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Abstract: The European Union (EU) views the carbon border adjustment mechanism (CBAM) as a
measure to tackle carbon leakage, which will have a profound impact on non-EU countries” exports.
Policymakers are faced with the question of how to deal with the CBAM. In contrast to previous
studies, we explore the effects of the CBAM on non-EU countries from a dynamic game perspective.
This study analyzed the potential effects of the CBAM on China and found that the government and
export companies are the two main stakeholders. We found that they can both choose whether to
respond actively or passively. Based on their interactive relationship, we adopted an evolutionary
game to model the nexus between the government and export companies. We analyzed the evolu-
tionary stable state of each stakeholder and the whole game with the replicator dynamic equation
system. To make the system evolve to the optimal state where the government reacts actively and
export companies implement low-carbon production, we provide a policy mechanism for how to set
key parameters’ values. We used numerical simulation to verify the policy design and to conduct
sensitivity analyses of the key parameters. Our results show that, when two stakeholders positively
react to the CBAM, it is necessary to increase their profits and to reduce their costs. Therefore, some
suggestions are proposed, including optimizing the trade structure, strengthening cooperation with
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The European Union (EU) announced the carbon border adjustment mechanism
(CBAM) in 2021 [1]. Its purpose is to levy taxes on imported goods from countries with
relatively loose carbon emission restrictions. The EU proposed a specific plan for the CBAM
and plans for it to take effect in five years. The transition period of this “carbon border
Publisher’s Note: MDPI stays neutral ~ tax” is from 2023 to 2025. During this period, importers need to monitor and report on
with regard to jurisdictional claimsin  the carbon emissions of related products. The EU CBAM legislation shows that industries
published maps and institutional affil-  such as electricity, steel, cement, aluminum, and fertilizer have become the first batch of
iations. sectors to be included in the CBAM. In the future, the EU will assess the industry coverage

and gradually expand to other industries covered by the EU carbon market. The main

reasons for the EU to promote the CBAM is to prevent “carbon leakage”. This is to prevent
- local EU companies from migrating to avoid strict carbon emission reduction policies,
thereby creating a level playing field and exploring a path to a global carbon price [2].
Indeed, the emissions embedded in the goods and services imported to the EU have been
increasing and currently represent 20 percent of the EU’s domestic CO, emissions [3].
In short, the CBAM compensates for differences in carbon prices between domestic and
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emerging economies, expressed concerns on the potential impact of the CBAM on their
exports and competitiveness [7]. The United Nations Conference on Trade and Develop-
ment (UNCTAD) issued a warning that the CBAM may change the trade model, which is
beneficial to countries with high resource efficiency and low carbon emissions from indus-
trial production and is harmful to the exports of developing countries [8]. Take China for
example. China is a major producer of EU imports, and the impact of the implementation of
the CBAM on China-EU trade cannot be ignored. As the EU steadily advances the CBAM
legislative process, although the final implementation is still uncertain, green international
trade barriers will become a long-term issue [9]. Therefore, China should plan ahead and
make countermeasures in advance. China has already proposed to achieve its carbon peak
by 2030 and carbon neutrality by 2060 and launched the world’s largest carbon trading
national market in July 2021 [10]. The EU emphasizes that if non-EU countries take climate
response measures equivalent to those of the EU, they will be entitled to exemption from
the CBAM [11]. However, currently only the electrical sector is included in the carbon
market, and there is little electricity trade between China and the EU. Therefore, most
export companies in China are subject to huge impact due to the CBAM. The CBAM raises
questions of how non-EU countries and exporters respond to this carbon tariff policy [9].

In the context of the CBAM, the government and export companies from non-EU
countries are two salient actors that will decide how to react to potential impact caused
by the implementation of the CBAM from the perspective of non-EU countries [12,13].
Based on the literature on the interplay between the government and companies related to
environmental regulation and low-carbon technology diffusion [14-18], it can be summa-
rized that the government hopes companies can alleviate carbon emissions and explores
whether to implement active regulation or passive regulation; companies will also assess
the potential benefits of low-carbon transition mode and then decide whether to implement
low-carbon production. Both actors interact to maximize respective profit under specific
conditions. Accordingly, it is reasonable that the government and export companies are the
stakeholders in the context of the CBAM [12,13]. Given their interactive relationship, game
theory is regarded as a suitable approach to study their mutual strategic decision-making
and how to obtain the optimal equilibrium result [19]. However, no study has analyzed
the nexus between the government and export companies in a game from the angle of
non-EU countries.

