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Inter-provincial responsibility allocation of carbon emission in 1 

China to coordinate regional development  2 

Feng Wang·Xing Ge 3 

Abstract 4 

To establish the carbon emission trading scheme and achieve the carbon emission reduction goals in China, it 5 

is critical to allocate the carbon emission allowance (CEA). Using the entropy method and the modified fixed 6 

cost allocation model (MFCAM), we calculated the CEA and the carbon emission intensity (CEI) reduction 7 

targets of 30 Chinese provinces in 2030, and further classified China’s provinces, from four principles 8 

(equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment). The 9 

results are shown as follows. First, we calculated China's CEA in 2030 is 17567.9 Mt. Second, on the whole, 10 

China's southern provinces have higher CEA than northern ones. Eastern China has a larger final CEA than 11 

western China and central China. Third, Guangdong has the largest final CEA, due to its large population, 12 

developed economy, and high energy utilization efficiency. Fourth, in the future, provinces such as Guizhou, 13 

Inner Mongolia, Ningxia, Xinjiang, Shaanxi, and Shanxi will take on greater responsibility for carbon 14 

emission reduction, while provinces such as Tianjin, Qinghai, Guangxi, and Beijing will be able to sell carbon 15 

emission allowances to other provinces.  16 

Keywords Carbon Emission Allowance  Entropy Method  Modified Fixed Cost Allocation Model  17 

Carbon Emission Intensity 18 

Introduction 19 

The sustainable development of contemporary human beings is facing the severe challenge of global warming. 20 

To cope with this challenge, countries around the world have made persistent efforts and implemented many 21 

mitigation and adaptation measures. As the second-largest economy and the largest carbon emitter in the world, 22 

China is facing huge pressure to reduce emissions (Zhang and Cheng 2009). The Chinese government has put 23 

forward a series of emission reduction policies and regarded energy conservation and emission reduction as a 24 

long-term national policy. In the Copenhagen Climate Change Conference, China promised it would reduce its 25 

CEI by 40-45% in 2020 compared to the level of 2005 (Cui et al. 2014). It marks that China has entered the era 26 

of quantitative control of carbon emission reduction. Furthermore, China pledges to peak CO2 emissions by 27 

around 2030 and strive to achieve it as soon as possible, and by 2030, reduce CO2 per unit of GDP by 60-65% 28 

over the 2005 level (Qin et al. 2017). 29 

China's economy has stepped into the "new normal" phase. When China aims to achieve energy 30 

conservation and reducing emissions in coping with the problems in energy and environment, it also needs to 31 

address poverty, unemployment, and regional development gaps by promoting its economic growth. 32 

How to effectively and rationally allocate inter-provincial CEA under the constraint of energy 33 

conservation, emission reduction, and economic growth? To answer this question is not only a practical 34 

problem that needs to be solved urgently in China’s practice of tackling climate change, but also a theoretical 35 

problem that needs to be settled in the climate change economics with Chinese characteristics. The following 36 

four reasons can support this point. 37 

First, when China's overall carbon emissions are approaching a peak, it is facing pressures from the control 38 

of overall carbon emissions and the upcoming absolute carbon emission reduction. Considering the negative 39 

externality of greenhouse gas emissions, the accomplishment of China’s emission reduction targets requires 40 

joint efforts from provinces, cities, and firms. Therefore, the allocation of inter-provincial CEA is an important 41 

measure to achieve emission reduction targets (Feng and Lu 2016). 42 

Second, as the largest developing country, development is an absolute priority for China. In this case, 43 

carbon emission rights are equivalent to development rights, since there are significant differences among 44 
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provinces in resource endowment, population distribution, economic development, input-output efficiency, and 45 

carbon efficiency. Thus, reasonable and effective allocation of inter-provincial carbon emission rights is 46 

conducive to reduce the regional gap and promote sustainable development.  47 

Third, the rational allocation of inter-provincial CEA urges regions to choose between increasing R&D 48 

investment and purchasing carbon emission rights. Carbon emission rights are scarce resources, the increasing 49 

purchase on it will increase its price and finally pushes regions to focus on technological innovation for a 50 

maximum of their benefits.  51 

Fourth, inter-provincial CEA can lay a fundamental role in establishing a perfect carbon trading market. 52 

From 2011 till now, China has opened the prelude of managing climate change with the participation carbon 53 

trading market, to effectively control carbon emission, China has placed local pilots of carbon emission trading, 54 

and constructed and improved the national carbon market. According to the Coase theorem, the initial allocation 55 

of carbon emission rights affects its trading efficiency, and the trading framework of CEA is an effective tool to 56 

stimulate and achieve energy conservation and emission reduction (Han et al. 2017). Therefore, a reasonable 57 

and effective inter-provincial CEA is conducive to improving the efficiency of carbon emission trading, which 58 

is the key to establish and improve China's carbon emission trading market and realize the 2030 carbon 59 

emission reduction target (Zhou et al. 2018; Zhang et al. 2014).  60 

We will study China's allocation of inter-provincial carbon emission rights from four principles 61 

(equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment), The 62 

conclusions of this paper have great significance to the establishment of the Chinese carbon emission market, as 63 

well as energy-saving, emission reduction, innovation promotion, coordination of regional development.  64 

The remainder of this paper is as follows. Section 2 reviews the relevant literature. Section 3 introduces the 65 

research model and data used in this paper. Section 4 provides the empirical results and discussion. The last 66 

section presents the conclusions with policy suggestions. 67 

Literature review 68 

The carbon emission right was originally defined by Dales as the right of a permit holder to emit pollutants to 69 

the environment within legally defined limits. Scholars have proposed many allocation principles of CEA, 70 

such as the principle of equity, the principle of efficiency, the principle of feasibility, and the principle of 71 

sustainability, where equity and efficiency principles are more common. They also introduced some main 72 

methods of CEA which include indicator method, game theory method, data envelopment analysis (DEA) 73 

method, and synthesis method. 74 

The research on CEA based on equity perspective is earlier. The criteria of equity allocation include the 75 

principles of grandfathering, egalitarianism, and the ability to pay, etc. Different criteria correspond to different 76 

indicators, but with the continuous development of research, different understandings of equity produced new 77 

criteria and indicators of equity distribution. 78 

Rose regards equity as the equal right of all people to pollute and not to be polluted. Schmidt and Heitzig 79 

