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Section S1: Sector Division
Table S1 Sectors in the Model
	No.
	This Model  (37 Sectors) 
	Energy Statistical Yearbook (47 Sectors)

	1
	Farming, Forestry, Animal Husbandry and Fishery
	Farming, Forestry, Animal Husbandry, Fishery and Water Conservancy 

	2
	Coal Mining and Dressing
	Coal Mining and Dressing

	3
	Oil Exploration
	Oil and Natural Gas Exploration

	4
	Natural Gas Exploration
	

	5
	Ferrous Metal Mining and Dressing
	Ferrous Metal Mining and Dressing

	6
	Non-ferrous Metal Mining and Dressing
	Non-ferrous Metal Mining and Dressing

	7
	Non-metal Mineral Mining and Dressing
	Non-metal Mineral Mining and Dressing

	8
	Supporting Services for Mining and Other Mining Products
	Supporting Activities for Mining

	
	
	Mining of Other Minerals

	9
	Food Manufacturing and Tobacco Processing
	Agricultural Products and By-product Processing

	
	
	Food Manufacturing

	
	
	Alcohol, Beverage and Refined Tea Manufacturing

	
	
	Tobacco Processing

	10
	Textile Industry
	Textile Industry

	11
	Textile, Garment, Shoes, Hats, Leather, Feathers and their Products
	Textile and Garment Industry 

	
	
	Leather, Fur, Feathers and their Products and Shoemaking Industry

	12
	Timber Processing and Furniture Manufacturing
	Timber Processing and Wooden, Bamboo, Cane, Palm and Straw Products 

	
	
	Furniture Manufacturing

	13
	Papermaking and Paper Products 
	Papermaking and Paper Products

	14
	Printing Industry and Cultural, Educational and Sports Goods Manufacturing
	Printing, Reproduction and Recording Media

	
	
	Cultural, Educational, Arts and Crafts, Sports and Recreational Goods Manufacturing

	15
	Petroleum Processing, Coking and Nuclear Fuel Processing
	Petroleum Processing, Coking and Nuclear Fuel Processing

	16
	Raw Chemical Materials and Chemical Product Manufacturing
	Raw Chemicals Materials and Chemical Product Manufacturing

	17
	Pharmaceutical Manufacturing
	Pharmaceutical Manufacturing

	18
	Chemical Fibre Manufacturing
	Chemical Fibre Manufacturing

	19
	Rubber and Plastic Products
	Rubber and Plastic Products

	20
	Non-metal Mineral Products
	Non-metal Mineral Products

	21
	Ferrous Metal Metallurgy and Rolling Processing
	Ferrous Metal Metallurgy and Rolling Processing

	22
	Non-Ferrous Metal Metallurgy and Rolling Processing
	Non-Ferrous Metal Metallurgy and Rolling Processing

	23
	Metal Products
	Metal Products

	24
	General and Special Equipment Manufacturing
	General Equipment Manufacturing

	
	
	Special Equipment Manufacturing

	25
	Automobile Manufacturing
	Automobile Manufacturing

	26
	Railway, Shipping, Aerospace and other Transportation Equipment Manufacturing
	Railway, Shipping, Aerospace and other Transportation Equipment Manufacturing

	27
	Electrical Equipment and Machinery Manufacturing
	Electrical Equipment and Machinery Manufacturing

	28
	Telecommunication Equipment, Computer and other Electrical Equipment Manufacturing
	Computer, Telecommunication and other Equipment Manufacturing

	29
	Instrument and Other Manufacturing
	Instrument Manufacturing

	30
	Scrap
	Other Manufacturing

	
	
	Comprehensive Utilization of Discarded Resources

	
	
	Metal Products, Machinery and Equipment Repairing

	31
	Electricity and Heat Production and Supply 
	Electricity and Heat Production and Supply

	32
	Gas Production and Supply
	Gas Production and Supply

	33
	Water Production and Supply
	Water Production and Supply

	34
	Construction Industry
	Construction Industry

	35
	Wholesale and Retail Industry and Accommodation and Catering Industry
	Wholesale and Retail Industry and Accommodation and Catering Industry