The objective of this study was to examine how the EU CBAM might impact non-EU
countries as global exporters and how they respond. Specifically, we take the case of China
as an example which is the world’s largest carbon emitter and is potentially affected by the
CBAM [20-23]. By expounding the nexus between Chinese government and export compa-
nies, we study how both actors respond to the CBAM in order to maximize their own payoff
while considering low-carbon development. This paper has two main contributions to the
current literature: (i) This is the first study to focus on the reaction of a non-EU country to
the CBAM. (ii) We are the first to use a dynamic game framework to provide a new angle for
actors’ mutual strategic decision-making. The aim of this study was to answer the following
question: “How should policy-makers promote cooperation between the government and
export companies to actively respond to the CBAM together?”. In conclusion, we provide
a policy mechanism for cooperation between the government and export companies to
actively respond to the CBAM. Moreover, we provide policy recommendations to promote
the smooth operation of this policy mechanism. This paper is expected to provide new
insights into how to respond to the CBAM for other affected countries.

The remainder of this paper is organized as follows. Section 2 presents the literature
review on the CBAM, the research gap, and the originality of this paper. Section 3 introduces
the potential impact of the CBAM on China and identifies main actors in the game. Section 4
describes the evolutionary game model used for the analysis, the parameters in the model,
and game payoff matrix. Section 5 elaborates the results of evolutionary stable strategy and
numerical simulation. Section 6 is the discussion based on results. Section 7 presents our
conclusions and policy implications.
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2. Literature Review

There are several strands of literature on the CBAM. Cosbey et al. [24] reviewed the lit-
erature on the CBAM from economic and legal perspectives, summarizing implications for
the design and implementation of the CBAM and illustrating a research pivot. Yu et al. [25]
reviewed the literature on policy instruments for addressing carbon leakage and concluded
that the CBAM is the most discussed tool. Some research shows that the CBAM contributes
to the reduction in carbon leakage [26-29], with its welfare impact being typically small
and slightly negative at the world level [30]. Rocchi et al. [31] give a CBAM design on the
grounds of avoiding emissions at a product level. Droege [32] argues that the CBAM can
close the gap between produced and consumed carbon in a territory. Zhang et al. [33] use a
computable general equilibrium (CGE) model to show that the CBAM is more useful for
mitigating carbon leakage than other policies in the U.S. Dissou and Eyland [34] apply a
CGE model to find that the CBAM could enhance the competitiveness of domestic pro-
ducers in relation to their foreign counterparts. Morsdorf [35] also uses the CGE model
to assess the effects of various versions of the CBAM on the output and revenue of EU
energy-intensive industries and compares CBAM with the present free allocation policy.
Jakob [36] argues that if major emitters worldwide apply the CBAM, competitiveness in
international trade will be eliminated, which will incentivize other economies to adopt
low-carbon strategies. Gerbeti [37] illustrates that the CBAM is an effective way to reduce
emissions while maintaining the EU’s industrial competitiveness. Thube et al. [38] suggest
that the CBAM can incentivize countries that have not implemented carbon pricing policies
yet to join the climate club. Fischer and Fox [39] compare four likely policy mechanisms
for carbon leakage: a border carbon tariff on imports, a border rebate for exports, full
border adjustment and domestic output-based rebating, with the result showing that full
border adjustment is most effective. Acar et al. [40] estimate negative impacts of the CBAM
on the Turkish economy by means of the input-output method and multi-sector applied
general equilibrium model. The results show that the cement and power industries will be
primarily influenced. Therefore, we formulated the following hypothesis:

Hypothesis 1 (H1). The implementation of the CBAM is effective against carbon leakage with
small welfare loss.