(2014) research CEA from the perspective of historical carbon emission. By comparing the distribution of 80 

inter-provincial CEA under the principle of grandfathering, egalitarianism, and the ability to pay, Wu et al. 81 

(2010) believed that ability to pay was a more appropriate standard. Zhou et al. (2013) concluded that 82 

population and historical carbon emission better reflect the principle of equity by comparing energy 83 

consumption, GDP, population, GDP per unit of capital, and historical carbon emission. 84 

However, some scholars indicated that the allocation based on historical carbon emission will lead to 85 

insufficient incentives (Cui et al. 2014; Zhou et al. 2017; Zhou and Wang 2016). Pan et al. (2014) believe that 86 

carbon emission per unit of capital accumulation is a more appropriate indicator of CEA. Zhou and Wang 87 

(2016) calculate the CEA according to the GDP share of each region, which reflects the imbalance of regional 88 

development. Han et al. (2017) obtain CEA in the Beijing-Tianjin-Hebei region by constructing comprehensive 89 

evaluation indicators. Scholars hold different views on the pros and cons of the criteria and indicators of equity 90 

distribution. Although the principle of equity plays a vital role in CEA, absolute equity will discourage other 91 

provinces. 92 

The principle of efficiency emphasizes the reduction of potential carbon emission. In the case of the same 93 

carbon emission, regions with high carbon emission efficiency can achieve greater output (Ma et al. 2017). The 94 

input-output model is used to evaluate the efficiency of carbon emission, and the DEA model is a widely 95 

recognized method to evaluate the efficiency of multi-input and multi-output. Based on the traditional DEA 96 

model, according to the characteristics of the fixed total Olympic medals, combined with the zero-sum game 97 
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idea, that is, one party gains, one party loses. Lins et al. established the zero-sum gains DEA (ZSG-DEA) 98 

model, which applies to the case of fixed total input. Comes and Lins (2008) study the CEA of countries related 99 

to the Kyoto Protocol based on the ZSG-DEA model. Fu and Huang (2016) calculate China's inter-provincial 100 

CEA in 2020 by using the ZSG-DEA model. Zeng et al. (2016) use the ZSG-DEA model to optimize the CEA 101 

efficiency of China’s 30 provinces and cities, based on the premise of fixed overall carbon emissions and 102 

non-fossil energy consumption. Zhang and Hao (2017) evaluate the carbon emission efficiency of China’s 39 103 

industrial sectors in 2020 by using the ZSG-DEA model. 104 

Whereas, CEA is related to regional economic development. If we are only based on the principle of 105 

efficiency, it would bring negative effects on the future development of underdeveloped regions which is unfair. 106 

Scholars are more and more concerned with the multi-principle of CEA for the multi-dimensional of the 107 

realistic target. CEA with the multi-principle can avoid the extreme results that may occur under a single 108 

principle. Yang et al. (2012) discuss the carbon emission reduction potential of different regions regarding the 109 

principles of equity and efficiency, based on the cluster analysis. Zhao et al. (2017) integrate the principles of 110 

equity and efficiency with the comprehensive indicator method to analyze the CEA of 41 sectors in China. Zhou 111 

et al. (2018) obtain the CEA of 71 Chinese cities by applying the DEA model to construct the comprehensive 112 

allocation coefficient. Zhou et al. (2018) calculate China’s 71 cities CEA by applying the DEA model to 113 

construct the comprehensive allocation coefficient. Li et al. (2018) study the CEA of the Pearl River Delta 114 

region by using population, GDP, and historical carbon emission to represent the principles of equity, 115 

efficiency, and feasibility, respectively. Although these scholars consider multiple principles of CEA, most of 116 

them adopt the proportional distribution or ZSG-DEA model in their methods. Wang and Li (2013) calculate 117 

China's provinces CEA in 2010 by introducing population indicators in the fixed cost allocation model 118 

(FCAM). Fang et al. (2018) built an indicator system of equity, efficiency, feasibility, and sustainability, used 119 

factor analysis to calculate the weight of each province, and then found the CEA of China's 31 provinces from 120 

2016 to 2030. In a word, there is no consensus on the principles and indicators of CEA under the overall amount 121 

constraint. 122 

Through the summary of the existing research, (1) we find that principles of equity, efficiency, feasibility, 123 

and sustainability are relatively comprehensive at present. (2) The comprehensive indexes have been used 124 

widely, which can integrate different principles. (3) The ZSG-DEA model is used more extensively in CEA 125 

compared with the FCAM model. By comparing FACM and ZSG-DEA, both of them can allocate the overall 126 

fixed cost. The difference lies in that ZSG-DEA considers the efficiency of each decision-making unit (DMU) 127 

and makes all DMUs relatively effective through iteration, but FCAM regards the element with a fixed amount 128 

as new input, and its first two steps can be used to find countless solutions that make the decision unit reach the 129 

frontier. the solution iterated by the ZSG-DEA model many times is only one of the countless solutions of the 130 

FCAM model. The third step of FCAM elects the CEA that most conforms to the objective function. 131 

Theoretical analysis shows that the FCAM method has more advantages than the ZSG-DEA model. 132 

Scholars have many differences in measuring principles and specific research methods and obtained 133 

different CEA due to different national backgrounds. Therefore, it is very important to explore a specific CEA 134 

method under China's national conditions. Since the 19th communist party of China national congress, 135 

coordinated regional development has become a national strategy, the core of which is to narrow the regional 136 

gap and pay attention to efficiency. At present, China's regional economic development has not yet been 137 

decoupled from carbon emission, so carbon emission right means regional development rights. Any 138 

single-principle allocation of carbon emission right will be biased, while the multi-criterion allocation of carbon 139 

emission is more conducive to promote regional coordinated development. Also, because the integrated 140 

analysis uses a variety of methods or models, it can gather the advantages of a variety of methods, so problem 141 

analysis will be more comprehensive and systematic. Therefore, we combine the indicator method with the 142 

