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U R W N =

Abstract: The process of carbon neutrality does have economic costs; however, few studies have
measured the cost and the economic neutral opportunities. This paper uses a dynamic computable
general equilibrium (CGE) model to simulate China’s carbon neutrality path from 2020 to 2060 and
analyzes its economic impact. This paper innovatively adjusts the CGE modeling technology and
simulates the boundary of the Porter hypothesis on the premise of economic neutrality. The results
show that the carbon neutrality target may reduce the annual GDP growth rate by about 0.8% in
2020-2060. To make the carbon pricing method under the carbon neutrality framework meet the
strong version of the Porter hypothesis (or economic neutrality), China must increase its annual
total factor productivity by 0.56-0.57% in 2020-2060; this is hard to achieve. In addition, the study
finds that China’s 2030 carbon target has little impact on the economy, but the achievement of the
2060 carbon neutrality target will have a significant effect. Therefore, the paper believes that the key
to carbon neutrality lies in the coexistence of technological innovation and carbon pricing to ensure
that we can cope with global warming with the lowest cost and resistance.

Keywords: carbon neutrality; China; economic impact; computable general equilibrium model;

carbon tax; carbon emission trading scheme

1. Introduction

This paper studies the possible economic impact of China’s carbon neutrality process
and studies how many total factor productivity increases can make up for the economic
losses; that is, under what conditions the strong version of the Porter hypothesis can be
established. The strong version of the Porter hypothesis [1] means that reasonable and
strict environmental regulation can stimulate enterprise innovation and hedge the costs
caused by environmental regulation.

1.1. Background and Motivation

Many countries have announced their target goals on carbon neutrality. In the low-
carbon development process, EU countries are at the forefront of the world both in tech-
nologies and management [2,3]. The EU proposes to achieve the goal of carbon neutrality
by 2050, and China has announced the goal of carbon neutrality in 2060, indicating that
nearly 1/3 of the world’s emissions will go zero in 2060 [4,5]. However, no matter how we
talk about carbon neutrality, we still need to consider the economics of carbon neutrality
because there is indeed a strong trade-off between emission mitigation and economic devel-
opment [6-8], regardless of many opposite hypotheses, such as the Porter hypothesis [9,10].
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If the cost of emission mitigation is beyond expectation, governments may reduce their
interest in reducing emissions.

Certainly, measuring the cost of emission mitigation, especially carbon neutrality, is
essential for us human beings. The existing literature has estimated the marginal cost or
efficiency cost of emission mitigation in many ways from different perspectives. Qin et al.
(2019) [11] simulated the cost-effectiveness of China’s green transition during the 12th
five-year plan (2011-2015). Wang et al. (2016) [12] found that different regions have totally
different abatement costs (measured by shadow price), and potential emissions (measured
by the growth rates of emissions and economic outputs), highlighting the importance of
specializing the carbon mitigation policies among the different regions. Cui et al. (2014) [13]
applied a computable general equilibrium model to simulate the cost-saving effect of the
emission trading scheme (ETS) and found that the carbon emissions trading only covered
the pilots and that the unified carbon emissions trading market could reduce the total
abatement costs by 4.50% and 23.67%.

However, only measuring the economic cost may not be enough. The economic
cost varies by space and time. Using the directional distance function model, Wang et al.
(2020) [14] measured the policy effects on CO, emission mitigation and abatement costs
during the 13th Five-Year Plan (2016-2020) in China. They found high emission mitigation
targets accompanied by high emission reduction costs. In the short term, the impact on
different targets is not that obvious, but as time goes by, the effect increases. Uncertainties
also affect the cost. Guo et al. (2019) [15] used a stochastic dynamic programming model to
evaluate the impacts of uncertainties on the abatement planning process and found that
uncertainties could increase the total abatement costs by around 5-7%.

Reducing the cost of the carbon mitigation policy is an essential topic of emission
mitigation strategies [16]. Scholars have focused on the following methods: the clean
development mechanism (CDM) [17], certified emission reduction (CER), carbon linkage,
and low-carbon technologies. Wang et al. (2016) [18] analyzed the cost-benefit of waste-
to-energy projects under China’s clean development mechanism. They found that with or
without the CDM, there is still a huge GHG reduction potential in solid waste management
in China, which may reduce the cost of emission mitigation in China. Li et al. (2019) [19]
found that the Chinese Certified Emission Reduction (CCER) scheme saves the national
carbon trading system costs by applying a game theory. Zhang et al. (2019) [20] found
that carbon linkage could reduce China’s ETS pilots” carbon emission trading scheme’s
cost. Sun et al. (2018) [21] argued that most low-carbon technologies are cost-effective, with
average annual cost savings of 71.43 billion CNY. Johansson et al. (2020) [22] found that
the biofuels mandate in the United States reduced the emission reduction cost significantly,
ranging up to 20 USD per ton. The Canadian case study finds a similar perspective [23].