However, Winchester et al. [41] assess the effect of the CBAM proposed in the American
Clean Energy and Security Act of 2009 and find that the CBAM is a costly measure to
alleviate carbon leakage accompanied by huge welfare loss but may be an effectively
coercive strategy. Likewise, Li and Zhang [22] apply China as an example to find that the
CBAM would be an inefficient tool to alleviate emissions compared with carbon taxes. Bao
et al. [42] find that the widespread use of low-carbon fuels and technologies will be more
effective than CBAM. Lin and Li [21] study the likely effects of the CBAM on various regions
of China to show that there are apparent differences among different regions in terms of
their respective reactions to the CBAM. They also believe that the CBAM may not be an
effective policy to impede carbon leakage. Li et al. [23] compare the impact of the CBAM on
typical emerging countries and explore different policy designs to counteract the negative
impacts on China’s output. Kuik and Hofkes [43] illustrate that from an environmental
point of view the CBAM is not very effective but would still be justified when taking into
account sectoral competitiveness. Holmes et al. [44] conclude that the case for the CBAM
based on carbon leakage and hence lost competitiveness is weak. Sakai and Barrett [45]
find that the CBAM is not the ideal policy mechanism for carbon leakage. Schinko et al. [46]
argue that the CBAM would harm the switch to low-carbon production technologies. The
CBAM can be regarded as a transitional tool for maintaining domestic competitiveness
and reducing carbon leakage until low-carbon technologies become available at a large
scale. Weitzel et al. [47] confirm that the CBAM has limited effects on mitigating carbon
leakage. Banks and Fitzgerald [48] argue that the implementation of the CBAM will cause
protectionism and potential retaliatory policies and cannot reduce emissions effectively.



Energies 2022, 15, 427

4 0f 20

They suggest an alternative policy called cooperative sectoral tariff reduction (CSTR) and
believe CSTR can offer more incentives to alleviate carbon leakage. Lim et al. [6] study the
impact of the CBAM policy on exporters through the dynamic CGE approach. They explore
the probable legal issues and potential danger of the CBAM and estimate its hidden global
cost and find that the CBAM will harm the world trade market, especially in emerging
economies. Eicke et al. [49] show that relative risks related to the EU’s CBAM are unequally
distributed worldwide, while Southeastern European and African countries will encounter
relatively high risks. Therefore, we propose the following hypothesis:

Hypothesis 2 (H2). The implementation of the CBAM is not the optimal tool for reducing carbon
leakage accompanied by the welfare loss.

Sanctuary [50] argues that the CBAM has the possibility to both help and harm carbon
reduction efforts. Additionally, various stakeholders involved in the CBAM, such as EU and
non-EU exporting countries, importers, and exporters interact with each other to maximize
their own profits [51,52]. Mehling et al. [53] propose a CBAM design in order to level legal
risks, environmental efficacy, and political feasibility. Monjon and Quirion [54] contrast
different designs of the CBAM and find that the incorporation of imports and exports
would decrease total emissions more than only the incorporation of imports. Therefore, we
hypothesized that:

Hypothesis 3 (H3). There is no scholarly consensus on how the CBAM is defined or the potential
effects of the CBAM on the stakeholders.

Helm and Schmidt [55] apply a cooperative game model to demonstrate that the
CBAM would be useful for guiding countries to participation in a climate coalition. Hecht
and Peters [12,13] use two-stage and three-stage games, respectively, to study the two
countries’ competition in the context of the CBAM. Similarly, Anoulies [56] finds that the
CBAM is useful to countries’ participation in the international carbon agreement by using
a Cournot game to model a two-country two-firm reciprocal market. Irfanoglu et al. [57]
combine a four-stage game with a CGE model to demonstrate that the CBAM can impede
the free-rider problem and prompt the U.S. to adopt a carbon tax. Eyland and Zaccour [58]
use both noncooperative and cooperative games to explain how to set the value of the
CBAM to maximize total social welfare. However, the game models used in these studies
are all classic static games which regard actors as having complete rationality.