FCAM model as an integrated analysis.  143 

To sum up, we take China's 30 provinces as research objects and calculate the interval value of CEA of 144 

each province in China on the premise of achieving the maximum average value of carbon emission efficiency 145 

of each province in China. Then, we modify the FCAM model. We construct an indicator system that includes 146 

the four principles (equity-efficiency-feasibility-sustainability) and three dimensions 147 

(economy-society-environment). We use the entropy method to get the comprehensive value and embed the 148 

comprehensive value into the objective function of the third step of the FCAM. We get China's province final 149 

CEA in 2030. Next, we calculated China's provinces CEI in 2030 and the CEI reduction compared to 2015. 150 

Finally, China’s provinces are divided into three categories according to CEI reduction and four categories 151 

according to CEI reduction and economic development. 152 
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The existing literature provides a reference for the further study of this paper. The innovations of this paper 153 

are as follows: (1) we construct 12 indicators from the four principles 154 

(equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment). The 155 

indicator system constructed in this paper is more comprehensive than the existing research. (2) We modified 156 

the FCAM model by embedding multi-criteria principles and indicators into the original FCAM model. 157 

Through the literature review, we find that there are few studies of CEA based on the four principles of equity, 158 

efficiency, feasibility, and sustainability. Beasley’s (2003) FCAM first realize the optimal of all the average 159 

efficiency of DMUs, Second, the fixed total cost is allocated through the principle of proportional convergence, 160 

but the proportional convergence idea will expand regional differences. To solve this problem, we innovatively 161 

embed the "principle-dimension" multi-criteria index weighted by the entropy method into the objective 162 

function. Therefore, under the premise that all provinces reach the frontier, the results of CEA are closer to 163 

fairness, efficiency, feasibility, and sustainability. 164 

Methodology and Data 165 

Modified fixed cost allocation model 166 

Beasley designed FCAM and divided it into three steps. FCAM takes the total fixed cost as input and aims to 167 

maximize the average efficiency of all DMUs. Based on the idea of proportional convergence, the overall 168 

fixed cost is distributed to all DMUs (Beasley 2003). 169 

By reviewing the literature, we find that scholars made similar choices for input-output variables, but 170 

different treatments for carbon emission. There are two main ways. The first one adheres to the economic 171 

production process and treats carbon emission as an undesired output. The other one regarded overall carbon 172 

emissions as a limited resource, so CEA is an input variable (Gomes and Lins 2008). Here we choose the 173 

second treatment method. In the FCAM model, the input variable is CEA, and the output variables are GDP, 174 

population, energy consumption, and capital stock, respectively. The implication is that regions with higher 175 

GDP, population size, energy consumption, and capital stock are more efficient under the same CEA. The 176 

implication is that regions with higher GDP, population size, energy consumption, and capital stock are more 177 

efficient under the same CEA. 178 

Step 1, we take overall carbon emissions as fixed costs to be allocated. Therefore, the input variable of 179 

FCAM is the CEA. GDP, population, energy consumption, and capital stock as output variables. China has 180 

fixed overall carbon emissions. We use equation (1) to determine the max average value of the input-output 181 

efficiency of Chinese provinces. 182 
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Among them, ep is the efficiency value of DMU p (p=1, 2, …., n). In this paper, DMU refers to provinces. N is 184 

equal to 30, representing 30 provinces. Each DMU has t input variables and s output variables. We take t=1, that 185 

is, the input variable is the carbon emission allowance. We take s=4, that is, the output variables are GDP, 186 

population, energy consumption, and capital stock, respectively. yip stands for output i (i=1, 2, …., s) of DMU p. 187 

xjp refers to input j (j=1, 2, …., t) of DMU j. αi is the weight of output i, and βj is the weight of input j. The set S 188 

contains all DMUs assigned. Fp is the result of the allocation of the DMU p in the set S, and ε is Archimedean 189 

infinitely decimal, with a general value of 10-6. We set the optimal solution of the objective function in equation 190 

(1) is 
1

n
*

p

p

e / n E


 . 191 
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Step 2, we use the optimal solution of equation (1) as a constraint in the subsequent optimization 192 

process to ensure that the average efficiency value of each province in China does not decrease. Then, we use 193 

equation (2) to solve the max fp and the min fp of the province p's carbon emission rights fp. 194 
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In the optimal solution of the objective function in equation (2), abbreviated the minimum optimal 196 

solution is Lp, and the maximum optimal solution is Up. So DMUs have p p p
L f U  . Since the optimization 197 

of equation (2) tends to maximize the efficiency of each DMU, that is, fp tends to Lp, the result is that China's 198 

overall carbon emissions rights F cannot be allocated completely. To solve this problem, Beasley proposes the 199 

idea of proportional convergence, that is, the ratio of fp is as the same as possible in [ Lp, Up]. 200 

Step 3, fixed costs are allocated based on the idea of proportional convergence, according to the results 201 

of the first two steps. 202 
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 ................................................ (3) 203 

However, the distribution result obtained by equation (3) based on the idea of proportional 204 

convergence will widen the gap between high-performance DMUs and low-performance DMUs (Elzen et al. 205 

2005). To solve this problem, based on FCAM, Wang and Li (2013) replaced the idea of proportional 206 

convergence with the principle of per capita convergence, to make the final distribution result as fair as 207 

possible. However, this constraint only reflects the principle of equity, but it fails to consider the principles of 208 

feasibility and sustainability. 209 

Based on the approach of Wang and Li, we further modify the third step of the FCAM model. Equation 210 

(4) is the third step of the MFCAM model, which considers the four principles 211 

(equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment) as 212 

comprehensive indicators into the objective function. It makes the ultimate carbon quota for China's provinces 213 

becomes more reasonable. 214 
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 218 

Among them, p p
c / F  , p

c is the CEA of province p that uses the entropy method to weight the 219 

"principle-dimension" multi-criteria. The objective function of equation (4) 
1

n
p

p

p

f
min

F




  ensures that the 220 

CEA is as close as possible to the principles of equity, efficiency, feasibility, and sustainability on the premise 221 

of achieving the optimal average value of overall efficiency. 222 

"Principle-Dimension" multi-criteria indicator system 223 

Compared with a single-standard CEA scheme, multi-standard indicators can systematically reflect common 224 

but differentiated responsibilities. Referring to the existing literature (Fang et al. 2018; Fang et al. 2019; Yi et al. 225 