Similar to the perspectives in the literature above [13], this paper also considers carbon
pricing as a relatively cost-effective way to reduce emissions. Carbon pricing has proven
effective in many regions and has been studied from many perspectives [24-27]. Among
them, carbon emission trading schemes and carbon tax (CT) are two of the most popular
mitigation strategies.

In 1990, the Netherlands began to levy a carbon tax: one of the earliest countries in the
world to impose carbon taxes [28]. Sweden and Denmark also have strong and effective
carbon tax policies [29-31]. The carbon tax policies of many countries, such as the United
States, Australia, France, China, and Japan, are full of twists and turns. However, in most
of these countries, a new kind of carbon pricing occurred: ETS. California seems to be
the only state in the USA that has implemented a cap-and-trade scheme since 2013 [32].
EU-ETS is the first and the largest ETS in the world currently [33,34]. In 2010, the world’s
first city-level compulsory emission trading system was established in Tokyo, Japan. Then,
Saitama Prefecture established the emission trading system in 2011. Saitama Prefecture’s
ETS is mainly a copy of the Tokyo ETS [35]. China’s ETS pilot started in 2013 [36], and
China’s national ETS has already officially commenced on July 16, 2021. The revenue
recycling scheme is one of the most concerning topics that may affect emission mitigation
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efficiency. For example, Liu and Lu (2015) [37] argued that the recycling scheme matters
in the long-term effect of the carbon tax and the sectors” burden. Sun et al. (2021) [38]
designed a recycling scheme to improve the emission mitigation effect and reduce the gross
domestic product (GDP) loss.

Until now, there have been many studies focusing on the comparison of carbon pricing
strategies [39]. However, it seems that there is little in the literature focusing on the
economic losses of the strategies and no paper measuring how much of the productivity
should be improved to neutralize the economic losses, or in other words, the boundary of
the Porter hypothesis. It is the knowledge gap that this paper wants to fill. To fill the gap,
the paper first measures the GDP loss of ETS and CT under carbon neutrality, then focuses
on the changes by carbon neutrality and the boundary of the strong Porter hypothesis
using CGE modeling technology.

1.2. Contributions and Paper Structure

Although existing papers focus on carbon neutrality, little in the literature studies
the economic cost of carbon neutrality by applying carbon pricing [40—-42]. Thus, this
paper wants to fill the knowledge gap, for exploring the impact of carbon neutrality
by emission trading and carbon tax from the perspective of GDP loss, energy structure,
the compensation of the total factor productivity, and commodity price. The specific
contributions and findings of the paper are shown below:

1. The paper finds that the cost of achieving carbon neutrality is in reducing the average
annual growth rate in 2020-2060 by about 0.8%. The annual growth rate of the GDP
will decrease from 1.2% to 1.8% in 2050-2060.

2. Carbon tax and carbon trading can significantly increase the share of renewable energy
and make the energy system cleaner. Coal consumption in the counterfactual scenario
will be cut in half compared with the benchmark, and the total energy demand will
be reduced significantly because of the high actual energy prices.

3. If the whole society wants to make up for the loss of GDP, then in 20202060, society’s
average annual total factor productivity (TFP) must increase by 0.56-0.57% compared
with the benchmark scenario. In other words, an additional 0.56-0.57% of the annual
TFP growth could meet the strong Porter hypothesis.

4. The improvement of TFP can further stimulate the renewable energy structure and
may reduce the producer’s price of all kinds of goods. Therefore, technological
progress may be the key to reducing the negative impact of achieving the carbon
neutrality target.

The rest of the paper is organized as follows: Section 2 is the scenario design, which
is the paper’s exogenous assumptions. Section 3 introduces the paper’s methodology,
including the introduction of the computable general equilibrium (CGE) model used in the
article, the dynamic method, and the data source. Section 4 presents the results of carbon
neutrality impacts during 2020-2060 and discusses the results. Section 5 further assumes
that the increase in TFP makes the process of carbon neutrality economically neutral (no
impact on GDP), then presents and discusses the results. Section 6 discusses the key results
found in the paper and compares them with other examples in the literature. Section 7
concludes the paper’s results and proposes policy implications.

2. Scenario Design

The most important part of carbon neutrality is carbon emissions. This paper does not
consider the impact of adding negative carbon emission technology at present because if
negative carbon emission technology is to be added (such as forest carbon sequestration
and carbon capture), more assumptions will be included in the model, which may affect
the robustness of the model’s conclusions.

