straw Products 421,772.35 271.03 1.62

S35 Manufacture of Furniture 177,324.91 57.64 0.78
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In the remainder of this paper, we will use the sector code of each industrial sector to replace their
names. Of these 35 industrial sectors, S1, S2, S6, S7, S17, S25, S27, and S31 will be covered in the unified
carbon market in the start-up phase.

4.2. The Weights Based on Entropy Method

We calculate the weights of carbon reduction capacity, responsibility and potential based on
Equations (2)–(6). The calculation result is η1 = 0.15, η2 = 0.48, and η3 = 0.37, respectively. Meanwhile,
we set up a scheme of equal weights for comparison. The calculation results are shown in Table 3.

We can find that the weight of reduction responsibility is higher when the weights are determined
by entropy method, which means that an industrial sector with more historical accumulated emissions
may shoulder more intensity reduction burden. The weight of reduction potential, which is the
efficiency indicator, is 0.37. It is a little smaller than the weight of reduction responsibility, which
means the carbon intensity of each industrial sector will also affect the allocation results, to a certain
extent. The weight of reduction capacity is the smallest, which means the per capita industrial added
value may not play a major role in the allocation model.

Table 3. Weights of indicators under two cases.

Weight Equal Weights Objective Weights Based on Entropy Method

WA (reduction capacity) 0.33 0.15
WB (reduction responsibility) 0.33 0.48

WC (reduction potential) 0.33 0.37
WA+WB+WC 1 1

4.3. The Allocation Results Based on Equal Weights

We allocate the carbon intensity reduction burdens among 35 industrial sectors, and draw Figure 1.
Several findings can be obtained as follows.
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Figure 1. Carbon intensity reduction burdens in 2020 under the equally weighting case.

The carbon intensity reduction burdens of each industrial sector in 2020 are shown in Figure 1,
which are based on the level of 2005. According to the allocation results, the 35 industrial sectors can
be divided into four categories. The first category contains four industrial sectors, whose intensity
reduction burdens are more than 40%. The second and the third categories contain 10 industrial sectors
with intensity reduction burdens from 20% to 40% and 18 industrial sectors with intensity reduction
burdens from 0% to 20%, respectively. The fourth category contains three industrial sectors, whose
intensity reduction burdens are negative.
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Then, we make a comparison analysis of the first category and the fourth category in the ranking
of the three indicators. The results are shown in Table 4.

Table 4. Three indicators’ ranking of the two categories.

Industrial Sector
Intensity
Reduction
Burden

Per Capita
Added
Value

Ranking

Historical
Accumulated

Emission
Ranking

Carbon
Intensity
Ranking

S1 (Smelting and Pressing of Ferrous Metals) 58.63% 19 1 2
S25 (Processing of Petroleum, Coking, Processing of Nuclear Fuel) 49.17% 30 5 1
S2 (Manufacture of Raw Chemical Materials and Chemical Products) 46.70% 11 2 7
S6 (Manufacture of Non-metallic Mineral Products) 44.64% 17 3 5
S13 (Manufacture of Tobacco) 38.58% 1 32 34
S9 (Manufacture of Articles For Culture, Education and Sport Activity) −4.78% 27 34 30
S16 (Manufacture of Leather, Fur, Feather and Related Products) −5.86% 28 30 28
S15 (Manufacture of Textile Wearing Apparel, Footwear, and Caps) −6.08% 29 28 29

Through the comparison, we find that the four industrial sectors of the first category are all ranked
high in the two indicators of historical accumulated emission and carbon intensity. Their rankings
in the indicator of per capita industrial added value are relatively low. Thus, if an industrial sector
ranked high in two indicators, it will shoulder more intensity reduction burden.

The intensity reduction burdens of the three industrial sectors in the fourth category are all
negative, which means that the carbon intensity of each industrial sector can have an increase in 2020.
According to the three indicators’ ranking, we can find that in the process of the development of these
three industrial sectors, they did not have a strong economic strength, but also did not produce a large
amount of carbon emissions. Their carbon intensity is low. Therefore, under the consideration of the
equity principle, these three industrial sectors can maintain a slight increase in carbon intensity in 2020
to make up for the lack of development process.

