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Table 1 shows China's low-carbon efficiency evaluation system constructed in this paper. Input indicators are selected from the perspectives of labor input, capital input, energy input and environmental improvement input, and output indicators are selected from the perspectives of expected output and non-expected output.

Table 1 Provincial low-carbon efficiency evaluation system
	[bookmark: _Hlk136873520]Provincial low carbon efficiency
	Input
	Labor input
	Employed population (10,000)

	[bookmark: _Hlk137058435]
	
	Capital input
	Growth rate of investment in Fixed Assets (%)

	
	
	
	Fiscal expenditure on energy conservation and environmental protection (100 million yuan)

	
	
	Energy input
	Total energy consumption (10,000 tons of standard coal)

	
	
	Environmental improvement input
	Green coverage rate of built-up area (%)

	
	
	
	Urban green area (10,000 hectares)

	
	Output
	Expected output
	Solar power generation (billion KWH)

	
	
	
	Wind power generation (billion KWH)

	
	
	
	Hydroelectric power generation (billion KWH)

	
	
	
	Sales of new energy passenger vehicles (thousands)

	
	
	
	Gross regional Product ($100 million)

	
	
	Unexpected output
	Carbon emissions (10,000 tons)



Table 2 introduces several indicators required for the calculation of carbon emissions. These indicators are incorporated into the calculation formula of carbon emissions to obtain the carbon emission value of each province in China in 2021 as the data of non-expected output carbon emissions.

Table 2 Calculation coefficients of eight fossil energy sources
	Energy type
	

Discount coal coefficient ( standard coal /)
	
Average low calorific value ()
	
Carbon content per unit of heat ()
	Carbon oxidation rate (%)
	

 emission coefficient ()

	Raw coal
	0.71
	20908
	26.37
	94
	2.66 

	coke
	0.97
	28435
	29.42
	93
	2.94 

	Crude oil
	1.43
	41816
	20.08
	98
	2.11 

	gasoline
	1.47
	43070
	18.90
	98
	1.99 

	kerosene
	1.47
	43070
	15.30
	98
	1.61 

	Diesel oil
	1.46
	42652
	20.20
	98
	2.13 

	Fuel oil
	1.43
	41816
	21.10
	98
	2.22 

	Natural gas
	13.30
	38931
	15.32
	99
	0.16 



Table 3 shows the effectiveness evaluation results of low-carbon efficiency in various provinces of China calculated by DEA model, which will be used again in the index reduction and rule extraction of rough sets. Because the difference of the results obtained by DEA model is small, rough set is used for optimization.

Table 3 Evaluation results of DEA on DMU effectiveness
	Province
	Comprehensive benefit
	Technical benefit
	Economies of scale
	Relaxation variable
	Relaxation variable
	Returns to scale
	DEA effectiveness