We need to consider the remaining emissions by fossil energy consumption which are
challenging to replace, such as air transportation, marine transportation, and energy chemi-
cals, that will be captured by negative carbon emission technology. The paper calculates the
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emission share of these sectors from the total emissions in 2019 from the CEADs database
(https:/ /www.ceads.net.cn/, accessed on 1 November 2022) to be about 9%. Considering
how other sectors may have positive emissions (increasing remaining emissions) and land
transportation may be substituted by electric vehicles (reducing remaining emissions), the
paper holds the assumption of 9% remaining. Thus, we have assumed a significant reduc-
tion in carbon emissions by 2060 caused by carbon neutrality measures such as ETS and CT,
which is 91% lower than the baseline (BAU) scenario (Figure 1). Although negative carbon
emission technology is not included in the model, we still need to assume the existence of
negative carbon emission technology to ensure the reliability of the scenario simulation.
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Figure 1. Energy-related CO, emissions during 2020-2060 in all scenarios. Notes: the bar chart shows
the carbon emissions in 2020-2060 under different scenarios. The line chart shows the reduction
rate of carbon emissions in the CF scenarios in each year compared with the BAU scenario. The CF
scenarios include the ETS and the CT scenarios, which are illustrated in Table 1.

Table 1. The first scenario design.

Scenario Design Descriptions
BAU Assuming that there are no carbon pricing measures.
Assuming that carbon tax is imposed in 2021 and full carbon tax
CT . ; .
coverage will be introduced in 2040.
ETS Assuming that carbon emission trading is constructed in 2021 and

full coverage of ETS will be introduced in 2040.

This paper assumes that China mainly uses carbon pricing to achieve the goal of
carbon neutrality. The carbon tax is a long-discussed carbon pricing strategy for Chinese
policymakers. Although a national carbon trading market was online in 2021, the current
carbon trading market only covers the power generation industry, mainly because of
the poor quality of data detection [43]. Therefore, a carbon tax may be a supplementary
policy for China’s carbon trading market or may even become the primary emission
mitigation strategy.

In other words, at present, the carbon trading mechanism is relatively mainstream,
and the positive stimulating effect of such a mechanism on enterprises seems to be more
pronounced. Therefore, China may gradually improve the quality of monitoring, reporting,
and verification (MRV) and cover more industries in the carbon trading system. Thus, ETS
may also become the primary emission mitigation strategy in China.

Therefore, this paper first considers the construction of a CGE model based on the
benchmark scenario, named the BAU scenario, and then constructs the CGE model based
on the carbon tax or carbon trading scenario under the carbon neutrality framework and
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then compares the results of the carbon neutrality scenarios and the BAU scenario through
similar analyzing methods for the experimental group and the control group. The scenario
design is shown in Table 1. The paper assumes that the coverage of CT and ETS is in
line with China’s government plan; all the energy-intensive industries will be covered by
carbon pricing [44]. Moreover, in 2040, carbon pricing will cover all kinds of enterprises.

3. Methodology
3.1. CGE Model
3.1.1. Why Do We Choose CGE Model?

Generally speaking, if we want to simulate an event that does not actually happen,
and the event will lead to significant changes in the economic structure, the data-driven
empirical evidence model will no longer be applicable, such as the econometric model
(for example, the panel model, generalized method of moment model, time-series model),
and machine learning (such as the BP neural network algorithm, genetic algorithm, and
hybrid algorithm).

Therefore, when considering the simulation of 2060 carbon neutrality, we need to use
the scenario analysis model, which is good at simulating counterfactual events. For exam-
ple, the LEAP (long-range energy alternatives planning system) model, system dynamics,
DSGE (dynamic stochastic general equilibrium) model, and the CGE model.

However, among these scenario analysis models, only the CGE model can describe
the relationship between industries in detail because the CGE model is the model with the
largest data demand (requiring the input-output table and other data, energy, and emission
data of various departments), and it is also a model with relatively weak assumptions.
The CGE model can simulate the behavior of maximizing the utility /profit of enterprises,
residents, governments, and foreign manufacturers. Additionally, the model considers the
mutual restriction relationship between different actors.

3.1.2. The Brief Introduction of CGE Model

The model is widely used to simulate various policies’ macro impact [45-47]. This
paper’s CGE model is from the existing literature, and the exogenous parameters in the
model are basically passed through several rounds of inspection [48-50], and the substitu-
tion elasticity is set based on a well-known CGE model [51,52]. The CGE model constructed
in this paper includes more than 3200 endogenous variables and corresponding equa-
tions. It considers the behavior patterns of residents, enterprises, the government, and
international firms. It is mainly based on a general equilibrium theory (advanced theory
of game theory) and a large number of microeconomic theories (such as manufacturer
behavior theory, resident consumption theory, etc). In order to couple the energy and
environment block, we additionally considered the relevant theories of energy economics
and environmental economics.