The evolutionary game relaxes the hypothesis of complete rationality and extends
the classic game to present the evolution of populations and investigate which strategy
will eventually be chosen by the majority of populations [59,60]. Scholars have used
evolutionary games between governments and enterprises in illuminating research in the
field of low-carbon development. Chen and Hu [15] apply the evolutionary game to explore
the nexus between manufacturers and government considering carbon taxes and subsidies.
They study how various strategies of government and population of manufacturers could
be evolved. Wu et al. [61] use a complex network model coupled with an evolutionary game
between the government and enterprise environment and study the impact of governmental
incentives on enterprises. Fan et al. [62] build evolutionary game models in the case with
and without government intervention between the government and enterprises and explore
the ideal regulation strategy and the corresponding optimum supervision probability.
Mahmoudi and Rasti-Barzoki [63] study the influence of government policies on enterprises’
behavior and carbon emissions through an evolutionary game. Long et al. [64] find that
consumers have an important influence on the strategy evolution of government and
enterprises in the take-out waste recycling industry chain.

Therefore, we hypothesized that:
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Hypothesis 4 (H4). Game theory is suitable to analyze actors’ mutual interest conflicts and
interactive nexus. Further, the evolutionary game can provide a dynamic insight into the evolution
strateqy of the actors in the context of the CBAM.

We can see that although there is still no consensus on the effect of the CBAM, the
actors who are likely to be affected by the CBAM need to prepare for its potential impact.
In sum, however, the existing literature has two knowledge gaps. First, game theory is a
useful tool to study this issue and has been used, but it only uses the static game to study
the issues of the CBAM in previous studies. Second, the studies of stakeholders so far have
only used the perspective of import countries and export countries. This study’s novelty
consists of two aspects: (i) To the best of our knowledge, the present study is the first to use
a dynamic game called the evolutionary game to analyze the interplay between actors in
the context of the CBAM. The evolutionary game can overcome the drawbacks of a static
game [65]. (ii) No other study has yet analyzed the interplay between the government and
export companies of non-EU exporting countries. We take the Chinese government and
export companies as examples to provide a new perspective on the matter.

3. Problem Description
3.1. The Effect of the CBAM on China

Countries that export large amounts of carbon-intensive products to countries that
have established carbon border taxes are most affected by the CBAM. China’s export
products have high carbon intensity and a high degree of export dependence. The EU has
been China’s largest trading partner for a long time. At the same time, the U.S., Japan, and
South Korea were China’s top trading partners in 2020. China’s export trade is dependent
on developed countries’ markets. The status quo of China’s trade determines that the
CBAM will have a certain impact on export trade.

From an industry perspective, energy-intensive industries will be most affected by
the CBAM. Since there is no electricity trade between China and the EU, and the export
of fertilizer and cement is small, the main affected companies will be in the steel and
aluminum sectors. The challenges for these companies include increased costs and de-
creased competitiveness. Because China’s aluminum emissions mainly come from indirect
emissions from electricity, if the CBAM includes indirect emissions it will significantly
increase the cost of Chinese aluminum products exported to the EU. Meanwhile, the EU
carbon market also covers other industries such as papermaking, chemical industry, and
oil refining. It is possible that these industries will also be included in the future CBAM.

On the other hand, the CBAM will have an impact on China’s overall export situation.
The direct export of Chinese steel and aluminum to the EU only accounts for 3% of China’s
total export to the EU. Nearly 60% of China’s exports are mechanical and electrical products,
which are downstream from the steel and aluminum industry. Even if the CBAM only
covers direct exports from the steel and aluminum industries, the resulting increase in
steel and aluminum costs will also have an indirect impact on related industrial chains.
Furthermore, the CBAM will not only affect China but also Russia, Turkey, and other
countries. If China’s relevant industries take extensive low-carbon transformation measures
to ensure that similar products contain fewer carbon emissions, it will improve China’s
export competitiveness.

3.2. Main Actors

The implementation of the CBAM will increase China’s export costs and affect China’s
trade competitiveness. Take the steel industry for example, which will be the most affected
Chinese sector under the CBAM. The steel industry has the largest carbon emissions in
the field of energy terminal consumption. In order to promote the transformation of steel
companies to cleaner production to reduce emissions and to react to the CABM policy,
steel companies need to invest in low-carbon technologies and should be included in the
carbon market.
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However, incorporating a new industry into the carbon market and investing in low-
carbon equipment require large human, financial, and material inputs. This is because
the improvement of the carbon market not only needs to update the overall system but
also includes support from enterprises to collect substantial in-house emissions data. In
addition, the implementation of the CBAM is still uncertain, and the impact of the CBAM
on total EU imports from China and other major trade partners may be very small [66].
These factors will cause the government and export companies to choose to react passively
to the CBAM. For example, China has cancelled export tax rebates for 23 steel products
including rails in August 2021. This measure will reduce steel exports and give priority to
meeting domestic demand.