	Peking
	1
	1
	1
	0
	0
	unchanged
	valid

	Tianjin
	1
	1
	1
	0
	0
	unchanged
	valid

	Hebei
	1
	1
	1
	0
	0
	unchanged
	valid

	Shanxi
	1
	1
	1
	0
	0
	unchanged
	valid

	Inner Mongolia
	1
	1
	1
	0
	0
	unchanged
	valid

	Liaoning
	1
	1
	1
	0
	0
	unchanged
	valid

	Jilin
	1
	1
	1
	0
	0
	unchanged
	valid

	Amur River
	0.77
	0.92
	0.83
	0.10
	0.60
	Incremental
	invalid

	Shanghai
	1
	1
	1
	0
	0
	unchanged
	valid

	Jiangsu
	1
	1
	1
	0
	0
	unchanged
	valid

	Zhejiang
	1
	1
	1
	0
	0
	unchanged
	valid

	Anhui
	0.80
	0.83
	0.97
	0.31
	0.39
	Incremental
	invalid

	Fujian
	1
	1
	1
	0
	0
	unchanged
	valid

	Jiangxi
	0.83
	0.83
	1
	0.05
	0.56
	Incremental
	invalid

	Shandong
	1
	1
	1
	0
	0
	unchanged
	valid

	Henan
	1
	1
	1
	0
	0
	unchanged
	valid

	Hubei
	1
	1
	1
	0
	0
	unchanged
	valid

	Hunan
	0.95
	1
	0.95
	0.27
	0.51
	Decrement
	invalid

	Kwangtung
	1
	1
	1
	0
	0
	unchanged
	valid

	Guangxi
	1
	1
	1
	0
	0
	unchanged
	valid

	Hainan
	1
	1
	1
	0
	0
	unchanged
	valid

	Chongqing
	0.90
	0.90
	0.99
	0.04
	0.68
	Decrement
	invalid

	Sichuan
	1
	1
	1
	0
	0
	unchanged
	valid

	Guizhou
	0.87
	0.89
	0.98
	0.21
	0.37
	Incremental
	invalid

	Yunnan
	1
	1
	1
	0
	0
	unchanged
	valid

	Shaanxi
	0.91
	0.99
	0.92
	0.21
	0.54
	Incremental
	invalid

	Gansu
	1
	1
	1
	0
	0
	unchanged
	valid

	Qinghai
	1
	1
	1
	0
	0
	unchanged
	valid

	Ningxia
	1
	1
	1
	0
	0
	unchanged
	valid

	Xinjiang
	1
	1
	1
	0
	0
	unchanged
	valid


Table 4 shows the clustering obtained under the K-means algorithm, which assigns values to different categories. Since all indicators in this paper are grouped into two categories by the K-means algorithm, among them, those with high original values are assigned “1” and those with low values are assigned “2”, so as to obtain the discretized sample data.

Table 4 Discrete data obtained by K-means algorithm
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	Peking
	2
	1
	1
	1
	1
	2
	2
	2
	2
	2
	2
	1
	1

	Tianjin
	2
	1
	2
	1
	2
	2
	2
	2
	2
	2
	2
	1
	1

	Hebei
	1
	2
	1
	1
	1
	2
	1
	1
	2
	2
	2
	1
	1

	Shanxi
	2
	1
	1
	1
	1
	2
	1
	1
	2
	2
	2
	1
	1

	Inner Mongolia
	2
	1
	2
	2
	1
	2
	1
	1
	2
	2
	2
	2
	1

	Liaoning
	2
	2
	2
	2
	1
	2
	2
	2
	2
	2
	2
	2
	1

	Jilin
	2
	1
	2
	1
	1
	2
	2
	2
	2
	2
	2
	1
	1

	Amur River
	2
	2
	2
	1
	2
	2
	2
	2
	2
	2
	2
	1
	2

	Shanghai
	2
	1
	2
	1
	2
	2
	2
	2
	2
	1
	2
	1
	1

	Jiangsu
	1
	1
	1
	2
	1
	1
	2
	1
	2
	1
	1
	1
	1

	Zhejiang
	1
	1
	1
	2
	1
	2
	2
	2
	2
	1
	1
	1
	1

	Anhui
	1
	1
	1
	1
	1
	2
	2
	2
	2
	2
	2
	1
	2

	Fujian
	2
	1
	2
	1
	1
	2
	2
	2
	2
	2
	2
	1
	1

	Jiangxi
	2
	1
	1
	1
	1
	2
	2
	2
	2
	2
	2
	1
	2

	Shandong
	1
	1
	1
	2
	1
	1
	2
	1
	2
	1
	1
	1
	1

	Henan
	1
	1
	1
	2
	1
	2
	2
	2
	2
	1
	2
	1
	1

	Hubei
	1
	2
	2
	1
	1
	2
	2
	2
	1
	2
	2
	1
	1

	Hunan
	1
	1
	1
	1
	1
	2
	2
	2
	2
	2
	2
	1
	2

	Kwangtung
	1
	1
	1
	2
	1
	1
	2
	2
	2
	1
	1
	1
	1

	Guangxi
	2
	1
	2
	1
	1
	2
	2
	2
	2
	2
	2
	1
	1

	Hainan
	2
	1
	2
	1
	1
	2
	2
	2
	2
	2
	2
	1
	1

	Chongqing
	2
	1
	2
	1
	1
	2
	2
	2
	2
	2
	2
	1
	2

	Sichuan
	1
	1
	1
	2
	1
	2
	2
	2
	1
	2
	2
	1
	1

	Guizhou
	2
	2
	2
	1
	1
	2
	2
	2
	2
	2
	2
	1
	2

	Yunnan
	2
	2
	2
	1
	1
	2
	2
	2
	1
	1
	1
	1
	1

	Shaanxi
	2
	2
	2
	1
	1
	2
	2
	2
	2
	1
	1
	2
	2

	Gansu
	2
	1
	2
	1
	2
	2
	1
	1
	2
	1
	1
	1
	1

	Qinghai
	2
	2
	2
	1
	2
	2
	1
	2
	2
	1
	1
	1
	1

	Ningxia
	2
	1
	2
	1
	1
	2
	1
	2
	2
	1
	1
	2
	1

	Xinjiang
	2
	1
	2
	1
	1
	2
	1
	1
	2
	1
	1
	2
	1



Table 5 is the sample data obtained after using the rough set index to reduce. Other data include the number of "1" in the input index and the output index. The more "1" in the input index, the more input; the more "1" in the output index, the more output. Then, from the sample discrete table, we can roughly understand the low-carbon efficiency status of different provinces in China.