The applied model’s name is the China Energy-Environment-Economy Analysis 2.0
(CEEEA) model, and it is a dynamic recursive model considering multi-sector and multi-
households. The flow chart for establishing and simulating the CGE model is shown in
Figure 2. It has five blocks:

1. Production block. This block describes the production behavior in all sectors. These
behaviors are simulated by the constant elasticity of substitution (CES) production
function considering the energy input, labor input, capital input, Leontief technology,
and the intermediate inputs aggregation.

2. Trade block. The block expresses the import behavior of domestic consumers and the
export behavior of domestic sectors. The former is simulated by the CES function,
and the latter is simulated by constant elasticity of transformation (CET) technology.

3.  Income and expenditure block. This block expresses the cash flow among four main
economic entities: government, households, firms, and the foreign world.

4.  Energy and environment block. The block describes the relationship between energy
use in the energy balance table and energy input in the input-output table, the rela-
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5. Macroscopic closure and market-clearing block. This block is used to simulate the clo-
sure conditions and market-clearing assumptions of the whole economy. Based on the
neoclassical macro-closure conditions, the model considers the clearing of commodity
and factor markets and assumes that there is no factor redundancy or shortage.
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Figure 2. Flow chart of constructing and simulating the CGE model.

3.2. Dynamics

In this paper, the recursive method is used to make the CGE model dynamic. In
general, the dynamic strategy under Neoclassical assumptions entails the growth of labor
endowment, capital endowment, and technological progress. This paper makes fundamen-
tal assumptions about labor growth and calculates capital endowment using the perpetual
inventory method. This paper simulates the total factor productivity (TFP) by setting
exogenous GDP as an economic growth path and endogenous TFP first. Then, the pa-
per uses TFP as the exogenous variable to simulate all scenarios, considering the steady
technological progress.

Except for carbon pricing and leading to different carbon emission pathways, this
paper assumes that all exogenous variables in the counterfactual (CF) scenario are the same
as in the BAU scenario. The model additionally assumes the same total CO, emissions in
the CT and ETS scenarios. The significance of this assumption is that it is assumed that the
government’s carbon pricing parameters are used to control the total amount of carbon
emissions, and that the CT and ETS scenarios have the same carbon emissions making the
scenario comparison more scientific.

3.3. Data Source

Most of the data in China’s input-output table, the energy consumption data in China’s
energy statistical yearbook, and CO, emission data in the CEADs database are required in
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the model. Based on these data, the study compiles a social accounting matrix and energy
balance table. The paper re-classifies the sectors, as presented in Table 2.

Table 2. Sector classification.

Abbreviation of the Sectors Sectors
AGR Primary industry
COL Coal mining

COLP Coal processing
O_G Oil and gas exploitation
REFO Refined oil
REFG Refined gas
OMIN Other mining’s
LGT Other mining industries
CMC Chemicals
BMTL Building material
STL Steel
MTL_P Metal products
MFT Manufacturing
THP Thermal power
HYP Hydropower
WDP Wind power
NCP Nuclear power
sOorP Solar power
CST Construction
TSPT Transportation
SER Services

At present, the latest input-output table has been updated to 2020, but we have not
adopted it. The main reasons are: (1) The 2020 table is an extended table based on the 2017
table, and there may be a larger difference between the intermediate input value in the
table and the actual situation. (2) The year 2020 witnessed the COVID-19 pandemic, so the
data on transportation, tourism, and other industries cannot reflect the normal economic
operation. Therefore, in order to ensure the reliability of the simulation, we conducted the
simulation based on the table in 2018 (there was no input-output table in 2019). In addition,
we believe that the epidemic will eventually pass and that society will gradually return to
normal. Therefore, it is significantly better to simulate the relationship among industries,
households, and government with data in 2018 than with data in 2020.

This paper obtains the physical quantity of energy consumption in various industries
through China’s energy statistical yearbook. However, the energy consumption data by
industry in the China energy statistics yearbook is different from the industrial division in
this paper, and the article integrates the sectors. For the sectors that need to be split, this
paper separates them through the corresponding input-output coefficient.

Data on carbon emissions. Based on the calculated energy consumption data of re-
classified sectors, IPCC’s carbon emission calculation references and data, such as the
average low calorific value, carbon content per unit calorific value, and carbon oxidation
rate, are calculated in this paper through the carbon dioxide emission of these sectors.