The allocation results based on equal weights also have some unreasonable phenomena.
For example, Manufacture of Tobacco is one of the richest industrial sectors because of its highest
ranking in per capita industrial added value. Its intensity reduction burden is 38.58%, ranking fifth.
However, Manufacture of Tobacco is ranked 32 and 34 in the indicator of historical accumulated
emission and carbon intensity, respectively. This proves that it does not produce a large amount of
carbon emissions historically and that it has high emission efficiency. We cannot give it too much
reduction pressure, simply because it is the richest industrial sector. It seems like “overthrow the
local despots and distribute land”. In our opinion, this unreasonable result is mainly ascribed to the
equally weighted indicator system, in which the importance of reduction responsibility and reduction
potential has not been fully recognized.

To sum up, the allocation method based on equal weights give us the accurate intensity reduction
burden of 35 industrial sectors. It also verifies our previous hypothesis; that is, the industrial sector
with greater reduction capacity, reduction responsibility and reduction potential will shoulder higher
reduction burdens. Then, we will use the allocation model based on entropy method to make
a comparison.

4.4. The Allocation Results Based on Entropy Method

We use entropy method to distinguish the importance of different indicators. The weights of
reduction capacity, reduction responsibility and reduction potential are 0.15, 0.48 and 0.37, respectively.
We bring the weights into the allocation method. The results of intensity reduction burdens are shown
in Figure 2.
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Figure 2. Carbon intensity reduction burdens in 2020 under the entropy method weighting case.

According to the allocation results in Figure 2, we can also divide these 35 industrial sectors
into four categories. The first category contains four industrial sectors, whose intensity reduction
burdens are more than 45%. The second category contains five industrial sectors, whose intensity
reduction burdens are from 20% to 40%. The third category contains 19 industrial sectors with intensity
reduction burdens from 0 to 20%. The fourth category contains seven industrial sectors, whose
intensity reduction burdens are negative. In this case, S1 (Smelting and Pressing of Ferrous Metals)
may take the highest intensity reduction burden, which is 62.49%. S25 (Processing of Petroleum,
Coking, Processing of Nuclear Fuel), S2 (Manufacture of Raw Chemical Materials and Chemical
Products) and S6 (Manufacture of Non-metallic Mineral Products) also have much higher burdens
than the other industrial sectors.

Comparing to the allocation method based on equal weights, the allocation results based on
entropy method seems more reasonable. First, the variance of allocation results is larger. It means that
heavy industrial sectors such as Smelting and Pressing of Ferrous Metals are given more reduction
burden, while industrial sectors with less accumulated historical emissions including Manufacture of
Beverages are given less reduction burden. Some industrial sectors’ reduction burdens are negative.
Thus, it not only decreases the carbon intensity of high emission industrial sectors, but also protects
the small industrial sectors which have not fully developed. Second, as we discussed in Section 4.3, the
industrial sector of Manufacture of Tobacco with the highest per capita industrial added value is given
too much reduction burden in equal weighting method. This is unreasonable because the indicators
of reduction responsibility and reduction potential have not been attached more importance. In the
entropy method, the weights of reduction capacity, responsibility and potential are 0.15, 0.48, 0.37,
respectively. The allocation results are more reasonable.

According to the above allocation results and historical data, we calculate every industrial sector’s
carbon emission quotas in 2012 and 2020. The proportion of every industrial sector’s carbon emission
in the secondary sector’s total carbon emissions in 2012 and 2020 is shown in Figure 3.