2011; Feng et al. 2018; Han et al. 2016), we allocated the inter-provincial CEA from the perspective of four 226 

principles (equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment). 227 

The explanation is as follows. 228 

The principle of equity includes three aspects. First, starting from the needs of regional economic development, 229 

there are differences in the economic level and industrial structure of developed and underdeveloped areas. 230 

Second, everyone has the same rights to products and services. Provinces with larger populations allocate more 231 

carbon emission rights. Third, starting from the intergenerational level, people in different eras should have the 232 

same rights to public resources. Therefore, we choose GDP per capita, population, and historical carbon 233 

emission to represent the economic, social, and environmental dimensions of the equity principle. 234 

The essence of the efficiency principle is that carbon emission rights flow from low-efficiency areas to 235 

high-efficiency areas (Ma et al. 2017). Therefore, it is necessary to consider the differences in scientific and 236 

technological R&D investment, energy intensity, and energy consumption structure in different regions. For 237 

example, the greater the energy intensity, the greater the potential for emission reduction under the current 238 

technological level, and emission reduction can be prioritized. In this case, we choose energy intensity, the 239 

proportion of R&D expenditure in GDP, and the proportion of coal consumption to represent the economic, 240 

social, and environmental dimensions of the efficiency principle. 241 

The principle of feasibility means that the distribution of carbon emission rights should take the actual 242 

conditions of each region into account, it can ensure the production, ecology, and life of each DMUs are not 243 

affected.  Meanwhile, it refers to the issue of emission reduction costs and adaptability. For example, when we 244 

are considering factors such as economic driving methods, financial payment capacity, and ecological 245 

environment quality, the allocation of carbon emission rights should be within a tolerable range. We choose 246 

energy consumption elasticity, general public budget revenue, and carbon emission carrying capacity to 247 

represent the economic, social, and environmental dimensions of the feasibility principle respectively. 248 

The principle of sustainability refers to the issue that the economy, society, and environment can afford the 249 

price of emission reduction, and thus achieve sustainable development. The environmental capacity of different 250 

regions is diverse, so the actual carbon sink capacity of the region should be considered. We select the tertiary 251 

industry share, urbanization rate, and forest coverage rate to represent the economic, social, and environmental 252 

dimensions of the sustainability principle, respectively. 253 



7 

 

In summary, we selected 12 indicators under the four principles, three dimensions, and multiple criteria to build 254 

a multi-criteria indicator system for the CEA (see Table 1). 255 

Table 1 "principle-dimension" Multi-criteria indicators for CEA 256 

Principle\Dimension Economy Society Environment 

Equity per capita GDP (-) Population (+) 
Historical carbon 

emission (-) 

Efficiency Energy intensity (-) 
Ratio of expenditure on 

R&D to GDP (-) 

Proportion of coal 

consumption (-) 

Feasibility 
Elasticity coefficient of energy 

consumption (+) 

General public budget 

revenue (-) 

Carbon carrying 

capacity (+) 

Sustainability Share of tertiary industry (-) Urbanization rate (-) Forest cover rate (+) 

The entropy method 257 

The entropy method can evaluate the influence of multiple factors comprehensively. Its principle is as follows. 258 

The greater the entropy of the index, the more information it carries， and thus the we0ight in the 259 

comprehensive evaluation is greater. The weighting process of the entropy method is relatively objective, so the 260 

result has more reference value (Shannon 1949). The specific steps of this method are as follows. 261 

The first step is to standardize the raw data. Due to the dimension difference of the original data, we use 262 

equation (5) to standardize the original data and make it becomes dimensionless standardized data. 263 
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 .................................... (5) 264 

Among them, xpq (p=1, 2, …, n; q=1, 2, …, m) is the original data, n is the number of samples, and m is the 265 

number of indicators. We take n as 30, representing 30 provinces. We take m as 12, representing 12 indicators. 266 

max (x.q) and min (x.q) are the maximum and minimum values of the qth indicator, respectively, and ypq is the 267 

standardized data. 268 

In the second step, through the equation (6) and (7) to calculate the information entropy value eq of each 269 

indicator. 270 
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The third step is to calculate the weight wq of each indicator by equation (8). 273 
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The fourth step is to calculate the comprehensive score hp of each province by equation (9). 275 
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Data 277 

GDP 278 

China's GDP growth rate in 2019 was 6.1%, as China's economy entered a new normal. The potential economic 279 

growth rate will slow down because of the decline in the total fertility rate and the aging population will 280 

supply-side factors (Li et al. 2020). Drawing on their estimated results of China's potential GDP growth rate 281 

from 2020 to 2030 (see Fig. 1), we predict China's provincial GDP in 2030, assuming that the potential GDP 282 

growth rate of each province is equal to China's potential GDP growth rate. The data comes from the National 283 

Bureau of Statistics of China. 284 
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 285 
Fig. 1 Forecast values of China's potential economic growth rate from 2020 to 2030 286 

Population 287 

The methods of predicting population mainly include the exponential model, logistic population growth model, 288 

Leslie matrix economic model, and cohort-component method. The cohort-component method uses a specific 289 

year as the base year, calculates the population size and structure of next year through fertility rate, death rate, 290 

and emigration rate (a small proportion) by age groups recursively. Referring to the practice of Shang et al. 291 

(2016), we use the cohort-component method to predict population. This method has four steps. First, estimate 292 

the future surplus of the age-specific population. Second, calculate the number of births. Then, calculate the 293 

future margin of the birth population. Finally, calculate the number of people in the coming years. The data 294 

comes from the National Bureau of Statistics of China. Besides, we refer to the 2013 China Population and 295 

Development Research Center's “National Survey of Fertility Willingness” in 29 provinces. 296 

Energy consumption 297 

The "Energy Production and Consumption Revolution Strategy (2016-2030)" proposes to limit China's total 298 

energy consumption to less than 6 billion tons of standard coal by 2030. Assuming that China's total energy 299 

consumption in 2030 is 6 billion tons of standard coal, and the energy consumption proportion of China's 300 

provinces in 2030 is equal to the average value of the 2013-2017 proportion. We estimate the energy 301 

consumption of China's provinces in 2030. The data comes from the China Energy Statistical Yearbook 302 