Tax and resident income. The cash flow among the government, households, and firms
is also simulated in this paper. So, factor income and direct tax are required and derived
from the CEIC database (https://www.ceicdata.com/en, accessed on 1 November 2022).

It should be noted that if we have IOT from different regions and some relevant
data, after sector adaptation and parameter calibration, the model can be used in any
country with data support. However, due to the difference in the industry classification,
productivity level, and trade relations in different countries, the results will be very different.
Therefore, although the model in this paper can be applied to most countries, the research
conclusion can only be considered unchanged.
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4. Simulation Results
4.1. The Basic Situation in the BAU Scenario

The BAU scenario is the benchmark scenario of the paper; that is, almost all results
are based on the comparison between the CT/ETS scenario and the BAU scenario. So, the
paper needs to report the basic information about the BAU scenario first.

The CO, emissions in 2060 will be about 16.1 billion tons, increasing by 43% compared
with 2020 emissions, which is illustrated in Figure 1. In terms of the primary energy
structure, in the BAU scenario in 2060, China’s primary fossil energy accounts for 32.0%, and
the primary electricity (renewable energy) accounts for 68.0%. The energy structure is much
better than the current situation, but there is still a big gap from in carbon neutrality goal.

Because this paper uses a long-term model, we do not consider using Keynesian macro
closure conditions but neoclassical macro closure conditions. That is, the factor is fully
utilized. Therefore, the main constraints of the whole model come from factor endowment.
Thus, in the dynamic process, this paper considers the technological progress and changes
in factor endowment (Section 3.2). The changes in capital and labor endowments and
technological progress will lead to an increase in GDP. Without carbon constraints, the
GDP in the BAU scenario will increase to 739 trillion CNY in 2060, with the primary sectors
accounting for 9.3%, the secondary sectors accounting for 25.2%, and the tertiary sectors
accounting for 65.5%. In the labor market, the labor population of the primary sectors
accounts for 16.9%. Among them, the secondary sectors account for 16.0%, the tertiary
sectors account for 65.5%, and the tertiary industry accounts for 67.1%.

4.2. Impacts on GDP

Figure 3 shows the impact of CT and ETs on the gross domestic product (GDP). The
bar shows the GDP every five years, and the line shows the average annual growth rate of
these five years. In the BAU scenario, China’s GDP growth rate gradually decreases. The
growth rate will be 5.5% in 2020-2025 but will reduce to 4.50% in 2055-2060. The BAU
scenario’s GDP settings are similar to several relevant studies. For instance, compared with
Fang et al. (2015) [53], the path is pessimistic about the GDP growth from 2020 to 2040
but relatively optimistic from 2040 to 2060. However, in general, it is a fairly optimistic
estimate compared with the other literature [54] because this paper considers that China is
a developing country with a vast population and is implementing the rural revitalization
strategy, so there is still much room for GDP growth in rural and backward areas.
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Figure 3. Impacts on GDP during 2020-2060.

Note that from 2021 to 2060, the average annual growth rate of the CT scenario was
4.23%, and in the ETS scenario, the average annual growth rate was 4.22%, indicating that
the growth rate in the two counterfactual scenarios is similar to each other. As under the
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same emission mitigation path, there may be little differences between the economic impact
of the full coverage carbon tax and carbon trading [39].

In the long run, it seems that there is no apparent difference in the impact of the carbon
tax and carbon trading covering the same industry and emission mitigation on the total
economy. In the early stage of the carbon neutrality process (2020-2040), the economic
loss caused by the carbon pricing method will not be substantial. However, with the strict
carbon emission reduction targets, economic losses gradually increased. From 2035 to 2040,
the target of carbon neutrality will reduce economic growth by 0.6%; from 2055 to 2060, the
economic growth will decrease by 1.7% in the final period of carbon neutrality. In summary,
in the year 20202060, the average growth rate of the BAU scenario is about 5.0%, while the
average growth rate under the carbon-neutral framework is around 4.2%: a decrease of
about 0.8%.

4.3. Impacts on the Energy Mix

As renewable energy is the key to further energy supply [55], we need to focus
on the energy mix in the long-term simulation. Figure 4 illustrates the impacts on the
primary energy structure in 2060 and the energy mix in the 2020 BAU scenario. The electric
power industry is the main source of carbon emissions in China, especially the coal-fired
plant [56]. In the BAU scenario, the primary fossil energy has significantly reduced to
32.0% in 2060. A total of 21.0% of the primary energy is from coal consumption, and oil
and gas account for 11.04%, while renewables account for 68.0%. Under China’s current
investment situation (dynamic investment preference of each scenario), China’s renewable
energy will significantly thrive and accounts for a large share. However, coal still accounts
for about 1/5 of the primary power. Many examples in the literature also believe that
the carbon pricing mechanism may increase the renewable energy share, consistent with
relevant research [57,58].