Through the comparative analysis, we can see that 28 industrial sectors’ proportions in carbon
emissions have increased, while eight industrial sectors have a decrease in the proportions in carbon
emissions. Most obviously, the proportion of S1 (Smelting and Pressing of Ferrous Metals) fall sharply
from 29.40% in 2012 to 13.76% in 2020. This is mainly due to the high carbon intensity and high
historical accumulated emissions from Smelting and Pressing of Ferrous Metals. However, is this
result in line with the actual situation? We investigate the current situation of China’s industry.
China is carrying on the supply-side structural reform. The policy of cutting excessive industrial
capacity is the main task of the supply-side structural reform. The current capacity utilizations of
steel industry, coal industry, cement industry and chemical industry are only 67%, 68%, 67% and 60%,
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respectively. Other high energy consuming industries are also facing the problem of excess capacity.
China’s government has shut down a number of small enterprises and limited the production of large
enterprises in steel industry and coal industry. More actions will be done to cut excessive industrial
capacity in other industrial sectors in the future. Therefore, the carbon emissions of these industrial
sectors will have a decrease. Thus, our allocation results are in line with the current policy orientation.
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Figure 3. The proportion of every industrial sector’s carbon emission in 2012 and 2020.

Based on the above results, from the perspective of allocation equity, twenty-eight industrial
sectors will increase the proportions of carbon emissions. Seven high emission industrial sectors will
have a decrease in the proportion of carbon quotas. They are S1, S2, S25, S26, S27, S31, and S33, which
are all industrial sectors with higher per capita industrial added value, historical accumulated carbon
emissions or carbon intensity. These seven industrial sectors should pay more efforts to decrease carbon
emissions; otherwise, they will need to buy quota in the carbon market. If this is the case, it will also
increase the quota demand and liquidity in carbon market. From the perspective of allocation efficiency,
our allocation result shows that most of the industrial sectors’ carbon intensity will have a decline in
2020. These carbon intensity reduction targets will encourage the industrial sectors to improve their
emission efficiency.

Although most of the 35 industrial sectors’ carbon intensity will be cut down in 2020, the amount
of the emissions will not reduce; on the contrary, most of the 35 industrial sectors’ emissions will have
a small amount of growth in 2020 compared to 2005. This is because China is still a developing country,
whose first task is to develop the economy and improve people’s living standard. We use Figure 4 to
show the growth rate of each sector’s emission.

In Figure 4, we also include the expected added value growth next to the expected emission
growth in 2020 compared to 2005. We can find that most of the industrial sectors have an amount
of growth in emission and industrial added value. However, the emission growth rates of the seven
industrial sectors on the left (S9, S16, S15, S35, S24, S8, and S20) are larger than their expected added
value growth rates. This is because the carbon intensity reduction burdens of these seven industrial
sectors are negative; therefore, their carbon intensity in 2020 will have an increase. In addition, the
other twenty-eight industrial sectors’ added value growth rates are larger than their emission growth
rates. This is because their carbon intensity reduction burdens are all positive, resulting in the decrease
in carbon intensity. This proves that our allocation method not only decreases the carbon intensity
of most industrial sectors, but also maintains their economic growth. However, we should pay more
attention to the development of the last eight industrial sectors on the right, i.e., S1, S25, S2, S6, S31,
S17, S27 and S33. The gap between the emission growth rate and the added value growth rate is
obvious, even the emission growth rates of S25, S27 and S33 are negative. As these industrial sectors
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have high intensity reduction burdens, we suggest that the government should provide them with
certain subsidies and financial support to promote the improvement of emission reduction technology.
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5. Discussions

5.1. The Coverage Scope and Access Order of China’ Unified Carbon Market

According to the allocation results based on entropy method, we divide all the industrial sectors
into four categories. This classification is very significant for the construction of China’s national
carbon market. The coverage scope of China’s seven ETS pilots is different, but the same point is that
all of the pilots include the high emission sectors first [30]. The experience from EUETS is that covering
high emission sectors first is conducive to realize the national reduction target and reduce management
costs [55]. When deciding the scope, the government should consider the four principles emission
characteristics, data basis, reduction potential and reduction costs. For example, a large enterprise in
steel industry with high energy consumption and high carbon intensity will have a better data basis.
Normally, this kind of enterprise has great potential to reduce emissions with lower reduction costs.
It can meet the access threshold of a unified carbon market. For China, the carbon emission trading
policy and regulation system has not been built, and the technical foundation of monitoring, reporting
and verification (MRV) is weak.