	36
	Transportation, Warehousing and Postal Industry
	Transportation, Warehousing and Postal Industry

	37
	Others
	Others




Section S2: Static Model Construction
S2.2.1 Production Module
[bookmark: _GoBack]The model assumes that the objective function of a company’s production is maximum profit. This model uses the multi-level nested Constant Elasticity of Substitution (CES) production function to describe production behaviours to represent the different substitutional relationships between production and input. For the substitution elastic coefficient, the model refers to existing studies from (Lu, Zhang & He, 2010; Qi, 2014)[footnoteRef:1]. The model also assumes that all production sectors are in a perfectly competitive market and that returns to scale remain unchanged. The inputs in the production sectors in the model consist of three components: factors of production (capital and labour), energy commodities, and other intermediate goods. The relationships of different sectors in the production process are shown through the multi-level nesting of these inputs. The model describes these three types of nesting relationship in the production sector according to the differences in the intermediate goods input. [1:  Lu, C., Zhang, X. & He, J. (2010). A CGE Analysis to Study the Impacts of Energy Investment on Economic Growth and Carbon Dioxide Emission: A Case of Shaanxi Province in Western China. Energy, 35 (11), 4319–27. https://doi.org/10.1016/j.energy.2009.04.007.
 Qi, T. (2014). 全球多区域动态能源经济模型C-GEM开发与应用[Development of the Global Multi-regional Dynamic Energy Economic Model (C-GEM) and Its Application]. Tsinghua University, Beijing. Retrieved from http://166.111.120.42/Thesis/Thesis/ThesisSearch/Search_DataDetails.aspx?dbcode=ETDQH&dbid=7&sysid=219156] 

(1) General Production Sector
The nesting structure of the general production sector is shown in Figure S1.

Figure S1 Nesting of the Production Functions of the General Production Sector

Fossil fuels, including coal, oil and gas, are nested to the non-electric energy cluster, which is then nested to energy cluster  with electricity input .  and the capital input  are nested to the “K-E” cluster , which is then nested to the “K-E-L” cluster  with the labour force input . The cluster “K-E-L” at the top level of the production function and the intermediate input cluster  are nested to the sector output .
 (2) Electricity and Heat Production and Supply
As shown in Figure S2, the production module of the electricity and heat sector in the model contains two major power-generation technologies: thermal power generation and clean-energy power generation. The top-level output is the output of different power-generation technologies (including thermal power, nuclear power, hydropower, wind power and photovoltaic power) nested by the CES function. The second-level production function describes the outputs of different power-generation technologies. The production functions of thermal power and clean-energy power are not the same because of the different production inputs. The nesting method of the input for thermal power is the same as that in the general production sector. In the production function of clean-energy power, the cluster “K-E” and the labour force input are nested to , which is then nested to the electricity output with the intermediate goods input .

Figure S2 Nesting of the Production Functions of the Electricity and Heat Sector

 (3) Petroleum Processing, Coking and Nuclear Fuel Processing
Unlike the general production sector, most of the crude oil and a portion of raw coal input in petroleum processing, coking and nuclear fuel processing belongs to intermediate inputs, not energy inputs, as acknowledged by the model. As shown in Figure S3, the crude oil input and a portion of the raw coal input in this sector are included in , whereas natural gas and the rest of the raw coal input are included in the non-energy input .  and the electricity input are nested to the energy cluster .

Figure S3 Nesting of the Production Functions of the Petroleum Processing, Coking and Nuclear Fuel Processing Sector


S2.2.2 International Trade Module
As shown in Figure S4, the module describes the flow of goods in domestic and foreign markets in an open economy. Foreign goods and domestic goods are imperfect substitutes. Domestic manufacturers decide either to sell their products in domestic markets or to export them based on their pursuit of maximum revenue. The numbers of products sold in domestic and foreign markets are related to their prices, and the quantity relationship between them can be expressed using the CET function. Domestic consumers choose the least costly goods, whether imported or domestic. The consumption quantities of these two types of goods satisfy the “Armington conditions”.