(2014-2018). 303 

Capital stock 304 

Regarding the measurement of capital stock, the more recognized method is the perpetual inventory method 305 

initiated by Goldsmith. The principle is that capital stock is the weighted sum of past investments. Assuming 306 

that the relative efficiency of capital goods is geometrically decreasing, and the replacement rate is equal to the 307 

depreciation rate. We use equation (10) to estimate the capital stock. 308 

   11
t t t t

K I K     ............................................................ (10) 309 

Among them, Kt and Kt-1 represent the capital stock in year t and t-1 respectively. It is the new investment in 310 

year t, and δt represents the capital depreciation rate in year t. Shan (2008) estimated the capital stock of China's 311 

provinces from 1952 to 2006. On this basis, we used equation (10) to calculate the capital stock of China's 312 

provinces from 2007 to 2017 and converted it into a constant price in 2000. The total fixed capital formation and 313 

fixed asset formation price index obtained from the National Bureau of Statistics of China. Finally, we use the 314 

GM (1,1) model to predict the capital stock of China's provinces from 2018 to 2030. 315 

Initial carbon emission allocation 316 

According to the IPCC guidelines, the historical carbon emission calculation of fossil fuel combustion is shown 317 

in equation (10). 318 

 ij ij i i ij
CE AD NCV CC O     ..................................................... (11) 319 

Among them, CEij refers to the carbon emission of sector j burning fossil fuel i, ADij represents the consumption 320 

of sector j burning fossil fuel i. NCVi refers to the calorific value per unit of fossil fuel i combustion. CCi refers 321 

to the carbon emission contained in each net calorific value produced by fossil fuel i. Oij refers to the oxidation 322 

rate in the combustion of fossil fuels. We refer to the research of Shan et al. (2018) about carbon emission from 323 
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fuel combustion. It included 47 sectors and 26 types of fossil fuels. The fossil fuel loss during transportation and 324 

conversion and non-energy use of fossil fuel as raw material were removed from the total fossil fuel 325 

consumption to avoid double counting. Our historical carbon emission data comes from China Emission 326 

Accounts & Datasets1. In 2015, the Chinese government proposed a goal of reducing CEI by 60-65% compared 327 

to 2005 (Qin et al. 2017). Regarding the initial value of carbon emission in 2030, any fixed allocation value of 328 

the total amount of carbon emission rights can be selected. Here, we take another approach, assuming that the 329 

proportion of the initial carbon emission of China's provinces in 2030 is consistent with the average of the 330 

proportion from 2011 to 2015, the China's provinces CEA in 2030 is calculated as the initial value of the 331 

optimization function. 332 

China's overall carbon emissions forecast in 2030 333 

The Chinese government proposed to achieve peak carbon emission no later than 2030 and lower CEI by 334 

60-65% compared to that in 2005. The determination of overall carbon emissions reduction targets in 2030 is a 335 

prerequisite for the CEA of China's provinces. Referring to Li et al. 's paper (2020), we set a 65% reduction 336 

target in CEI. Then, the CEI reduction target is converted to the overall carbon emissions target. We calculate 337 

the overall carbon emissions by equation (12) and (13). 338 

 
2005

2005

2005

CEA
CEI

GDP
  .............................................................. (12) 339 

 20 2005 20 1 6530 30CEA CEI GDP ( %)     .............................................. (13) 340 

Where CEI2005 represents the CEI in 2005. CEAt and GDPt represent overall carbon emissions and gross 341 

domestic product in the year (t=2015; 2030), respectively. 342 

First, according to equation (12), we calculated that China's CEI in 2005 was 2.92 t/10 thousand yuan. 343 

Secondly, under the goal of achieving a 65% reduction in CEI by 2030, the target for China's CEI in 2030 is 344 

calculated to be 1.02 t/10 thousand yuan. We refer to the latest results of the Macroeconomic Research Center of 345 

the Chinese Academy of Social Sciences and calculate that China's GDP in 2030 is 171911.55 billion yuan. 346 

Finally, we use equation (13) to calculate China’s overall carbon emissions in 2030 is 17567.9 Mt. 347 

"Principles-Dimensions" multi-criteria indicators 348 

Table 2 shows the data sources for the multi-criteria indicators. We select the average value of each indicator 349 

from 2011 to 2015, apply the entropy method to calculate the multi-criteria CEA of China's province. 350 

 351 

                                                             
1 http://ceads.net 
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Table 2 Multi-criteria indicators and data sources 352 

Principle Dimension Indicator Data source 

Equity 
Economic per capita GDP (-) China Statistical Yearbooks 2012-2016 

Social Population (+) National Bureau of Statistics of China 

Environmental Historical carbon emission (-) CEADs 

Efficiency 
Economic Energy intensity (-) China Statistical Yearbooks 2012-2016 

Social Ratio of expenditure on R&D to GDP (-) China Statistical Yearbooks 2012-2016 

Environmental Proportion of coal consumption (-) China Energy Statistical Yearbooks 2012-2016 

Feasibility 
Economic Elasticity ratio of energy consumptiona (-) China Statistical Yearbooks 2012-2016 

Social General public budget revenue (+) China Statistical Yearbooks 2012-2016 

Environmental Carbon carrying capacityb (+) China Statistical Yearbooks 2012-2016 

Sustainability 
Economic Share of tertiary industry (-) China Statistical Yearbooks 2012-2016 

Social Urbanization rate (-) China Statistical Yearbooks 2012-2016 

Environmental Forest cover rate (+) China Statistical Yearbooks 2012-2016 

Note: a. 
Average annual  growth rate of  energy consumption

Elasticity ratio of  energy consumption

Average annual  growth rate of  national  economy

 . 353 

b. TC har e abon rea ocarrying f forest capac NE 4ity P 4 12    , NEP refers to the amount of carbon absorbed by per hm2 of vegetation in one year. The NEP of China’s provinces can be seen in Table 3. 354 

Table 3 Parameters for estimating vegetation carbon by forest zones in China  355 