Table 5 Index data after rough and intensive reduction
	Province
	

	

	

	

	

	

	

	

	

	The number of 1s in the input indicator
	The number of 1s in the output indicator

	Peking
	2
	1
	1
	1
	2
	2
	2
	1
	1
	3
	1

	Tianjin
	2
	2
	1
	2
	2
	2
	2
	1
	1
	1
	1

	Hebei
	1
	1
	1
	1
	2
	1
	2
	1
	1
	4
	2

	Shanxi
	2
	1
	1
	1
	2
	1
	2
	1
	1
	3
	2

	Inner Mongolia
	2
	2
	2
	1
	2
	1
	2
	2
	1
	1
	1

	Liaoning
	2
	2
	2
	1
	2
	2
	2
	2
	1
	1
	0

	Jilin
	2
	2
	1
	1
	2
	2
	2
	1
	1
	2
	1

	Amur River
	2
	2
	1
	2
	2
	2
	2
	1
	2
	1
	1

	Shanghai
	2
	2
	1
	2
	2
	2
	1
	1
	1
	1
	2

	Jiangsu
	1
	1
	2
	1
	1
	1
	1
	1
	1
	4
	3

	Zhejiang
	1
	1
	2
	1
	2
	2
	1
	1
	1
	3
	2

	Anhui
	1
	1
	1
	1
	2
	2
	2
	1
	2
	4
	1

	Fujian
	2
	2
	1
	1
	2
	2
	2
	1
	1
	2
	1

	Jiangxi
	2
	1
	1
	1
	2
	2
	2
	1
	2
	3
	1

	Shandong
	1
	1
	2
	1
	1
	1
	1
	1
	1
	4
	3

	Henan
	1
	1
	2
	1
	2
	2
	1
	1
	1
	3
	2

	Hubei
	1
	2
	1
	1
	2
	2
	2
	1
	1
	3
	1

	Hunan
	1
	1
	1
	1
	2
	2
	2
	1
	2
	4
	1

	Kwangtung
	1
	1
	2
	1
	1
	2
	1
	1
	1
	4
	2

	Guangxi
	2
	2
	1
	1
	2
	2
	2
	1
	1
	2
	1

	Hainan
	2
	2
	1
	1
	2
	2
	2
	1
	1
	2
	1

	Chongqing
	2
	2
	1
	1
	2
	2
	2
	1
	2
	2
	1

	Sichuan
	1
	1
	2
	1
	2
	2
	2
	1
	1
	3
	1

	Guizhou
	2
	2
	1
	1
	2
	2
	2
	1
	2
	2
	1

	Yunnan
	2
	2
	1
	1
	2
	2
	1
	1
	1
	2
	2

	Shaanxi
	2
	2
	1
	1
	2
	2
	1
	2
	2
	2
	1

	Gansu
	2
	2
	1
	2
	2
	1
	1
	1
	1
	1
	3

	Qinghai
	2
	2
	1
	2
	2
	2
	1
	1
	1
	1
	2

	Ningxia
	2
	2
	1
	1
	2
	2
	1
	2
	1
	2
	1

	Xinjiang
	2
	2
	1
	1
	2
	1
	1
	2
	1
	2
	2



Table 6 extracts the main rules according to the reduction results of rough sets and the evaluation results of DEA. The input-output status of low-carbon efficiency in different provinces of China can be obtained by extracting the rules, and then the low-carbon input-output level of each province can be adjusted accordingly, so that each province can improve the low-carbon efficiency, and thus improve the low-carbon efficiency of China as a whole.

Table 6 Extraction of main decision rules
	number
	Decision rule
	type
	Corresponding province

	1
	

	Low input high output
	Shanghai, Gansu, Qinghai

	2
	

	Low input high output
	Yunnan

	3
	

	Low input high output
	Xinjiang

	4
	

	Low input high output
	Henan, Zhejiang

	5
	

	Low input low output
	Tianjin

	6
	

	Low input low output
	Inner Mongolia, Liaoning

	7
	

	Low input low output
	Jilin, Fujian, Guangxi, Hainan

	8
	

	Low input low output
	Ningxia

	9
	

	High input low output
	Peking

	10
	

	High input low output
	Hubei

	11
	

	High input low output
	Sichuan
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	High input high output
	Hebei

	13
	

	High input high output
	Guangdong, Jiangsu, Shandong

	14
	

	High input high output
	Shanxi
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	High input low output
	Anhui, Hunan

	16
	

	High input low output
	Jiangxi

	17
	

	Low input low output
	Chongqing, Guizhou

	18
	

	Low input low output
	Shaanxi

	19
	

	Low input low output
	Amur River
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