Figure S4 Structure of the International Trade Module

S2.2.3 Price Module
In the CGE model, price is an important factor to affect the equilibrium between different variables. Figure S5 shows the price structure in this model, which includes two components: the price of goods and the price of production.

Figure S5 Price Structure

The differences among the prices of domestic goods , imported goods  and exported goods  show that domestic goods and foreign goods cannot perfectly substitute for each other. The model adopts the “small country assumption”. Accordingly the prices of imports  and exports  are exogenously provided, and both values after currency conversion plus the import and export taxes equal the import and export prices of goods in renminbi (RMB).
S2.2.4 Income and Expenditure Module
Figure S6 describes the income and expenditures of the residential account, the enterprise account, the governmental account and the external ROW account alongside the transfer payments among these four accounts. Individuals’ income comes from labour remuneration, capital gains and transfer payments from the government and corporations. Enterprises’ income comes from capital revenue and government transfer payments. The government’s income comes from the production tax, resident income tax, corporate income tax, tariff and proceeds from the carbon emissions allowance auction, etc..

Figure S6 Income and Expenditure of Different Accounts in the Model

In terms of expenditure, income minus income tax is an individual’s disposable income. This model uses the Linear Expenditure System (LES) to describe household consumption expenditure to maximize the Stone-Geary utility function under the condition of restrained residential income. Government expenditures equal the sum of the goods consumption expenditure and transfer payments. Corporation expenditures include all manner of taxes that are paid to the government, payment for allowance auctions and transfer payment to residents.
S2.2.5 Savings and Investment Module
The “savings-investment” equilibrium is one of the most important equilibrium relationships in the economic system. The savings in the model comes from the residential account, the enterprise account, the governmental account and the external account. The investment contains two types of investment: assets and inventory investment. The household savings are influenced by the marginal propensity to save (), and the  in the model is exogenously provided and can be dynamically adjusted.
S2.2.6 Carbon Emissions Control Module
(1) Calculating the Carbon Emissions
The model covers two types of carbon emissions, including CO2 emissions from energy consumption and industrial production process. In this model, the calculation method of the energy-related carbon emissions of production sector a in year t is shown in formula (S1).  represents the CO2 emission factor of a given fossil fuel ff (unit: tCO2/tce),  represents the value of the fossil fuels ff that are consumed by sector a in year t (unit: ten thousand yuan), and  represents the conversion coefficient between the physical quantity and the value of the fossil fuel consumption of sector a (unit: tce/ten thousand yuan).
			(S1)
The cement industry is the largest CO2 emitter from industrial production process. Emissions from the production process comprise a relatively high proportion of the cement industry’s total emissions. This industry’s emission mechanism is very simple and can be easily expressed in mathematics. This model mainly considers carbon emissions from production process of the cement industry. The emissions come from the decomposition of carbon-containing inorganic compounds such as calcium carbonate and magnesium carbonate during the calcination of raw materials. According to China’s 2008 National GHG Inventories, the carbon emission factor during calcination is 0.5383 tCO2/t clinker. According to the sector division in this model, cement manufacturing belongs to non-metallic mineral products, and this industry’s carbon emissions from the production process can be calculated according to formula (S2).  stands for the CO2 emission factor of the clinker per unit of physical quantity during production (unit: tCO2/t clinker),  represents the value output of the industry (unit: ten thousand yuan), and  stands for the conversion coefficient between the value output and the output of the clinker based on its physical quantity (unit: t clinker/ten thousand yuan).
					(S2)
(2) Carbon Emissions Trading
The model designs a module for “cap and trade” to analyse the influence of the ETS. The total emissions of all of the sectors covered by the ETS shall not exceed the total emissions cap of the system , which means that the values should satisfy inequality (S3). Since the implementation of the ETS, sector a should pay the cost  for its carbon emissions, and its production cost should increase correspondingly.  can be calculated using formula (S4). In this formula,  is the market price of allowances in year t.  reflects that the cost of carbon emissions in sector a’s abatement plans are lower than the market price of the allowances when allocation methods that have an emission-subsidy effect are adopted for this sector.
		  					(S3)
					(S4)
