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SUMMARY

Although China has developed the world’s largest carbon emissions trading scheme
(ETS), there is no official documentation explaining how the current sectoral
coverage plan was determined and what sectoral rollout plan is preferred. Here,
we contribute to the policy development of the world’s largest carbon market by
suggesting a priority list of industries be covered in the ETS. We estimated marginal
abatement cost curves using a database of more than two million firms covering over
500 four-digit industries that account for more than 97% of total industrial emis-
sions, and simulating various carbon market scenarios including thermal power, 13
designated, and an additional 50 industries that have high emissions or are covered
in other ETSs. Our analysis suggests that the cement industry should be the next
sector to be included in China’s ETS. In our revised list, the average abatement
cost can be reduced by 39.5-78.3% compared with the business-as-usual scenario.

INTRODUCTION

Carbon emissions trading schemes (ETS) are a preferred instrument for achieving targeted CO, reductions.” In
designing an ETS, sectoral coverage is a key decision which has to be balanced between broader coverage for
higher effectiveness and reasonable administrative costs and data availability.”* China is facing such a decision
and provides a good example of how an ETS can perform and how it should be rolled out. Despite being the
largest ETS in the world in terms of regulated emissions, China’s ETS rollout plans are under-studied. China has
announced its intention to expand the national ETS to eight energy-intensive sectors, including 14 four-digit
industries,” hereafter designated industries. The power generation sector underpinned the first phase of the
national ETS launched on 16 July 2021.° However, there was no official explanation of how China selected
the designated sectors and industries and how the other sectors will be included in an expanded ETS. A
case study of China’s ETS can inform future ETS development in other countries.

Despite the increasing number of studies of the potential sectoral coverage in China's ETS,*” there is a gap
in the literature regarding the sectoral rollout plan. There are many studies that have calculated the effects
and benefits of been covered sectors by China’s ETS.%” It seems that the selection of the sectors to be
included in the ETS was based mainly on the size of emissions, whereas the cost-effectiveness of emissions
reduction, i.e., abatement cost savings from the ETS, the central feature of carbon markets, was not consid-
ered. For example, the central government designated seven ETS pilots launched in the first stage based
on total emissions or total energy consumption as a key criterion to determine whether a firm should be
included in the ETS.'® The abatement cost of each industry can be considered as its sacrificed total indus-
trial output. Without ETS, each of the n industries to be covered by the ETS needs to reduce the same pro-
portion of carbon emissions according to the principle of the grandfather method, and they will sacrifice
different total industrial output and their marginal abatement costs (MACs) are different. Then, assuming
that these n industries are included in the ETS, industries with low marginal abatement costs will reduce
more, vice versa, until all industries have equal MAC. The abatement cost saving between the two scenarios
is measured as the ratio to total industrial output. Compared to only making decisions based on the overall
size of the industry’s emissions, our indicator identifies the n industries that should be prioritized for inclu-
sion in the ETS to minimize the total sacrificed industrial output and reduce China's total abatement costs.
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under-examined, and emissions reduction characteristics of firms have seldom been considered.!’ The ex-
isting studies on sector coverage have focused primarily on the impact of sector coverage.'®'" Some
studies prioritized sectors based on a carbon revenue return index, ' or suggested that the sectors having
more emissions should be prioritized.'” Others consider different sector coverage scenarios based on in-
ternational experiences'' and experience from China’s ETS pilots,'® or estimate the impacts of various sec-
toral coverage options for China’s ETS using a computable general equilibrium model®'* which can design
low-carbon development scenarios and generate economy-wide impacts,'” but are highly aggregated and
sensitive to parameters and model structure.'®

Here, we prioritize the sectoral rollout among 63 four-digit industries including the current 13 designated
industries based on their abatement cost savings. The marginal abatement cost (MAC), also known as the
shadow price, reflects the possible sacrifice of industrial outputs or increase of inputs for reducing carbon
emissions. The difference between the abatement cost with and without participation in the ETS is the
abatement cost savings of the industries’ inclusion in the ETS. We assess various sectoral rollout plans
for China’s national ETS based on firm-level emissions characteristics and abatement cost savings. Because
the thermal power industry has been included in China’s national ETS, we measure the abatement cost sav-
ings under various “thermal power +" scenarios. The industry that delivers the highest abatement cost sav-
ings in each of these different scopes of industrial coverage will be placed at the top of the priority list.

We add value to the literature by developing an abatement cost savings-oriented approach for deter-
mining industry coverage (ACSAIC) in the ETS policy decisions. In addition, by applying firm-level data
to prioritize sector coverage, we can more precisely measure the impact of sector expansion in China’s
ETS and thus provide additional reference for planning China’s future development of the carbon market.

RESULTS

The industries are prioritized by examining all possible expansion scenarios defined by different combina-
tions of industries. We consider several cases based on the development plan of China’s national ETS. In
the business-as-usual (BAU) case, we first prioritize the 13 designated industries, and then further investi-
gate 50 four-digit industries. The 50 additional industries are not only the top industrial carbon emitters in
China, but also sectors that are proposed to be covered or are already covered by carbon markets in other
parts of the world. These 63 industries plus the thermal power industry account for more than 97% of total
industrial emissions and therefore provide a good representation of China’s industrial total. In the alterna-
tive case, we prioritize 63 industries that have been identified in the BAU case without distinguishing the
designated industries. In each of the different industry expansion cases, we compare all possible industry
combinations and rank their abatement cost savings potentials to suggest a strategy of further rolling out
China’s national ETS. In quantifying the abatement cost savings, we estimated four different levels of CO,
emissions reduction (5%, 10%, 15% and 20%) and three different levels of threshold for firm entry (5,000t,
10,000t and 26,000t per firm CO, emissions) to check the robustness of our findings. Threshold directly af-
fects the number of firms included in ETS, and the number of firms controlling emissions will determine the
total emission reduction amount.'® Decisions of threshold selection are based on a balance of keeping a
relatively controllable number of firms while maintaining a large share of emissions coverage.'” Thus,
different emission reduction possibilities can be discussed for different threshold level settings. The
26,000t is the threshold in China’s current national ETS with 2,162 key emitters in the thermal power industry
being the first to be included. The 5,000t and 10,000t are the thresholds for firm entry that have been set in
China’s pilot carbon markets, and are also important references for setting the thresholds for the next
phase of China’s national ETS. Based on the reduction potential of the industrial sectors as measured by
the literature,'” we set a conservative reduction target of 20% or less for the ETS. Our analysis suggests
that if China adheres to its current plan of covering 14 designated industries in its ETS, the cement
manufacturing industry should be the next step, followed by the steel smelting industry. The third industry
to be included should be flat glass products. If we are not restricted to the current designation of industries
and consider all 63 industries that have large emissions or are covered in the ETS elsewhere, only two desig-
nated industries (cement manufacturing and non-wood bamboo pulp manufacturing) may enter the top 13
list for abatement cost savings.