Climatic zone Province NEP(t*hm-2*a-1) 

warm temperate Beijing, Tianjin, Hebei, Shanxi, Shandong, Henan, Shaanxi, Gansu, Qinghai, Ningxia 1.43 

Cold and temperate  Inner Mongolia, Liaoning, Jilin, Heilongjiang, Xinjiang 1.78 

Subtropics Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan 2.84 

Tropic Hainan 2.51 

 356 
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The forecast results of input-output indicators of MFCAM 357 

Through the above calculations, we get the input and output variables value of the MFCAM model. Table 4 358 

shown the forecast results of GDP, population, energy consumption, capital stock, and initial carbon 359 

emission of Chinese provinces in 2030. 360 

Table 4 The forecast results of input and output indicators of China’s provinces in 2030 361 

Province 
GDP （ 100 

million yuan） 

Population （ 10 

thousand persons） 

Energy consumption

（10 thousand tons 

of SCE） 

Capital stock（100 

million yuan） 

Initial value of 

carbon emission

（Mt） 

Beijing 61819.0  2471.0  9255.6  162306.1  143.0  

Tianjin 24650.3  1674.3  10880.0  366455.9  215.0  

Hebei 61352.7  8572.6  39864.7  429389.1  1010.7  

Shanxi 29757.8  4229.2  26428.4  202481.9  1920.7  

Inner Mongolia 30082.6  2892.5  25276.3  387498.8  1287.6  

Liaoning 43534.7  4891.1  28934.7  294723.5  831.9  

Jilin 20495.2  3096.4  11115.9  303494.8  388.6  

Heilongjiang 23791.1  4288.9  16296.5  235264.9  583.6  

Shanghai 66684.7  2756.9  15395.1  140919.0  266.4  

Jiangsu 174127.6  9015.1  40709.4  615450.4  991.1  

Zhejiang 108973.2  6452.3  26372.0  334178.3  613.2  

Anhui 64864.7  7106.6  16564.8  299243.9  585.0  

Fujian 74094.4  4528.1  16278.7  428332.6  343.6  

Jiangxi 43269.1  5340.4  11204.9  172410.7  249.4  

Shandong 124205.9  11297.1  50202.0  704702.5  1577.9  

Henan 94829.7  10911.2  30590.7  853971.2  918.6  

Hubei 80094.9  6659.3  22104.7  446281.0  443.7  

Hunan 69475.4  7751.8  20833.1  383052.8  418.6  

Guangdong 188178.5  13066.6  40691.7  732021.3  800.9  

Guangxi 37116.5  5552.0  13113.5  382427.6  289.3  

Hainan 9278.5  1070.6  2567.8  76946.0  89.7  

Chongqing 41256.2  3346.3  11876.7  191967.4  230.3  

Sichuan 81471.2  9171.3  26876.9  325526.1  480.9  

Guizhou 29308.1  4030.0  13314.2  243419.2  479.3  

Yunnan 40588.5  5483.2  14113.8  448635.2  300.0  

Shaanxi 45079.1  4351.5  15595.8  312724.4  794.1  

Gansu 15237.1  3030.1  9983.6  109569.1  279.4  

Qinghai 5183.6  679.9  5418.0  128985.0  96.3  

Ningxia 6551.3  797.8  7281.3  116667.4  303.0  

Xinjiang 23763.9  2758.0  20859.0  241845.4  636.3  

 362 

Results and discussion 363 

Inter-provincial CEA under the "principles-dimensions" multi-criteria 364 

We calculate China's province CEA from the from four principles 365 

(equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment). As can 366 

be seen from Fig. 2, China's southern provinces have higher CEA than northern ones under the 367 

"principles-dimensions" multi-criteria. 368 
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 369 
Fig. 2 Provincial CEA based on "principles dimension" multi-criteria in 2030 370 

Final CEA of China’s province under the MFCAM model 371 

We calculate the final CEA of China’s province by using the MFCAM model. There are three steps. In the 372 

first step, we calculated the optimal average efficiency of all China's provinces is E*=1 through equation 373 

(1). In the second step, we calculated the Lp and Up of China’s province CEA under the constraint of the 374 

optimal average efficiency value of equation (2) (see Fig. 3). In the third step, we calculated the final CEA 375 

using the MFCAM model embedded with "principles-dimensions" multi-criteria. First, we take Lp and Up 376 

of China’s province CEA calculated by equation (2) as the constraints of equation (4). Secondly, we embed 377 

the "principle-dimension" multi-criterion CEA of China's provinces into the objective function of equation 378 

(4). Finally, we obtained the final CEA of China's province in 2030 (see Fig. 3). 379 
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 380 
Fig. 3 Provincial final CEA in 2030 based on MFCAM 381 

 382 

The position of the triangle in Fig. 3 represents the final CEA of China's provinces in 2030. As can be seen 383 

from Fig. 3, Guangdong, Shandong, Henan, and Jiangsu are the four provinces with the most final CEA in 384 

2030, all exceeding 1000 Mt. Similar to the conclusion of Kong et al. (2019), our results also show that 385 

Guangdong province has the largest final CEA. We conclude that the CEA of Guangdong province 386 

accounts for 7.82% of China's overall carbon emissions, which is about 1374 Mt. Because Guangdong 387 

province has an advanced economic development model, a large population (About 8% of China's 388 

population), and high energy efficiency. However, the historical carbon emission in Guangdong province 389 

was relatively high, which adversely affect Guangdong's final CEA in 2030. Gansu, Qinghai, Ningxia, and 390 

Hainan are the four regions with the least final CEA in 2030. Among them, Hainan has the smallest CEA, 391 

accounting for 0.65% of China's overall carbon emissions, which is about 114 Mt. Because the population 392 

of Hainan accounts for only 0.66% of China's population, and its carbon emission capacity is relatively 393 

weak. 394 

 395 
Fig. 4 The proportion of China regional final CEA in 2030 based on MFCAM 396 

Fig. 4 shows the proportion of the final CEA for eastern, central, and western China under the MFCAM 397 

model in 2030. Among them, eastern China received the most final CEA, about 8702.9 Mt, accounting for 398 