In terms of allowance allocation, the model describes the incentive mechanisms for companies’ production and emission reduction for different allocation methods by adjusting the production function, the government income function and the corporation income function. When auctioning and allocation approaches without ex-post adjustment are adopted, the added cost  in the production functions of all the sectors is the same. However, allocation approaches without ex-post adjustment provide corporations with free allowances and thus governmental revenue from the auction decreases and corporate income increases through transfer payment. When allocation methods with a production subsidy effect are adopted, the added cost in the production functions of all of the sectors decreases to , where the coefficient  is the output subsidy level of the allocation methods.
S2.2.7 Macro-Closure Module
This paper adopts a neoclassical closure approach and satisfies the following conditions:
(1) Equilibrium between governmental revenue and expenditure: government savings are endogenously provided and all types of tax rates are exogenously provided;
(2) International trade equilibrium: foreign savings are endogenously provided and the exchange rate is exogenously provided;
(3) Savings-investment equilibrium: the investment volume is endogenously provided and the savings rate is exogenously provided;
(4) Factor market equilibrium: the labour force supply is exogenously provided and can flow freely between sectors, and the price of labour is endogenously determined; the capital supply is exogenously provided and can be classified into sunk capital and active capital; the sunk capital has sector attributes and cannot flow freely between sectors, whereas active capital can flow between sectors, and the capital price in the model is endogenously determined. 
Section S3: Exogenous Parameters of the Dynamic Module
(1) Structure of Household Consumer Spending
Groceries constitute a gradually declining proportion of China's household consumption, whereas housing and service consumption has constituted an increasing proportion each year. This model considers consumption upgrading, assuming that the proportions of agricultural products and grocery consumption will experience a yearly decline to approximately 90% of the base year level by 2020. The proportion of service consumption will increase yearly to 107% of the base year level by 2020. The proportions of the consumption of other goods will be adjusted based on the weighted proportions of the base year level. 
(2) Distribution Proportion of the Fixed Capital Formation (New Investment)
China’s coal, cement, iron and steel, non-ferrous metal industries are facing severe overcapacity. The government launched several policies and measurements, including the Guidelines of the State Council on Resolving Severe Overcapacity Problems and the Notice of the Ministry of Industry and Information Technology on the Capacity Replacement of Some Industries with Severe Overcapacity Problems to limit new investments in industries with excess capacity  (The State Council of the People’s Republic of China, 2013; Ministry of Industry and Information Technology of the People’s Republic of China, 2014). To follow these policy requirements, the model assumes that the proportion of new investment in coal, cement, iron and steel and non-ferrous metal industries in total new investment will decrease yearly and that the annual decline rate will gradually decrease from 20% to 10%.
(3) Energy Mix
Since 2010, the average annual decline in the share of coal consumption has been approximately 1.2%, the average annual growth rate of the share of natural gas consumption has been approximately 9.3%, the average annual growth rate of the share of electricity from renewable energy has been approximately 4.5%, and the proportion of oil consumption has remained generally unchanged. China’s energy policy is mandatory to some extent, so the model sets some constraints on the share of the consumption of different energy resources based on the consumption trend in recent years. The annual decline rate of the share of coal consumption is constrained between 0.5% and 2%, and the annual growth rate of the proportion of natural gas consumption lies between 2% and 10%.
(4) The TFP Growth Rate
Total Factor Productivity (TFP) is used to explain factors that influence economic growth, except for capital and labour. The TFP growth rate can reflect technological progress. Relevant empirical studies have shown that if the economy of a country or a region grows rapidly, the TFP also grows rapidly (with a growth rate of between 2% and 5%) (Y. Li, 2011). In this study, the model assumes that the TFP grows at a speed of 3% in the general production sector and 2% in the energy sector. The TFP growth rate of industries with overcapacity is 0.5% because of the pressure of reducing excess capacity. Mechanization and digitalization have improved the agricultural sector’s production efficiency, so the TFP growth rate of this sector is set relatively high: 2.5-3%.
 (5) Residential Savings Rate
China's household savings rate is much higher than those of other countries, although it has been trending down since 2008 (Fan, 2014). This decline in the household savings rate will continue because of changes of economic development and consumption concept, so the model assumes that the annual decline rate of China’s household savings rate will be 3-5%.
(6) Autonomous Energy Efficiency Improvement (AEEI)
Economic models usually use AEEI to reflect improvements in energy efficiency (Sue Wing, 2008). This study references Qi (2014) and Cao and Ho (2010) and assumes that the AEEI of all sectors will have an average annual growth rate of 1.7%.
Section S4: Macroeconomic Indicators in the Model’s Baseline Scenario