The BAU case: Put national designated industries first

Considering that the sectoral expansion in China’s national ETS is likely to be gradual, we consider scenarios
where additionally one, two, three, until 13 designated industries, respectively, will be introduced simultaneously
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to the existing “thermal power +" ETS designated plan. Because the estimated results will be different owing to
different emissions reduction targets or entry thresholds of the covered firms, we estimate four different levels of
reduction of CO, emissions (5%, 10%, 15% and 20%) and three different levels of threshold for firm entry (5,000t,
10,000t and 26,000t per firm CO, emissions). The literature shows that the current CO, emissions reduction po-
tential of China’s non-power sectors ranges from 18% to 50%."®?" According to China’s Ministry of Ecology and
Environment, enterprises with annual emissions of 26,000t of CO, should be listed as key emitters. We report the
results based on the 20% emissions reduction target and 26,000t entry threshold per firm as the baseline scenario
and conduct robustness tests with alternative emissions reduction targets and thresholds. See STAR Methods
and supplemental information to the methods for detailed discussion of the estimation and calculating process.
Considering the diversified practices in the various ETS pilots, we have considered three alternative emissions
reduction targets for firms, namely, 5%, 10%, and 15%, and two alternative emissions thresholds for entry of firms:
5,000t and 10,000t for robustness checks.

We consider two stages in the BAU case: In the first stage, we limit our scope to the current 13 designated
industries. In the second stage, we assume that the 13 designated industries have been included in the
"thermal power +" ETS designated national plan and explore the priority list for the 50 additional industries
that either have large emissions or are covered in carbon markets in other countries.

Stage 1: Sectoral priority list for the 13 designated industries

In the baseline scenario, we hold the emissions reduction target at 20% and the firm entry threshold at
26,000t while varying the number of industries to be simultaneously included in the next phase of China’s
national ETS expansion from 1 to 13 sectors.

Our results suggest that if only one designated industry were be introduced in the next phase of the na-
tional ETS, the top prioritized industry would be cement manufacturing (Figure 1A). Specifically, in the
ETS composed of (BAU1-1) thermal power + cement manufacturing industries (hereafter BAUn-i is defined
as the ith priority of the BAU case when inclusion of nindustry), the emissions abatement cost savings would
amount to 22.5% of the total industrial output of these two sectors, and the total emissions reduction would
be 856.46 mt, both of which are higher than those in the ETS composed of (BAU1-2) thermal power + steel
smelting industries (18.6% cost savings, 823.77 mt) (Figure 1B). In contrast, the benefits from (BAU1-3) ther-
mal power + flat glass products (15.8%, 744.64 mt), (BAU1-4) thermal power + non-wood bamboo pulp
manufacturing (15.7%, 743.70 mt), and (BAU1-5) thermal power + wood bamboo pulp manufacturing
(15.7%, 744.00 mt) are similar and all lower than the benefits from (BAU1-1) industrial combinations.

Following the same estimation process for additionally introducing one designated industry at a time to the na-
tional ETS, we calculate cases in which an additional 2 to 13 designated industries would be included at the
same time in the next phase of China's national ETS (Figures S1, S2, Tables S1 and S2). The estimation results
show that in terms of abatement cost savings, the best way to expand the sectoral coverage of the ETS is to add
the next prioritized industries to the previous ones (Tables S3-S5). In addition, the suggested sectoral coverage
is consistent regardless of how many additional industries (1-13) are introduced at the same time. The optimal
industrial combinations and the order of priority would still be robust under alternative emissions reduction tar-
gets (5%, 10%, 15%), and alternative firm entry thresholds of emissions (5,000t, 10,000t) (Tables S3-S5).

Through assessing all possible combinations, we conclude that the order of the currently designated indus-
tries, based on abatement cost savings, to be included in China’s national ETS should be (1) cement
manufacturing, (2) steel smelting, (3) flat glass products, (4) non-wood bamboo pulp manufacturing, (5)
wood bamboo pulp manufacturing, (6) other basic chemical raw material manufacturing, (7) nitrogenous
fertilizer manufacturing, (8) machine-made paper and paperboard manufacturing, (9) transmission and dis-
tribution of electric power, (10) aluminum smelting, (11) organic chemical material manufacturing, (12) cop-
per smelting, and (13) crude oil processing and petroleum products (Figure 1C).

Stage 2: Priority list for sectors beyond the current 14 national designated industries

In the second stage of expansion, we identify additional industries that could be covered in the future
assuming that the 14 designated industries in Stage 1 have all been successfully integrated. The sectors
included in the carbon markets of other countries suggest that the sectoral coverage could be broader
in China beyond thermal power and China’s 13 designated industries, thus China could expand industries
beyond the currently designated ones. Beyond the 14 four-digit industries in the nationally designated
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Figure 1. Prioritized industry inclusion order for the next stage of China’s national ETS under the BAU case

In addition to the thermal power generation sector (4411), an additional 1 to 13 designated four-digit industries would be included in the national ETS.
(A) and (B) show the marginal abatement cost curves (MACCs) and the abatement cost savings as a percentage of the total industrial output for different
combinations of sectors when one industry is included in the ETS under the baseline scenario (i.e., 26,000t entry threshold and 20% emissions reduction
target). Specifically, (A) shows the MACC for the relevant firms under the command-and-control policy (solid line), the MACC for these firms after inclusion in
the ETS (dashed line), and the abatement cost savings (gray area) which are CNY 867.3, 765.2, and 515.9 billion for industry combinations 4411 + 3011, 4411 +
3120, and 4411 + 3041, respectively. See Figures S1and S2 for results on the additional inclusion of 2-13 designated four-digit industries simultaneously. The
combination when including n industries at the same time is to include the industries covered by BAUn-1 as shown in (C), which reports the CO, emissions
reduction (bar) and CO, abatement cost savings as percentage of the total industrial output (star) for these n industries. The emissions reduction from the

thermal power industry of 743.7 mt is set as the starting point of the x-axis.