49.5% of China's overall carbon emissions. Western China received the second-highest final CEA, about 399 

4749.1 Mt, accounting for 27.0% of China's overall carbon emissions. Central China received the least final 400 

CEA, about 4116.0 Mt, accounting for 23.4% of China's overall carbon emissions. 401 

Provinces classification based on final CEA 402 
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One-dimensional classification of China's provinces 403 

According to the final CEA of China's provinces in 2030 under the MFCAM model (see Fig. 3), we 404 

calculated the CEI for China's provinces in 2030 and compared them with the data in 2015. Finally, we 405 

calculated the CEI reduction tasks that China's provinces need to complete in 2030 compared to 2015. 406 

 407 
(a)2015                                            (b)2030 408 

Fig. 5 The distribution of CEI of China’s provinces in 2015 and 2030 409 

Fig. 5(a) shows the distribution results of China's provinces CEI in 2015. Among them, regions of Shanxi, 410 

Ningxia, Xinjiang, and Inner Mongolia have larger CEI. As a large province of energy and carbon 411 

emission, Shanxi has the highest CEI, about 11.550 t/10 thousand yuan. The pillar industries of Shanxi 412 

province are Coal and steel, which are the industries of high energy consumption, high pollution, and high 413 

emission. Among them, coal and non-fossil fuels account for 90% and 3% of total energy consumption, 414 

respectively. Although Ningxia has actively carried out coal equivalent and reduction substitution in recent 415 

years, and vigorously developed renewable energy, due to the continuous growth of investment in the 416 

Ningdong base, the high carbon emission characteristics of energy and industrial structure still appear. 417 

Xinjiang shows high energy consumption and underutilized in the process of industrialization and 418 

urbanization. Inner Mongolia is also a large energy region, rich in mineral resources, with a significant coal 419 

consumption proportion, high energy consumption, and high emission. Its economic development is highly 420 

dependent on energy consumption. What’s more, China's southeastern coastal provinces CEI was 421 

uniformly low, which are the country's most economically developed regions. In 2015, the CEI of Beijing, 422 

Tianjin, Shanghai, and Guangdong were 0.362 t/10 thousand yuan, 0.498 t/10 thousand yuan, 0.644 t/10 423 

thousand yuan, and 0.696 t/10 thousand yuan, respectively. The emphasis of economic development in the 424 

southeast coastal areas is to transform industrial technology, develop new and technology-intensive 425 

industries. Therefore, the production process consumes fewer resources. 426 

Fig. 5(b) shows the distribution results of China's provinces CEI in 2015. CEI of northern China is generally 427 

higher. For example, Qinghai and Ningxia have the highest CEI, with 3.125 t/10 thousand yuan and 2.552 428 

t/10 thousand yuan, respectively. CEI of southern China is generally lower. Among them, Shanghai's CEI is 429 

relatively low, about 0.532 t/10 thousand yuan. Zhejiang, Jiangsu, and Guangdong also have low CEI 430 

(0.656 t/10 thousand yuan, 0.675 t/10 thousand yuan, and 0.730 t/10 thousand yuan, respectively). 431 
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 432 
Fig. 6 The CEI reduction of China’s provinces during 2015-2030 433 

To know the carbon emission reduction tasks of China's provinces, we calculated the CEI reduction in 2030 434 

compared with 2015. The results show in Fig. 6. From 2015 to 2030, the CEI of Guangdong and Fujian have 435 

changed very little. Guizhou, Inner Mongolia, Ningxia, Xinjiang, Shaanxi, and Shanxi have seen their CEI 436 

decline by more than 50%, and these provinces will take on a greater responsibility to reduce carbon 437 

emission in the future. In contrast, CEI is increased in Tianjin, Qinghai, Guangxi, and Beijing, which will 438 

be able to sell carbon emission allowances to other provinces in the future. 439 

We use the natural breakpoint method2 to classify China's provinces into category A, category B, and 440 

category C according to the magnitude of the reduction in CEI. Category A has a small emission reduction 441 

task, refers to provinces CEI with a decline of no more than -258.6%. Tianjin belongs to category A. 442 

Category B has a moderate emission reduction task, includes provinces with a CEI reduction of 443 

-258.5-14.1%. There are 13 provinces in category B, namely, Qinghai, Guangxi, Beijing, Jilin, Yunnan, 444 

Hunan, Hubei, Guangdong, Fujian, Chongqing, Henan, Sichuan, and Jiangxi. Category C refers to 445 

provinces with a reduction rate between 14.2% and 86.7%, with high emission reduction tasks. There are 16 446 

provinces in category C, namely Shanghai, Liaoning, Heilongjiang, Jiangsu, Zhejiang, Hainan, Hebei, 447 

Shandong, Gansu, Anhui, Guizhou, Inner Mongolia, Ningxia, Xinjiang, Shaanxi, and Shanxi. 448 

Two-dimensional classification of China's provinces 449 

Considering the difference in economic development among China's provinces, the carbon emission 450 

reduction path cannot be analyzed only from the perspective of CEI reduction. Therefore, we analyze the 451 

carbon emission reduction path from the two dimensions of economic development and CEI reduction. As 452 

shown in Fig. 7, in the two-dimensional quadrant, the vertical axis represents economic development 453 

measured by per capita GDP, and the horizontal axis represents emission reduction tasks measured by CEI 454 

reduction. Then, we use the average per capita GDP of China's provinces (108,500 yuan/person) and the 455 

average DECLINE in CEI (9.47%) as the dividing lines, respectively. Finally, we get four zones in the first 456 

quadrant, which are high economic development with low emission reduction task zones, high economic 457 

                                                             
2 The natural breakpoint method can minimize the difference with class and maximize the difference between classes 
by grouping similar values appropriately. 
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development with high emission reduction task zones, low economic development with low emission 458 

reduction task zones, and low economic development with high emission reduction task zones, 459 

respectively. 460 

 461 
Fig. 7 The scatter plot of per capital GDP and carbon intensity reduction in 2030 462 

The areas with high economic growth and low emission reduction task zones include Tianjin, Beijing, 463 