Table S2 Macroeconomic Indicators in the Model’s Baseline Scenario
	
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020

	GDP (trillion yuan)
	53.68
	57.82
	62.04
	66.32
	70.88
	75.70
	80.82
	86.31
	92.05

	GDP Growth Rate (%)
	
	7.71
	7.31
	6.90
	6.88
	6.78
	6.77
	6.79
	6.65

	Industrial Mix (%)
	
	
	
	
	
	
	
	
	

	Primary Industry
	9.75
	9.30
	8.89
	8.53
	8.20
	7.89
	7.61
	7.34
	7.10

	Secondary Industry
	45.46
	45.35
	45.15
	44.86
	44.47
	44.00
	43.52
	43.02
	42.45

	Industrial Sector
	38.19
	37.96
	37.69
	37.37
	36.98
	36.53
	36.09
	35.63
	35.13

	     Construction Sector
	7.26
	7.39
	7.47
	7.49
	7.49
	7.47
	7.43
	7.39
	7.32

	Tertiary Industry
	44.79
	45.35
	45.95
	46.61
	47.34
	48.12
	48.87
	49.64
	50.44

	Structure of Expenditures (%) 
	
	
	
	
	
	
	
	
	

	Household
	36.99
	37.19
	37.54
	38.05
	38.64
	39.30
	40.06
	40.87
	41.74

	Government
	13.63
	13.54
	13.47
	13.42
	13.34
	13.24
	13.12
	12.96
	12.79

	Fixed Capital Formation
	38.76
	39.94
	40.77
	41.24
	41.55
	41.67
	41.63
	41.46
	41.15

	Stock Increase
	7.88
	7.02
	6.27
	5.61
	5.01
	4.47
	3.98
	3.53
	3.12

	Net Export
	2.75
	2.30
	1.91
	1.58
	1.27
	1.00
	0.75
	0.52
	0.32



Section S5: Glossary
Table S3 Glossary
	Glossary
	Explanation

	Single allocation method
	The same allocation method will be used in all of the ETS sectors.

	Synthetic allocation method
	Differentiated allocation methods will be adopted in different ETS sectors.

	Dynamic allocation method
	Allowances are allocated based on the updated or actual production or emissions data.

	Auction
	Allowances are auctioned to ETS covered entities, while not allocated for free.

	Allocation approaches without ex-post adjustment
	Allowances are allocated based on actual production or emissions data.

	Output subsidy
	Some allowance allocation methods would stimulate enterprises’ output to get more allowance, namely output subsidy.

	Emission subsidy 
	Some allowance allocation methods would stimulate enterprises’ emissions to get more allowance, namely emission subsidy.

	Production subsidy
	Same meaning with output subsidy.

	Neutral output 
	When dynamic allocation methods are used, the output of the cement industry will benefit the most from the subsidy effect. Therefore, the model sets a “neutral output” principle for the cement industry in which an upper limit is set on the use of the dynamic allocation methods. When this upper limit is reached, the output level of the cement industry equals the baseline scenario level.

	Upper limit
	The max proportion of dynamic allocation methods used.