1,100

plan, we also estimate other sectors that either have been currently covered by other major carbon markets
in the world (such as the EU-ETS), or industrial CO, emissions ranked among the top 40 in China. Because
11 of the 14 designated four-digit industries are ranked among the top 40 CO, emitters in China, we
included the remaining 29 four-digit industries from the top 40 emitters in the expanded list. We also
considered another 23 four-digit industries that have been covered in major ETS systems in other countries.
Of these 52 additional industries, two (other various household supplies and machine parts processing)
were excluded because none of their firms in our database have emissions of more than 26,000t. Therefore,
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Figure 2. Percentage of abatement cost savings to the total industrial output and emissions reduction of 50 additional industries in the expanded

priority list
From top to bottom is the sequential rollout plan of 50 additional industries. The green bars and red stars represent the CO, emissions reduction (mt) and
percentage of abatement cost savings to the total industrial output (%), respectively, when China’s national ETS includes the corresponding industry and all

preceding designated industries. The emissions reduction from the 14 designated four-digit industries would be 1,053.05 mt as indicated by the starting
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Figure 2. Continued

point of the x-axis. The top star shows that if the heating power production and supply industry is additionally introduced in the ETS having 14
designated industries, the expanded ETS with these 15 industries would lead to abatement cost savings of 16.3% of the total industrial output, which will
be higher than the cost saving of “14 designated industries + iron alloy making” combination, and all other “14 designated industries +"” (15 industries)
combinations. Similarly, the second top star shows that the combination of “14 designated industries + heating power production and supply + iron
alloy making” would lead to abatement cost savings of 17.9% of the total industrial output, which is also higher than any other of the “14 designated
industries + heating power production and supply +"” (16 industries) combinations.

our expanded list for the next stage of the ETS expansion comprises 50 four-digit industries, in addition to
the original 14 designated four-digit industries (Table S1). Overall, our expansion list accounts for more
than 97% of total industrial emissions in our database: 72.6% of the 14 designated industries and another
25.1% of the additional 50 industries, which provide a good representation of China’s industrial total
because of our sample size of more than two million firms.

Our baseline estimation is that all 14 designated industries were introduced in Stage 1 of the national ETS. We
then further determine the order of the rollout for 50 additional industries. Following the same estimation pro-
cess as in Stage 1, we rank the additional 50 industries to determine a priority list for future ETS expansion.
Because the calculation in Stage 1 demonstrates that the priority list will not change whether one or more indus-
tries are introduced in the ETS at once, and regardless of emissions targets and thresholds without loss of gen-
erality, we rank these additional 50 industries by introducing one additional industry at a time and use the 20%
emissions reduction target and 26,000t threshold. A detailed discussion of the estimation and calculating pro-
cesses are provided in the STAR Methods and supplemental information to the methods.

The estimates of the abatement cost savings and contribution to cumulative emissions reductions of addi-
tional industries are presented in Figure 2. The CO, emissions of the top 10 additional industries (i.e. sec-
tors including 4430, 3150, 2669, 3130, 3021, 3110, 3029, 3022, 2661, 4500) plus the 14 designated industries
account for 85% of the total industrial CO, emissions. Heating power production and supply is at the top of
the priority list, and the inclusion of it in the ETS comprises 14 designated industries would contribute to
accumulated abatement cost savings of 16.3% of the total industrial output of these 14 + 1 industries.
The iron alloy making industry is ranked second on the expansion priority list and its introduction into
the ETS comprises these 14 + 1 industries would lead to accumulated abatement cost savings of 17.9%
of the total industrial output of these 14 + 2 industries. Furthermore, special chemical products
manufacturing ranks third on the priority list whose introduction into the ETS would lead to accumulated
abatement cost savings of 19.0% of total industrial output of these 14 + 3 industries.

The complete order of all of these 50 additional industries in various cases is reported in Figure 3. Our re-
sults show that the expanded priority list of the additional 50 industries, especially for the top ranked and
bottom ranked industries, is also reliable under alternative scenarios of emissions reduction targets (15%,
10%, 5%) and entry thresholds (10,000t and 5,000t), indicating a good robustness of the prioritization of the
50 additional industries. See Datas S1, 52, S3, S4 and S5 for details of the rankings.

The alternative case: Without distinguishing designated industries

Although the Chinese government has planned to include eight major sectors in the above plan (specifically
including 13 four-digit industries in addition to the thermal power industry), such selection has not been
examined in the literature. To check whether the designatedindustries are the best choice, we do not distin-
guish the current 13 designated industries from the other 50 additional industries, and provide a more
radical suggestion on what industries should be prioritized according to our estimated abatement cost sav-
ings. Specifically, we conduct our prioritization process among all the 63 industries that have been examined
in the BAU case. However, unlike the previous estimation, we do not assume that the 13 designated indus-
trieswould be introduced in the national ETS before the remaining 50 industries were considered. As argued
in the previous case, without loss of accuracy, we only consider one industry to be added at a time.

Sectoral priority list for all 63 industries

We again report the estimation in the baseline scenario of a 20% emissions reduction target and 26,000t
entry threshold. The calculations show that as the number of industries to be introduced in the national
ETS increases, the cumulative emissions abatement cost savings start from 25.3% of the total industrial
output (adding 1 industry, heating power production and supply, which ranks first), quickly rise and remain

6 iScience 26, 105823, January 20, 2023



iScience

¢? CellPress

OPEN ACCESS

50 —|
49 -
48
47 -
46 |
45 -
44 -
43 -
42 -
41 -
40 -
39 -
38 -
37 -
36 |
35 -
34 -
33 -
32 -
31 -
30 -
29 -
28 -
27 -
26 |
25 —

22 —

Industry priorities under 12 scenarios

Threshold & Target
® 26,000t & 20%
(O 26,000t & 15%
() 26,000t & 10%
() 26,000t & 5%
() 10,000t & 20%
10,000t & 15%
10,000t & 10%
10,000t & 5%
5,000t & 20%
5,000t & 15%
5,000t & 10%

) 5,000t & 5%

‘O,
O
Q

OO0

®
31 0@

O

/

D

\
LA

Q
O

24 @O
@

L S e e B B B B B |
O P D D O VN OO AN >
PP PP O PGV S AN KPP
WP PSR S S B S oS o Ve

I L L D e e e e e e D D e

T
T TN TP S S I S R IR TR LN K P SNSRI SR IR
R i N R R N

4-digit industry code

Figure 3. Prioritization of the inclusion of 50 additional industries under 12 scenarios
The red dots represent the inclusion priority of the 50 additional industries under the baseline scenario, and the other 11 colored hollow circles represent
each of the other 11 scenarios. The more concentrated or even overlapping circles indicate that the priority of the industry is robust for a given scenario.

above 38% (from the 6th other cement product industry to the 25th inorganic acid manufacturing) and
reach a maximum of 38.6% at the inclusion of the top 13 industries (from heating power production and
supply to non-wood bamboo pulp manufacturing), and then decline significantly when the 26th-63rd indus-
tries are included (from 37.8% of the total industrial output in monosodium glutamate manufacturing to
14.2% of the total industrial output in automobile complete manufacturing) (Figure 4 and Table S2).