Fujian, Guangdong, and Hubei. These five regions have low emission reduction tasks and high levels of 464 

economic development. The low levels of economic development and low emission reduction task zones 465 

include Qinghai, Guangxi, Yunnan, Jilin, Hunan, and Henan. These six regions have small emission 466 

reduction tasks, but the level of economic development is also low. The high levels of economic 467 

development and high emission reduction task zones include Shanghai, Jiangsu, Zhejiang, Chongqing, and 468 

Shandong. These five regions have high emission reduction tasks, but their economic development levels 469 

are relatively high. The low levels of economic development and high emission reduction task zones 470 

include Inner Mongolia, Liaoning, Sichuan, Hainan, Jiangxi, Hebei, Heilongjiang, Gansu, Shaanxi, Anhui, 471 

Xinjiang, Ningxia, Shanxi, and Guizhou. These 14 regions have high emission reduction tasks on the one 472 

hand, and economic development is backward. Regions in the last three zones should make full use of 473 

resource endowments, energy consumption structure and industrial structure, etc., and move to high 474 

economic growth and low emission reduction task zones, further realize sustainable development. 475 

Conclusions and policy suggestions 476 

Based on the realization of China’s carbon emission reduction target in 2030, we use MFCAM studied 477 

China's provincials CEA from "principle-dimension" multi-criteria. First, we turned the CEI reduction 478 

target into China's overall carbon emissions in 2030. Secondly, on the premise of achieving China's 2030 479 

carbon emission reduction target, we construct the indicators system from four principles 480 

(equity-efficiency-feasibility-sustainability) and three dimensions (economy-society-environment). We 481 

use the entropy method to make "principle-dimension" multi-criteria into a comprehensive indicator. 482 

Thirdly, we modified the FCAM model, embed the comprehensive indicator of "principle-dimension" 483 

multi-criteria into the objective function of the FCAM model, and calculated China's provinces CEA in 484 

2030 by using MFCAM. Then, we measured China's provinces CEI in 2030 and the reduction of CEI in 485 

2030 compared to 2015. Finally, we also classified China's province from a single dimension and 486 

two-dimension, respectively. The main conclusions are as follows. 487 

When China's CEI in 2030 is 65% lower than that in 2005, we conclude that China's overall carbon 488 

emissions in 2030 will be 17567.9 Mt. We used the entropy method to calculate the CEA of Each Province 489 

in China in 2030 based on the "principle-dimension" multi-criteria. The results showed that the southern 490 

provinces had higher CEA than the northern provinces. 491 
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We obtained China's provinces the final CEA by embedding the CEA results of "principle-dimension" 492 

multi-criterion into the objective function of the FCAM. Guangdong has the largest final CEA due to its 493 

large population, developed economy, and high energy efficiency. Gansu, Qinghai, Ningxia, and Hainan 494 

are the four provinces with the least final CEA. 495 

The regions of Guizhou, Inner Mongolia, Ningxia, Xinjiang, Shaanxi, and Shanxi will take on greater 496 

responsibility for carbon reduction in the future. On the contrary, Tianjin, Qinghai, Guangxi, and Beijing 497 

will be able to sell CEA in the future. 498 

From the single dimension of CEI reduction, according to CEI reduction, Chinese provinces are divided 499 

into three categories: small emission reduction task, moderate emission reduction task, and high emission 500 

reduction tasks. Among them, most provinces with high emission reduction tasks are resource provinces. 501 

From the two dimensions of economic development and CEI reduction, the provinces are divided into four 502 

zones, which are high economic development with low emission reduction task zones, high economic 503 

development with high emission reduction task zones, low economic development with low emission 504 

reduction task zones, and low economic development with high emission reduction task zones, 505 

respectively. 506 

Based on the above research conclusions, we propose the following policy recommendations.  507 

The government needs to provide different policies for China's provinces to reduce emissions. Considering 508 

that some provinces need to purchase CEA, the others need to sell CEA, carbon emission rights are likely to 509 

be capitalized. Therefore, the government must establish a carbon asset management company and design a 510 

feasible mechanism to promote cooperation in carbon emission reduction between provinces. 511 

Resource provinces with high emission reduction tasks should propose precise carbon emission reduction 512 

plans. For example, considering the resource endowments of Xinjiang, Inner Mongolia, and Shaanxi, clean 513 

energy such as solar and wind power should be developed in their power industry.  514 

The high economic development with low emission reduction task zones should use their double 515 

advantages to achieve rapid economic development as soon as possible while achieving emission reduction 516 

tasks. The low economic development with low emission reduction task zones should take advantage of the 517 

low pressure of emission reduction and actively develop the economy. The high economic development 518 

with high emission reduction task zones should make use of the advantages of economic development to 519 

improve the technology of high-pollution industries, increase innovation, improve efficiency, and achieve 520 

emission reduction tasks. The low economic development with high emission reduction task zones should 521 

cultivate the leading industry with embeddedness as soon as possible. For example, the production of 522 

characteristic ecological products can transform the driving force of economic development and realize 523 

industrial transformation and upgrading. 524 
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Figures

Figure 1

Forecast values of China's potential economic growth rate from 2020 to 2030



Figure 2

Provincial CEA based on "principles dimension" multi-criteria in 2030. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 3

Provincial �nal CEA in 2030 based on MFCAM

Figure 4

The proportion of China regional �nal CEA in 2030 based on MFCAM



Figure 5

The distribution of CEI of China’s provinces in 2015 and 2030. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 6

The CEI reduction of China’s provinces during 2015-2030



Figure 7

The scatter plot of per capital GDP and carbon intensity reduction in 2030


	Introduction
	Literature review
	Methodology and Data
	Modified fixed cost allocation model
	"Principle-Dimension" multi-criteria indicator system
	The entropy method
	Data
	GDP
	Population
	Energy consumption
	Capital stock
	Initial carbon emission allocation
	China's overall carbon emissions forecast in 2030
	"Principles-Dimensions" multi-criteria indicators
	The forecast results of input-output indicators of MFCAM


	Results and discussion
	Inter-provincial CEA under the "principles-dimensions" multi-criteria
	Final CEA of China’s province under the MFCAM model
	Provinces classification based on final CEA
	One-dimensional classification of China's provinces
	Two-dimensional classification of China's provinces


	Conclusions and policy suggestions