Thus, in the first period, it is better to raise the access threshold and cover the industrial sectors
with high energy consumption and high emissions [56]. China’s National Development and Reform
Commission has pointed out that a unified carbon market will be established in 2017. In the initial stage,
petrochemical industry, chemical industry, iron and steel industry, non-ferrous metal industry, electric
power industry, paper industry and architectural materials industry will be included in the national
market. Our allocation results, which correspond with this national policy, can provide support for the
government to determine the scope and access order of the carbon market. The industrial sectors in
the first and second categories are all high emission industrial sectors, which should be included in the
national market first. The 19 industrial sectors in the third category should be included gradually in
the future.

However, the intensity reduction burdens in the fourth category are negative, which deserves
discussion. When the EUETS made the national allocation plans, it considered the situation of some
economically backward countries, Greece, Spain, Ireland, Portugal and Sweden, allowing them to
have a certain amount of emission growth [31]. This plan could maintain these countries’ stable
economic growth. For China, we provide two plans for the government to consider. The first plan is
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based on the results above, allowing the fourth category industrial sector to have negative intensity
reduction burdens. However, it is not a consistent policy to force certain industrial sectors to cut their
carbon emissions, while allowing others to increase their emissions. Therefore, in the second plan,
we impose a zero lower bound on the intensity reduction burden. We replace all negative carbon
intensity reduction burdens with zero, calculate the carbon emissions quotas corresponding to the
negative carbon intensity reduction burdens and then redistribute these carbon quotas proportionately
to the other industrial sectors. We show the result in Figure 5.
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,firm iA  is the allocated carbon quotas of firm i in the certain industrial sector. ,i baseyearE  is the carbon 

emissions of firm i  in the base year. sec ,tor baseyearE  is the carbon emissions of this certain industrial 

sector in the base year. 
sec ,2020torA  is the allocated carbon quotas of this certain industrial sector in 

2020. 
sec ,2020torA  can be calculated according to our allocation results. 

Benchmarking is based on historical baseline output level [56]. If we use the benchmarking 

approach, the firm’s allocated carbon quota can be calculated by Equation (14). 
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Figure 5. The growth amount of carbon quotas in the second plan.

Figure 5 shows the growth amount of carbon quotas in the second plan compared to the first
plan. These industrial sectors’ carbon intensity reduction burdens are all positive. The second plan can
further smooth the adjustment required by the big polluters. Therefore, if the government wants to
maintain a consistent policy, the second plan is the better choice.

5.2. The Carbon Quotas Allocation from Industry-Level to Firm-Level

Free allocation and auction are two main ways to allocate carbon quotas to the different firms.
As we summarize in the literature review, free allocation is more suitable for China’s early carbon
market [29,56]. Grandfathering and benchmarking are the two main approaches of free allocation.
In the following part, we will study how to use the approaches of grandfathering and benchmarking
to allocate carbon quotas.

Grandfathering is based on historical emissions. For a firm in a certain industrial sector,
its allocated carbon quota in 2020 can be calculated by Equation (13) [31].

A f irm,i =
Ei,baseyear

Esec tor,baseyear
× Asec tor,2020 (13)

A f irm,i is the allocated carbon quotas of firm i in the certain industrial sector. Ei,baseyear is the carbon
emissions of firm i in the base year. Esec tor,baseyear is the carbon emissions of this certain industrial
sector in the base year. Asec tor,2020 is the allocated carbon quotas of this certain industrial sector in
2020. Asec tor,2020 can be calculated according to our allocation results.

Benchmarking is based on historical baseline output level [56]. If we use the benchmarking
approach, the firm’s allocated carbon quota can be calculated by Equation (14).

A∗
f irm,i = Pi,baseyear × esec tor,baseyear × f (14)

f =
Asec tor,2020

Esec tor,baseyear
(15)
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A∗
f irm,i is the allocated carbon quotas of firm i in the certain industrial sector under benchmarking.

Pi,baseyear is the output level of firm i in the base year. esec tor,baseyear is the benchmark of this certain
industrial sector in the base year. The benchmark is often chosen from a firm considered “best in class”,
thus setting the standard for other firms to compare themselves [57]. f is the adjustment factor of this
industrial sector. f can be calculated according to our allocation results.