Detailed information on the priority list for the alternative case is reported in Table S2. We also test the
robustness of the radical priority list with 63 industries under alternative scenarios of emissions reduction
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Figure 4. The percentage of abatement cost savings and emissions reductions of 63 industries in the alternative case

From top to bottom is the sequential rollout for 63 industries (designated industries (dark) and additional industries (light)). The cumulative CO, emissions
reduction (mt) increases with the number of industries included. The red star represents the percentage of abatement cost savings in terms of percentage of
the total industrial output (%) when China’s national ETS includes the corresponding industry and all preceding industries at the same time. The emissions
reduction from the thermal power industry is 743.7 mt which is set as the starting point of the x-axis.

targets (5%, 10%, 15%) and entry thresholds (5,000t and 10,000t) in addition to the baseline estimation. The
estimation results suggest that our alternative priority list is robust (Figure S3).

Our findings suggest that the designated industries may be far from the best choice in terms of abatement
cost savings as many designated industries are not ranked highly in the priority list of our alternative case.
The prioritized industries are presented in descending order in Figure 4 with the designated industries in
dark green. Only two designated industries would be among the top 13 in this alternative case, i.e., cement
manufacturing and non-wood bamboo pulp manufacturing. Two other designated industries, flat glass
products, and wood bamboo pulp manufacturing, would be ranked 20th and 22nd. The remaining nine in-
dustries would be all ranked after the 40th in this alternative case. Furthermore, 6 of the 13 designated in-
dustries were among the bottom 10 of the priority list in the alternative case.

Cost advantage of the alternative rollout plan compared to the current plan

To quantify the cost advantage of our alternative case, we compare the cost savings of the alternative case
with the BAU case assuming that the equivalent amount of emissions reduction between the designated
industries and alternative industries will be achieved. We compare the results for 12 scenarios consisting
of four different emissions reduction targets and three different entry thresholds.

With both cases including the thermal power industry in the ETS by default, we found that to achieve the
same amount of emissions reduction as the BAU case (13 designated industries), the alternative case would
needtoinclude a total of 22-43 industries under 12 scenarios, because of the relatively larger emissions size
of the designated industries (Table 1 and Table 2). The number of included industries is mainly influenced
by the threshold. As the threshold increases, the number of included industries increases because the
average firms in the additional 50 industries are smaller than those in the 14 designated industries and
thus need more companies to produce the equivalent amount of emissions reduction. In contrast, the emis-
sions reduction target has little impact on the number of included companies, and is basically stable for the
same threshold scenario. This finding highlights the importance of setting reasonable thresholds. Under
the equivalent emissions reduction assumption, the number of industries to be included in a low threshold
case is significantly reduced. A smaller change in the number of included industries is conducive to the pro-
motion of the alternative case. The increased number of industries and firms will somehow compromise the
cost savings advantages because of the presentation of compliance costs and other transaction costs:
smaller firms will likely face relatively higher compliance costs.

Specifically, among the 22 to 43 industry list, 4-5 are designated industries and 17-38 are additional indus-
tries. Six designated industries appear frequently in the 12 scenarios, whereas three industries appear in all
12 scenarios (Table 1).

Except for the transmission and distribution of electric power industry (4420), the remaining five of the six
designated industries are the top five industries recommended for priority inclusion in the ETS in the BAU
case. Whether it is the alternative case or the BAU case, these 5 industries have a very high priority, which is
consistent with the first phase of the EU-ETS construction (2005-2007) that mainly incorporated the elec-
tricity, oil refineries, coke ovens, iron and steel, some building materials and paper industries.”’

The average abatement cost under the ETS in the alternative case is much lower than that in the BAU case.
The average abatement costs of the BAU case are in the range of CNY 1,070-1,727 per ton, whereas those
of the alternative case are in a lower range of CNY 235-1,036 per ton (Figure 5). The wide range of abate-
ment costs in both cases is the result of different emissions reduction targets: higher emissions targets are
associated with higher average abatement costs.

Our average abatement cost distribution is consistent with that in other literature which uses a directional dis-
tance function to calculate the MAC for selected regions or industries. Most of the studies show that the
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Table 1. The number of industries to be included in the alternative case and the specific distribution of designated industries in the 12 scenarios

CO; Number of Distribution of designated industries
emissions  industries
reduction included Non-wood Wood Transmission and
Entry Emissions  under under the  Number of Number of Cement bamboo pulp  bamboo pulp  Flat glass distribution of Steel
thresholds reduction  the BAU  alternative additional = designated manufacturing manufacturing manufacturing  products  electric power smelting
(kt) targets (%) case (mt) case industries industries (3011) (2212) (2211) (3041) (4420) (3120)
5 5 273.67 23 18 5 I I I I I
10 547.34 22 17 5 17 v e P v
15 821.01 23 19 4 I I v I
20 1,094.68 33 28 5 I I I I d v
10 5 271.31 33 28 5 17 v v I I
10 542.62 33 28 5 v » w W W
15 813.93 32 27 5 v v v I I
20 1,085.25 36 31 5 v v I 7 I
26 5 263.26 43 38 5 17 v v v v
10 526.52 43 38 5) 17 v v v v
15 789.79 42 37 5 17 v v v 17
20 1,053.05 40 85 5) 17 v v v v

Note: To ensure that the alternative case can achieve no lower emissions reduction than the BAU case, we try to make the emissions reduction of the alternative case slightly more than that in the BAU case
when determining the number of included industries.
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Table 2. Overview of the designated industrial sectors covered by China’s national ETS

Sectors covered  Subsector industries covered Four-digit code Four-digit code industries

Petroleum processing Crude oil processing 2511 Crude oil processing and

petroleum products
Ethylene manufacturing 2614 Organic chemical material manufacturing