In CT and ETS scenarios, coal consumption will be nearly cut in half in 2060. Moreover,
the share of renewables will increase by 3.7—4.8%. The increase will be more significant
in the ETS scenario by 4.8%. The percentage of oil and gas will increase by 6.0% and
4.8% in CT and ETS scenarios, respectively. However, the increasing share does not mean
increasing consumption, as the total energy demand will significantly reduce under carbon
neutrality scenarios. Under the carbon neutrality target, it seems that oil will be more
difficult to remove than coal. The main reason for this may be that oil is more inclined to be
used by the transportation industry and service industry, which is somehow irreplaceable,
especially in air and water traffic.

4.4. Impacts on the Producer Price Index

Figure 5 depicts the impact on all sectors’ producer price indexes in 2060. We found
that energy-intensive industries are the most vulnerable sectors when achieving carbon
neutrality targets. Energy processing sectors, such as the processing of coal, oil, and gas
(COLP, REFO, and REFG), will be the first three most affected sectors. The results are
similar to the relevant literature [59,60]. The prices in 2060 will increase by more than 300%
compared with the 2060 BAU scenario. Steel and thermal power prices will increase by
about 200% because coke (COLP sector) and raw coal (COL sector) are among the main
upstream products of steel and thermal power. The rise in raw materials is a significant
factor in the price rises of these sectors.
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In addition, we noticed that the price of low energy-intensive sectors, such as agri-
culture and services, may not be affected too much by the carbon neutrality target. The
price of agriculture and services will increase by about 17.5% and 18.5%, respectively. The
price rises in these industries may be caused by the combined effects of the price rise of
other industries.

5. The Boundary of Porter Hypothesis under Carbon Neutrality
5.1. Scenario Design

The Porter hypothesis is an important issue related to carbon constraint. The weak
version of the hypothesis describes how appropriate environmental regulations will stim-
ulate technological innovation, while the strong version expresses that environmental
regulation positively affects total factor productivity (TFP) or business performance by
stimulating technological innovation. This paper focuses on TFP to test the boundary of
the Porter hypothesis rather than green productivity, such as in many papers [61] because
the definition of the strong version of the hypothesis is productivity.

The two types of carbon pricing models studied in this paper belong to environmental
regulation. Therefore, the article wants to simulate the border of the Porter hypothesis in
the CT and ETS scenarios. In the CGE model, the TFP of the sector is given exogenously.
Therefore, the CGE model implies a critical assumption: the carbon pricing strategy will
not affect the change in TFP. Thus, the model cannot use the CGE model to directly verify
whether the Porter hypothesis is valid in a region. However, it can study the boundary
of the Porter hypothesis through modeling technology: the changes in endogenous and
exogenous variables. This section intends to discuss how much additional TFP is needed
to increase and meet economic neutrality under carbon neutrality. In other words, what the
study wants to know in this section is how much more TEP the enterprise needs to improve
and meet the carbon neutrality target without reducing GDP.

Based on this idea, additional research and designs are carried out. We first add the
endogenous TFP exchange rates to the scale factor in the CES production function in a
value-added bundle and make GDP exogenous to be the same as BAU’s GDP. Specifically,
the modeling technology changes can be described in the CES production function and
GDP calculation, as presented in Equations (1) and (2):

N\ 1/p;
Yie = A (X, 8nputty) M

GDP; = ) .(XPy + XGjt + X Vit + EXjt — [Myy) @)

where Yj; is the gross output in sector i and period t. The sector produces goods and
services through the CES production function technology. A;; is the TFP in sector i and
period t. §;; is the share parameter of input j in the production process by sector i, and
p; is the elasticity parameter. | nputy, is the total input of factor j in period ¢t. GDP; is the
gross domestic product in period t, while XP;;, XGj;, XV}, EXjt, and IM;; are household
consumption, government consumption, investment, export, and import.

Usually, Aj is the exogenous variable and GDP; is the endogenous variable in the
model, which means that we performed the comparative analysis based on the same
technology level, and we can analyze different external shocks on GDP or other endogenous
variables. However, this section wants to explore the border of the strong version of the
Porter hypothesis. So, the TFP should be the endogenous variable, and GDP should be
controlled to be equal to BAU’s GDP in other scenarios. Therefore, the paper changes the
model by Equations (3) and (4):

N\ 1/pi
YT = (1+6)A, (2}. 5ijInputs P') 3)

it ijt

GDP; = x4 xvef o Exef _ e
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where @, which is an endogenous variable that catches the changes in TFP in the condition
of the same GDP. The variables with superscript cf denote that they are endogenous
variables in this section whose values are different from those in the previous section. GDP;
is an exogenous variable, which is the same in all scenarios in this section. Other settings
are the same as in Section 4. The scenario design in this section is described in Table 3.