In the first two phases of the EUETS, more than 90% of allowances are allocated for free and
mainly by grandfathering. The grandfathering approach based on historical baseline emissions can
underpin the inter-temporal consistency [58] and deliver incentives for regulated emission installations
to report their historical data [59]. However, this approach presents two big flaws of “allowance
oversupply” and “windfall profit” during 2005–2012, and is questioned regarding issues of unfairness
and investment distortion [56]. The EUETS moves to use auction and benchmarking in the third
phase (2013–2020). For China, benchmarking is widely used in the seven carbon market pilots [60].
Benchmarking approach, which is fair and transparent, is the optimal solution for carbon quotas
allocation [27]. Thus, how to set the benchmark of each industrial sector is the key problem that needs
to be solved in the future.

However, no matter which allocation approach will be adopted in the China’s unified carbon
market, our allocation results can be helpful for the government to calculate the amount of carbon
quotas of each industrial sector and provide theoretical support for the allocation among different firms.

6. Conclusions and Policy Implications

To complete the emission intensity reduction commitment, the Chinese government is preparing
for the establishment of a unified carbon emissions trading market, which will cover different industrial
sectors gradually. In this study, we develop an allocation model to allocate the national carbon intensity
reduction target among 35 industrial sectors based on equity and efficiency principle. Some main
conclusions are obtained as follows.

First, we construct a reduction comprehensive index consisting of three indicators, reduction
capacity, reduction responsibility and reduction potential. The first two indicators represent the
principle of equity, and the third principle represents the principle of efficiency. Our allocation result
shows that the industrial sector with greater reduction capacity, responsibility and potential will
shoulder higher intensity reduction burdens, whether it is based on the equal weight method or the
entropy weight method.

Second, we adopt entropy method to obtain the objective weights. The allocation results are more
reasonable compared to the method based on equal weight. Under allocation based on entropy method,
we obtain the intensity reduction burdens of each industrial sector, then we divide the 35 industrial
sectors into four categories. Smelting and Pressing of Ferrous Metals is given the heaviest reduction
burden and its proportion in carbon emissions will drop sharply. Although our allocation method will
result in the reduction in carbon intensity, the amount of the emissions will not reduce; on the contrary,
most of the 35 industrial sectors’ emissions will have a small amount of growth in 2020 compared to
2005. This is because China is still a developing country, whose first task is to develop the economy.

Third, twenty-eight industrial sectors will have an increase in the proportion of carbon emissions
in 2020, while seven high emission industrial sectors’ proportions will have a decrease. This will
promote the equity of carbon emissions allocation. From the perspective of allocation efficiency, our
allocation result shows that most of the industrial sectors’ carbon intensity will have a decline in 2020.
These reduction targets will encourage the industrial sectors to improve their emission efficiency.

Based on the conclusions above, we can provide some policy implications for the decision makers
in China. For one thing, according to our allocation results, the industrial sectors in the first and the
second categories should be included in the unified carbon emission trading market at the initial stage.
The industrial sectors in the third category should be covered gradually in the future. The industrial
sectors in the fourth category should not be included, but help to protect their development. Besides,
the industrial sectors in the first category will face enormous pressure to reduce emissions in the short
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term. The government should provide them with certain subsidies and financial support to promote
the improvement of emission reduction technology.

Furthermore, if the Chinese government prefers to adopt benchmarking approach to allocate
carbon quotas from industry-level to firm-level, our allocation results can be helpful for the calculation
of each industrial sector’s adjustment factor. The government should be clear that the industrial sector
with high reduction burden should be given a more stringent emission reduction benchmark. The
government should aggregate the carbon emission quotas of every enterprise in each industrial
sector, and strictly control the total allocation quotas of each industrial sector according to the
reduction burdens.

Overall, it should be noted that the allocation of carbon emissions quotas is the key aspect in the
successful operation of the carbon market. In this paper, we allocate the carbon emission quotas from
the perspective of industrial sector, but do not take into account the problem of how to decide the
proportion of free allocation and auction, which may be an important research direction in the future.
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