Chemical materials ~ Calcium manufacturing 2619 Other basic chemical raw

material manufacturing

Synthesis manufacturing 2621 Nitrogenous fertilizer
Methanol manufacturing manufacturing
Nonmetal mineral Cement clinker manufacturing 3011 Cement manufacturing
Plate glass manufacturing 3041 Flat glass products
Steel smelting Crude steel smelting 3120 Steel smelting
Nonferrous metals ~ Aluminum smelting 3216 Aluminum smelting
Copper smelting 3211 Copper smelting
Paper making Pulp manufacturing 2211/2212 Wood bamboo pulp

manufacturing
Non-wood bamboo pulp
manufacturing
Paper manufacturing 2221 Machine-made paper and
paperboard manufacturing
Thermal power Thermal power generation 4411 Thermal power generation
Combined heat and power
generation
Electricity power Electric power supply 4420 Transmission and distribution

of electric power

national average MAC of CO, is between CNY 300-3,500 per ton in China,”>?° whereas the average MAC of
CO, for the power sector is between CNY 4,000-2,000 per ton.”® The much higher costs, when compared to
actual carbon prices (CNY 3-107 per ton in China’s national and pilot carbon markets in 2021), is because of
the immaturity of China’s newly started carbon market in which the price discovery function is yet to be
improved and the current carbon price deviates from the real abatement cost.”’ =’ Another reason for the rela-
tively higher abatement cost compared to the actual carbon prices is that the estimated abatement costs do
not consider long-term technology progress, but instead, is considered as the opportunity cost of how much
industrial output should be given up or how much input is needed to reduce one unit of carbon emissions.*
The disparity between our estimated average abatement cost and carbon prices, however, would not under-
mine our results as the priority list is determined by the relative abatement cost, not the scale of the cost.

The average abatement cost can be effectively reduced by 39.5-78.3% by adopting the alternative case
with an equivalent amount of total emissions reduction (Figure 5). By including the top 22-43 industries
among the 63 examined ones, China’s national ETS can achieve the same amount of emissions reduction
as the 13 designated industries with an additional abatement cost savings of CNY 218.22-947.28 billion or
USD 33.77-146.60 billion (i.e. 1.2-5.0% of China’s total industrial output in 2011).

DISCUSSION

We contribute to the policy development of the world's largest carbon market by suggesting a priority list
of industries to be covered in China’s national ETS. Our priority list, among the 14 designated industries,
suggests that cement manufacturing should be next step. This is different from the current plan which puts
the steel smelting industry, ranked third in our analysis, as the next step.”'

Our results further indicate that the current ETS expansion plan does not minimize China’s total abatement
cost. Without considering the differences between the designated industries and the other industries, only
two of the designated industries will be among the top 13 industries on our priority list. Based on our esti-
mation, if China’s national ETS is limited to the 13 designated industries, the role of ETS in minimizing
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Figure 5. Change in average abatement costs after inclusion in China’s national ETS for the BAU case and the
alternative case

The blue bars indicate the average abatement cost when the ETS includes thermal power +13 designated industries of
the BAU case under 12 scenarios. The yellow bars indicate that if the 13 designated industries are replaced with the 22-43
industries recommended for inclusion in the alternative case under 12 scenarios. The average abatement cost savings as a
percentage of the average abatement cost of the BAU case are indicated by the red stars showing that there would be a
significant cost advantage in the alternative rollout compared to the current plan of ETS.

abatement costs will be undermined. Achieving the equivalent amount of emissions reduction (236.26—
1094.68 mt dependent on different scenarios) as the inclusion of 13 designated industries in the BAU
case, the alternative case requires the inclusion of 22-43 industries under 12 scenarios, 4 to 5 of which
are designated industries. In terms of cost-effectiveness, the average abatement cost of the alternative
case is 39.5-78.3% lower than the BAU case, and the Chinese government may consider promoting the
alternative case by lowering the entry threshold to cover a number of relatively small industries, which could
save CNY 218.22-947.28 billion or USD 33.77-146.60 billion in abatement costs, equivalent to 1.2-5.0% of
China’s total industrial output.

Although we have proposed a sequence of sectoral rollout if China's national ETS is to be expanded, we are not
able to pinpoint the best timing for each sector to be included. The fact is that there is no prior experience for a
major and fast-growing developing country to achieve a carbon peak amid various uncertainties. Hence, China
must gauge its carbon market roadmap very carefully.*” In September 2020, when President Xi announced
China’s commitment to reach its carbon peak by 2030 and its carbon neutrality by 2060, there was no detailed
experience to draw from. Under China's centralized governance system, many local governments, companies
and other units proposed earlier peak targets and ambitious energy transition plans and took radical actions
to please their superiors.®® These radical climate actions were impeded by national power cuts and skyrocketing
coal prices in the second half of 2021.%* In February 2022 China's steelmakers were given five more years to reach
peak carbon emissions, whereas the previous consensus was that the steel industry would reach peak emissions
by 2025.%' China's hesitation in its climate actions coincides with a worldwide momentum to redraw the energy
transition roadmaps owing to the energy price surge that began at the end of 2021 and because of the ongoing
Ukrainian War.*® China’s slow economic growth under its strict dynamic zero-Covid policy is further reducing the
priority of addressing climate issues.

Intraregional coordination will have a significant impact on China’s carbon market expansion. Regional ef-
forts are expected to play a key role in delivering China's pledge to peak carbon dioxide emissions before
2030. As a large and centralized country, China’s national policy goals are often decomposed to lower
levels of government through the hierarchy of province, municipal city and county. However, peaking car-
bon locally as early as possible may not be the best scenario for China. Owing to the vast territory and large
differences in socio-economic development and in the energy mix, some regions in China will not likely be
able to keep pace in peaking carbon.* Although sectoral rollout seems to be fair, the impact on regions
will vary given China’s regional diversified economic and industrial structure. For example, China’s steel
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production is concentrated in Hebei Province, which will pay higher carbon costs than any other province
when the steel industry is put under the national ETS.

Inter-firm fairness also needs to be managed. Although our estimation suggests that the sector priority list
is irrelevant to thresholds for the carbon markets, the threshold does matter for firms. Once a firm is subject
to the carbon market, it will need to pay the carbon prices for its emissions, at least for those allowances
purchased from the carbon market. Firms below and above the threshold will feel the most impact. The
differential treatment may create significant competition distortion among firms.