Table 3. The second scenario design.

Scenario Design Descriptions
BAU Assuming that there are no carbon pricing measures.
Assuming that carbon tax is imposed in 2021 and full coverage of
CT-TFP carbon tax will be introduced in 2040. The average TFP will be

increased additionally to meet economic neutrality.

Assuming that carbon emission trading is constructed in 2021 and
ETS-TFP full coverage of ETS will be introduced in 2040. The average TFP will

be increased additionally to meet economic neutrality.

5.2. Results
5.2.1. Additional TFP: Boundary of Strong Porter Hypothesis

Figure 6 depicts the additional TFP needed for economic neutrality during 2020-2060.
The additional TFP required for carbon peak (2030) is not large, but after 2035, a higher TFP
growth is needed every year to maintain GDP unchanged. For reaching the emission peak,
only an additional 0.056% of total factor productivity per year is required to keep the GDP
unchanged during 2020-2030. In contrast, 0.564-0.568% additional TFP is needed per year
during 2020-2060 to keep the GDP unchanged for the carbon neutrality goal in 2060. It
shows that the difficulty of carbon neutrality may be far more incredible than that of carbon
peaking. To achieve the goal of carbon neutrality, we may need both policy guidance and
technological change.

1.2
1.15
1.1

1.05

0.95

0.9
2020 2025 2030 2035 2040 2045 2050 2055 2060

——BAU  ==———CT-TFP =——ETS-TFP
Figure 6. Additional TFP needed for economic neutrality during 20202060 (five-year smoothing index).

5.2.2. Impacts on the Energy Mix

Figure 7 illustrates the energy structure of all countermeasure scenarios. To better
compare the impact of TFP improvement, we also put the CT scenario and the ETS scenario
into Figure 7 for better comparative analysis. The results show that an increase in TFP will
further increase the share of renewable energy. The share of renewables will increase by
3.7-3.9% in CT-TFP and ETS-TFP scenarios compared with that in CT and ETS scenarios.
A possible reason is that technological progress leads to the increase in TFP, which leads
to lower prices and higher demand. Simultaneously, due to the limitation of carbon
emissions, more energy demand can only be satisfied by the growth of renewable energy.
Thus, TFP growth may increase the share of renewable energy under the constraint of
carbon emissions.
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Figure 7. Impacts on energy structure in 2060. (a) CT scenario in 2060; (b) CT-TFP scenario in 2060;
(c) ETS scenario in 2060; (d) ETS-TFP scenario in 2060.

5.2.3. Impacts on PPI

Figure 8 expresses the PPI changes. Due to the improvement of TEP, PPI changes
in various products and services show apparent inconsistency. Specifically, the prices
of energy-intensive commodities (such as refined oil and refined gas) have increased
to a certain extent. Nevertheless, the PPI of non-energy-intensive enterprises, such as
agriculture, light industry, and service industry, has decreased significantly.

The overall PPI is declining, but there is heterogeneity in the PPI of different in-
dustries. The main reason is that the increase in total factor productivity reduces the
production cost of enterprises, so the overall price will decrease. However, due to the
constraints of carbon emissions under the carbon neutrality target, carbon pricing will
increase due to the increased energy demand, which will increase the product prices of
energy-intensive enterprises.
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Figure 8. Impacts on producer price index in 2060.

6. Discussions

The results of this paper show that the economic cost of carbon neutralization is very
large. If we want to make up for this part of the economic loss, we need an additional TFP
growth of about 0.564-0.568% per year.

How difficult is the 0.564-0.568% annual additional TFP growth? According to Park
(2012) [62], the TFP growth in most Asian countries (such as China, Japan, Korea, Thailand,
Pakistan, and India) will range from 0.95% to 2.66% during 2010-2030. Additionally, the
US’s TFP growth ranged from 0%—-3% during 2000-2020 [63]. Although we could not find
the literature about the long-term TFP growth projection, it is certain that China’s TFP
growth will no longer be higher than China is used to, and the annual growth rate may
range from 1% to 2.5%. Thus, the additional 0.568% TFP growth means that the TFP growth
should increase by 22.72% to 56.8%.