Limitations of the study

Itis important to note that our estimated abatement cost savings is an effort to measure the benefits of the ETS
and subsequently prioritize sectoral rollout. It does not account for a potential timeline for industry inclusion or
implementation costs of the ETS. A systematic analysis of these factors is critical to determine whether, and
when, an industry should be included in the ETS. As the number of industries increases, the percentage of
abatement cost savings of the total industrial output will first increase, then stagnate and decrease. If we further
consider compliance cost and other transaction costs, we are able to identify the optimal number of industries
to be covered by the carbon market. Another reason for not considering implementation costs is that the
abatement cost measured in this study is based on the marginal abatement cost (shadow price) which may
lack direct comparativeness with the real compliance or transaction costs in the ETS. Future extensions of
this study could reveal the implementation costs by industries from China’s national and pilot ETSs. It is
possible that a lower ranked industry could be advanced in the priority list if its net benefits are higher than
some of the industries ahead of it because of its relatively lower implementation costs.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to the lead contact, Ke Wang (wangkebit@bit.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability

All data generated in this paper are available from the lead contact on reasonable request.

All original code has been deposited on our GitHub repository (https://github.com/WangKe-bit/MACC)
and is publicly available as of the date of publication.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

METHOD DETAILS

Construction of the firm-level CO, emissions and marginal abatement cost database

The dataset we used is the firms surveyed by the Chinese State Administration of Tax (SAT).?”***" We ac-
cessed the full SAT dataset from 2008 to 2015 and used the firm-level data to estimate the energy consump-
tion-derived CO, emissions and to measure the marginal abatement cost (MAC) of each firm. The dataset
contains firm-level information for more than 500 four-digit industrial sectors from code 1300 to 4600,
covering a total of 2,116,400 firms across 30 provinces in China (Figures S4-56, Tables S6, S8 and S9).

Data preparation

To measure the marginal abatement costs (MAC) of each firm and construct the marginal abatement cost
curve (MACC) of each four-digit industrial sector, the major variables utilized from the raw dataset include
firms’ total industrial output, fixed assets, wages, intermediate inputs, coal consumption, oil consumption,
and electricity consumption. We do not have high quality data on natural gas consumption for each year.
But the existing data shows that the percentage of natural gas consumption as energy but not material
input, over total energy consumption is on average less than 3%. Therefore, the missing natural gas con-
sumption does not significantly affect our estimation of abatement cost savings. The measures of these var-
iables are described as follows.

i) Uni-form industrial sector codes. Four-digit industrial sectors are collected for analyzing, and the
corresponding sector codes are unified according to the Industrial Classification for National Eco-
nomic Activities (GB/T 4754-2011) in China.
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Matching administrative areas. Based on the name of the firm and district where it is located, the
latitude and longitude of each firm is obtained through the Baidu map’s geocoding service
(https://lbsyun.baidu.com/index.php?title=webapi/guide/webservice-geocoding).

Cleaning missing data. At the provincial level, Tibet, Taiwan, Hong Kong, and Macao are not
included in the sample due to incomplete data. At the variable level, if the value on total industrial
output, fixed assets, wages, and intermediate input is zero, or all values on coal consumption, oil
consumption, and electricity consumption are zero, the firm was deleted.

Constant price conversion. The values on total industrial output, fixed assets, wages, and interme-
diate input are all converted into 2010 constant prices. The producer price index, producer purchase
price index, fixed asset investment price index, and consumer price index are applied as the defla-
tors for total industrial output, intermediate input, fixed assets, and wages, respectively.

Adjustment of firm-level energy consumption. To reduce the deviation of energy consumption be-
tween the sample and the whole industry, based on the energy consumption of j (j = coal, oil, elec-
tricity) reported by firm i(Eijpmed), the adjustments to the consumption of energy | (Eijdj“StEd) are
calculated using Equation 1. Where NSAaSmp/e represents the number of above-scale firms in the two-
digit industry sample and TECSAaS'T}pIe is the total consumption of energy j by these firms. N3t is the
number of above-scale firms and TECEA”SJ is the total consumption of energy j in the industry at

the national level, both of which are obtained from the National Bureau of Statistics.

TECK | N

EC;adjusted _ EC[reporred x e s
TECEIP ™ N3

(Equation 1)

Calculation of firm-level CO, emissions from energy consumption. First, we calculate consumption
of fuel coal and fuel oil based on their respective shares of coal and oil,"® where the share of fuel coal
was converted into four-digit subsectors in 2010 and the share of fuel oil was converted into two-
digit subsectors in 2011. Production-based CO, emissions from energy consumption (ECO,) for
firm i are calculated using Equation 2. We aggregate the CO, emissions from fuel coal consumption
(ECi fuel coal, fuel oil consumption (EC; fe/ i) and electricity (EC; ejectricity) for firm i. The CO, emissions
factors of fuel coal consumption and fuel oil consumption are taken from the Guidelines for Prepa-
ration of Provincial GHG,*® whereas the factor of electricity consumption py,; inarea h (h=1,2,...,6) is
taken from China's regional power grid emission factors.*

ECOZ!' = 1.9003 x ECi,fuel coal T 3.1705 x Eci,fuel oil T Ppi X ECi,electricity (Equation 2)

Calculation of firm-level CO, emissions from industrial processes. CO, emissions that are related to
industrial processes (ICO5,) are considered for the nonmetal mineral products sector. The ICO; for
firm iis calculated through the product of the industrial process emissions factor of province k and
total industrial output (10;) of firm i (Equation 3).

ICOy; = & X10; (Equation 3)

where the industrial process emissions factor &, is the ratio of CO, emissions from industrial processes to
the total industrial output of province k (Table S7).

viii) Correction of outliers of CO, emissions. An ordinary least-squares regression in Equation 4 is used

to correct the outliers in CO;, emissions for every four-digit industrial sector.

IN(CO2i) = ag + aq In(TPy) + &t (Equation 4)
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where TP;, is the amount of total product value of firm i in year t. If a firm's CO, emissions are outside the 95%
prediction interval, it would be considered an outlier and then replaced by the nearest predicted value.

Identification of industrial sectors

China’s industrial CO, emissions come from several key sectors. Eight industrial sectors (involving 14 four-
digit subsectors or industries), named as designated sectors or industries in this study, have been planned
to be included in China’s national ETS. Detailed information on the covered sectors and industries and the
corresponding four-digit codes in GB/T 4754-2011 can be found in Table 2. Detailed industrial output, CO,
emissions and location information on all industries covered in this study can be found in Tables S8 and S9.

Estimation of marginal abatement costs

The marginal abatement costs (MAC) or shadow price of undesirable outputs (i.e. CO, emissions) can be
obtained through the duality relationship between the directional output distance function (DODF, BT)
(supplemental information to the methods) and the revenue function (RF). Supposing p, € NS, represent
desirable output (i.e. industrial products) prices and q, € fﬁL represent undesirable output shadow prices,
the corresponding revenue function in terms of DODF is defined as:

w(x,p,q) = max{pyy —qyb:(y,b) e P(x)} (Equation 5)

In Equation 5, x, y and b represent inputs, desirable outputs, and undesirable outputs of industrial produc-
tion, respectively. The RF aims at maximizing the feasible revenue 1 within the production possibility set
P(x), which is obtained from the positive revenue of desirable outputs p,y and the negative revenue of un-
desirable outputs-qpb. Under the definition of DODF, if (y,b) is feasible, the elimination of inefficiency asso-
ciated with it through moving along a given direction g’y,g’b is also feasible. Thus, Equation 5 can be
equivalently written as:

w(x,p,q) > (pyy - qbb) + pyBT§y+ 9,019, (Equation 6)

In Equation 6, the right-hand side equals the sum of revenue (p,y-qub) and the gain of revenue from removing
technical inefficiency, i.e., the gains due to both the increase in desirable outputs and the decrease in undesir-
able outputs. The DODF given in Equation 6 can be expressed from the revenue function as:

m(x,p,q) — (pyy - qbb)

Py-9b pyg)y + qbg)b

(Equation 7)

The direction g = (ﬁy, 'g},) defines the distance function of DODF. g = (1, — 1) that represents the pro-
duction and emissions abatement strategy of increasing the total industrial output and decreasing CO,
emissions, is chosen in this study.

Because the DODF and RF are both assumed to be differentiable, the envelope theorem to Equation 7

yields the MAC model can be applied. Therefore, given knowledge of the rth (r=1,2,...,s) desirable output
price, the relative fth (f=1,2,...,)) undesirable output shadow price can be obtained as:

aB’T/abf

Yro _

oy = Py X | — 7 —
(')DT/(')y,

Analogously, given knowledge of the ith (i=1,2,...,m) input price, the relative fth (f=1,2,...,]) undesirable

-
aDT/abf
Ao, = Px X | —7—

6DT/GX,-

There are two types of undesirable output shadow prices, i.e. MACs that simultaneously exist in the actual

(Equation 8)

output shadow price can also be obtained as:

(Equation 9)

industrial production process. One is associated with the action of giving up desirable outputs (Equation 8)
while the other relates to the action of expanding the use of inputs (Equation 9) for reducing the emission of
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undesirable output. According to the rational-economic assumption, the lower alternative MAC should be
chosen by a firm."® Hence, the MAC of undesirable output f can be defined as:

Qb = n?l'n{qgf,q{;f} (Equation 10)

In order to additionally obtain the MACC based on the estimation of MAC, a hybrid method that combines a
top-down economic approach and a bottom-up engineering approach®'“*? is employed for each firm in our
database. The curve shows the MAC increase as the abatement level increases from 1 to 99% in 1% steps.

Specifically, first, the abatement potential on undesirable outputs for all production units is calculated. Af-
ter obtaining the production frontier which is estimated by the data on the original input-output amount of
firms, the abatement potential is measured by the adjustment of undesirable outputs along direction g, to
the production frontier, meaning the maximum abatement of undesirable outputs.

Secondly, the MACs of undesirable outputs under different abatement levels are estimated. Given the
abatement level 7% and assuming, without loss of generality, one desirable output and one undesirable
output, there are two situations between the abatement potential and abatement level:

(i) The abatement level is lower than or equal to the abatement potential of undesirable output. The
production unit would move by mitigating 7% of its original emissions level of undesirable output,
and reach a point on the frontier along direction g,. The MAC of this unit with the abatement level
of 7% is the slope of the point on the frontier, and the corresponding calculation formulation is:

aBT(x,y,bm - T%);gy,gb>/ab('| — %)

63r(x,y7b(1 - T%)§9y79b>/ay
g = min (Equation 11)

oDr(xy.b(1 - T%);gy,gb>/ab(1 — %)

aBT (x,y, b(1 — 7%);gy,gb)/ax

—py X

)

Px X

(i) The abatement level is higher than the abatement potential of undesirable output. In this case, the
production unit would locate outside the production possibility set after moving by 7% of its original
emissions level of undesirable output. To satisfy the current production technology, this unit first
mitigates emissions until reaching the boundary of the production possibility set, and then it moves
on the boundary to meet the abatement level through contracting desirable output.

Since the point that achieves the abatement level is on the boundary of the production possibility set, it can
be expressed as follows:

BT(x,y’,bU - T%);gy,gb) =0 (Equation 12)

where y' is the adjusted desirable output on the boundary when b decreases to b(1 — %) with the emis-
sions abatement level 7%.

Consequently, the MAC of this unit with the abatement level of 7% can be derived as:
—
aDT(x,y/, b(1 — T%);gy,gb)/abm — %)
—
aDT(x,yI, b(1 — T%);gy,gb)/ay/
g = min (Equation 13)
—
aDT(x,y/, b(1 — T%);gy,gb)/abm — %)

637<x,y1,b(1 - T%);gy79b>/ax

—py X

)

Px X
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Thirdly, the abatement amount (or ratio) is further incorporated to generate a stepwise increasing curve.

Up to this point, we constructed the production frontier using firm-level input-output data from 2008 to
2015 and calculated the MACs for a total of 99,179 firms in 328 four-digit industries in 2011 to obtain the
MACs corresponding to each percentage increase in each firm’s emissions reduction target from 1% to
99%. The distribution of annual CO, emissions and MACs (20% emissions reduction target) of sample firms
in the 14 designated industries and descriptive statistics for 64 industries at the firm level can be found in
Tables S8 and S9. We assume that sample firms of different sizes are evenly sampled and representative
within industries, and expand the industry output and CO, emissions of each sample firm proportionally
based on the total output and total CO, emissions of each industry in Tables S8 and S9 for the China’s na-
tional ETS scenario simulation.

Algorithm

Priority industry for ETS expansion

China’s national ETS currently covers the thermal power industry (4411) and firms with annual CO, emis-
sions exceeding 26,000t. The Chinese government plans to expand the ETS to include another seven indus-
trial sectors, including 13 designated four-digit industries. Therefore, firstly, we consider all of the possible
combinations of these 13 designated industries associated with the thermal power industry. Secondly, we
assume that the 13 designated industries and thermal power industry have been included in the ETS and
that another additional 50 industries would then be introduced. Thirdly, we consider that there is no priority
difference between the 13 designated and 50 additional industries and assume all these 63 industries
would be introduced. We try to find the most cost-efficient industry combination for the next phase of
China’s national ETS by including n (n > 1) industries simultaneously.