The paper also finds other examples in the literature identifying Porter’s hypothesis
from which to take references. Zhao and Sun (2016) [64] argued that flexible control policies
meet the weak Porter hypothesis using 20072012 enterprise-level data. Lin and Chen
(2020) [65] supported the strong Porter hypothesis in the non-ferrous metal industry using
province-industry level data in China. Zhou et al. (2021) [66] found that the weak version
hypothesis for China’s revised environmental protection law does not hold using the listed
company’s data. Lanoie et al. (2008) [67] found an average of 3% TFP growth in the
Quebec manufacturing sector brought by environmental regulation. Their study has data
for six years, so the annual additional TFP growth is about 0.5%, which is similar to this
study; however, rather than for the manufacturer, this study is for the whole society. Other
examples in the literature on testing the hypothesis also prove how hard it can be made in
the context of carbon neutrality.

7. Conclusions, Policy Implications, and Limitations
7.1. Conclusions and Policy Implications

The Chinese government announced the goal of achieving carbon neutrality by 2060.
This paper analyzes the impact of carbon pricing (carbon tax and carbon trading) on
the economy and energy through the CGE model. In addition, according to the strong
Porter hypothesis, this paper constructs new scenarios to explore the additional TFP value
under the assumption of GDP neutrality and carbon neutrality, which provides a marginal
contribution to the current literature.

This paper simulates carbon pricing (carbon tax and carbon trading) to achieve carbon
neutrality in 2060. It was found that achieving the carbon neutrality target would reduce
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China’s annual economic growth by about 0.6% during 2020-2060. Carbon pricing can
significantly reduce the share of fossil energy consumption and reduce overall energy
consumption but also partially increase the irreplaceable energy share (such as water and
air transportation and oil consumption). The process of carbon neutrality will significantly
increase the price of energy-intensive products, such as energy-processing products and
steel, and such a process will hardly have a significant impact on agriculture and services.

According to the strong Porter hypothesis, environmental regulations may lead to
technological innovation, thus improving enterprise productivity. In addition, this paper
simulates the additional total factor productivity needed to recover the economic loss
caused by the carbon neutrality target. The results show that TFP needs to increase by
about 0.056% every year from 2020 to 2030 to make up for the economic losses caused by
the 2030 carbon peak. However, if we want to make up for the economic losses caused by
carbon neutrality in 2060, TFP needs to be increased by about 0.568% annually in 2020-2060.
From this point of view, the impact of carbon neutrality on the economy may be far greater
than that of carbon peaking, and the economic cost should be carefully considered. By
referring to the other literature, this paper believes that additional 0.568% annual TFP
growth is hard to achieve, not to mention the cost of increasing productivity.

The growth of TFP will lead to improved production efficiency, and the prices of
most commodities will be reduced by varying degrees, especially the prices of non-energy-
intensive commodities. However, the prices of energy-intensive commodities will rise
due to the dual effects of TFP and carbon neutrality. The main reason for this is that
the increase in TFP will make the factor demand rise, but due to carbon constraints, the
supply of energy-intensive products is restrained. Therefore, in the case of rising demand
and limited supply, the price of energy-intensive products will rise relatively. Similarly,
the growth of TFP will increase the share of renewable energy, mainly because under
the carbon constraint, the additional energy demand must be provided by renewable
energy rather than fossil energy. At the same time, the paper also finds that the price of
renewable generation increases in TFP-related scenarios, which also shows that the demand
for renewable energy will increase with the increase in energy demand and the limitation
of thermal power generation.

These conclusions have a specific significance for our scientific understanding of
carbon neutrality. TFP in 2020-2030 only needs an additional 0.056% to make up for the
economic loss caused by the peak of carbon emissions; however, we need an annual TFP
increase of 0.568% to make up for the economic loss caused by carbon neutrality, and the
GDP growth loss is about 0.6% every year. Therefore, in the process of carbon neutrality,
encouraging enterprise innovation and improving efficiency may be the key to reducing
economic loss and welfare loss.

7.2. Limitations

The boundary of the Porter hypothesis in this paper assumes that all industries should
increase the same level of TFP growth to meet the economic neutrality goals, and it is not the
real case. However, we cannot know the actual change value of TFP in different industries
under the carbon neutrality target. Therefore, we need to understand this boundary as the
average boundary of additional TFP increases in the total society.

Another potential bias of this paper is that the model does not consider the cost of
technological progress. Although the proportion of R&D investment in the total social cost
is low, it may increase under carbon neutrality. Therefore, technological progress is not free.
This paper has no appropriate reference to describe the cost of technological progress. Thus,
the paper may underestimate the boundaries of strong Porter’s hypothesis to some extent.
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