For each industry combination, there are two types of abatement cost measures for the same amount of
CO, emissions reduction: the abatement cost under command-and-control policy (ACCCP), and the abate-
ment cost under the emissions permit trading system (ACETS). Under the baseline scenario (26,000t entry
threshold and 20% emissions reduction target), the former refers to the cost when each firm in the industry
combination that meets the entry threshold (annual CO, emissions exceeding 26,000t) reduces its CO,
emissions by the same percentage (20%) based on historical emissions. The latter refers to the cost
when all included firms reduce their CO, emissions in increasing order of MAC until the total reduction
task (20% of CO, emissions) of the industry combination is completed. Then, the effectiveness of intro-
ducing a specific industry combination into the ETS could be calculated as the percentage of abatement
cost savings (Pacs):

ACCCP — ACETS
total industrial output

Pacs = (Equation 14)
in which, the total industrial output refers to the industrial output of all covered firms within the industry
combination that meets the entry threshold. An industry combination with higher Pacs is suggested with
higher priority to be introduced into China’s national ETS. Furthermore, the emissions reduction for this
industry combination is also an important indicator that we focus on in optimizing the rollout plan.

Optimize inclusion method

As the number of industries involved in the simulation grows, the computational effort of using the traversal
of all industry combinations increases exponentially, and the optimal solution cannot be reached quickly.
Based on the simulation results for the 13 designated industries, we have concluded that the optimal in-
dustry coverage when n - 1 industries are introduced into the ETS at the same time is a subset of the optimal
industry coverage when n (1 < n < 13) industries are introduced simultaneously (Table S5). The optimal
industry coverage is represented by the name of the nth newly introduced industry, as shown in the results
of Section 2.1 and 2.2, and the suggested rollout plan indicating the first to the nth industries to be
included. The percentage of abatement cost savings resulting from the inclusion of n industries at a
time is expressed as the cumulative abatement cost savings percentage of the total industrial output cor-
responding to the nth industry, which is the ratio of the cumulative abatement cost over the cumulative to-
tal industrial output of the first to the nth industries.

Take the baseline scenario as an example, when three industries are included at the same time, there are
286 combinations, among which the best result is cement manufacturing + steel smelting + flat glass
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products. If we first determine an optimal industry (cement manufacturing) from the 13 industries to be
included in the “thermal power +"” ETS, and then determine an optimal industry (steel smelting) from
the remaining 12 industries to be included, and finally determine an optimal industry (flat glass products)
from the remaining 11 industries to be included, it will be found that each round of a single local optimal
industry eventually forms a global optimal industry combination.

Based on the above robust rules, this study proposes a new simulation algorithm to solve the problem of a
large number of industries without calculating all possible combinations of industries, and the optimal
rollout plan can be derived faster by the following 3 steps:

Step 1. Only one industry is included in each round, and the remaining industries are respectively com-
bined with all industries that have been determined to be included in the “thermal power +" ETS to
calculate the Pacs of this combination.

Step 2. The remaining industry in the industry combination with the highest Pacs is identified in each
round as the next included industry.

Step 3. Repeat steps 1 and 2 until all industries are identified for inclusion in the order.

To better visualize and understand the simulation process, Figure S7 provides more details with 50 addi-
tional industries as examples.

Simulation settings and cases

Following the schemes for China’s pilot ETSs and national ETS, three types of entry threshold are set for
firms in our simulations, namely, annual CO, emissions exceeding 5,000t, 10,000t, and 26,000t. Further-
more, for the firms to be included, it is assumed that the annual emissions reduction targets are 5%,
10%, 15%, or 20% of their annual CO, emissions. Although China’s national ETS includes thermal power
generation firms that emit more than 26,000t of CO, per year, we assume, for comparative convenience
and without loss of accuracy, that the thermal power industry and other industries are subject to the
same entry thresholds (5,000t, 10,000t, and 26,000t) and the same emissions reduction targets (5%, 10%,
15%, and 20%) under various scenarios, and the two abatement costs (ACCCP and ACETS) of the thermal
power industry (4411) are calculated in the same way as for other industries.

One exception is the transmission and distribution of the electric power industry (4420), which is given a
low and single emissions reduction target. The emissions abatement of this industry is mainly attributed
to the reduction of line loss in distribution, and thus its emissions reduction potential is very limited.
Therefore, the default emissions reduction potential of this industry is assumed to be no more than
5% in our estimation, and regardless of the emissions reduction targets applied, the ACCCP of this indus-
try is calculated as the sum of industrial output values of the included firms. This guarantees that the
calculation of emissions abatement cost savings of the transmission and distribution of electric power in-
dustry is rational.

According to the development plan of China’s national ETS, this study simulates three possible cases for
the industrial sectors to be included in the ETS and proposes the optimal rollout plan under each of these
three cases, which are (1) the rollout plan of the 13 designated industries, (2) the rollout plan of the 50 ex-
panding industries, and (3) the alternative case rollout plan of the 63 industries.

BAU case: Rollout plan of 13 designated and 50 expanding industries

This case has two stages. Stage one will cover the 13 designated industries, while stage two will further
select 50 industries from the rest.

Stage 1: Rollout plan of 13 designated industries

In the next development phase, the Chinese government plans to introduce n (1 < n < 13) of the desig-
nated industries simultaneously into the current ETS of the thermal power industry. In this case, we simulate
all Cp; possible combinations of industries that would be introduced into the ETS, which is 8,191 combina-
tions, and propose the optimal rollout plan of the 13 designated industries.
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Stage 2: Rollout plan of 50 additional industries
Beyond the above 13 designated industries and thermal power industry, we assume in the second stage
that another 50 major emitting industries are planned to be additionally introduced into the ETS. Through

applying the previously optimized algorithm, the optimal rollout plan of the 50 expanding industries can be
derived.

Alternative case: Rollout plan of 63 industries

In this case, we ignore the priority of the 13 designated industries and assume that 63 industries (13 desig-
nated and 50 additional ones) would be introduced into the ETS of the thermal power industry. Here, we
assume n (1 < n < 63) industries would be included after the thermal power industry, and an alternative
rollout plan of the 63 industries can be derived using the previously optimized algorithm as in stage 2.
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