On the other hand, if the government takes the opportunity to address the trade
barriers created by the CBAM and actively improve the carbon market and other carbon
pricing policies, it will receive huge social benefits. The CBAM will promote the adjustment
of energy structure and the optimization of trade structure. China will also have the
opportunity to take the initiative in the international carbon market. For export companies,
in order to minimize the negative impact of the CBAM and increase their competitiveness
compared to others, they will increase their resource utilization rate and optimize industrial
structure. At the same time, companies will actively develop low-carbon technologies and
look for new alternative energy sources.

Accordingly, the government can decide whether to react to the CBAM actively
or passively. Export companies can choose whether to adopt traditional high-carbon
production or innovative low-carbon production. Both government and export enterprises
are bounded by rationality. Stakeholders can learn from each other to make adjustments.

4. Methodology
4.1. Parameter Assignment and Payoff Matrix

Based on above problem description, we can see the conflict of interests on response
to the CBAM between the governments and export companies in China. Both actors
consider their respective situation and seek to maximize their own interests through
interplay. Game theory is applied to study interplay between various actors in the process
of decision-making [67]. Further, stakeholders in real life are interlinked in the evolution
process of games where they decide strategies dynamically. Evolutionary game theory
has been proved an effective method which can offer dynamic insights into the interplay
between stakeholders [68]. Therefore, evolutionary game theory is suitable for exploring
the authentic interaction of the game [69]. Moreover, evolutionary game theory relaxes the
assumption in the static game that all players have overall rationality and view the game
course as a dynamic process to be consistent with real life [70]. Some studies have used
evolutionary game theory to study interactions between actors in the field of low-carbon
development to lay a solid foundation for this study [14,15,71]. Therefore, in this study, we
used evolutionary game theory to study the interplay between the government and export
companies in the context of the CBAM.

According to the aforementioned description of main actors, relevant parameters of
the game model can be defined. The government can decide whether to react to the CBAM
actively or passively, with the initial probability being x and 1 — x, respectively. Export
companies can choose whether to adopt high-carbon production or low-carbon production,
with the initial probability being y and 1 — y, respectively. Under the condition that the
government actively responds to the CBAM, if the export companies implement low-carbon
production, the government will gain long-term economic, social, and environmental
benefits from G, such as approval and recognition from the EU. The reactive measures
include incorporation of the steel and aluminum industries that are heavily affected by
the CBAM into the carbon market and trying to implement carbon tax policies. The
implementation cost of these measures is G.. The government will provide export rebates E,
and financial subsidies S, for export companies that decide to adopt low-carbon production.
When the government actively responds and finds that export companies still stick to high-
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carbon production, export companies are subject to penalties P; from the government, such
as purchasing additional carbon allowance, paying the carbon tax, or fines. Meanwhile, if
export companies choose high-carbon production, the government is responsible for the
potential loss G;. For export companies, if they continue to adopt high-carbon production,
the profit is Cj,. If they decide to adopt low-carbon production, they will obtain additional
profit P; such as sales of spare carbon allowance or sale increases due to EU admission,
along with extra costs C; due to purchasing low-carbon equipment.
The meanings of the parameters and the payoff matrix are shown in Tables 1 and 2.

Table 1. Parameter definitions of the evolutionary game model.

Symbols Stakeholders Descriptions
G Political benefits because of the active reaction to
r the CBAM.
Ge The expenditure of active reaction to the CBAM.
S¢ Financial incentives such as subsidies.
p Government The penalty for export companies with
8 high-carbon production.
& P
E, Export rebates.
G, The loss of excessive carbon emissions.
. The initial probability that the government chooses an
active reaction to the CBAM.
1+ The initial probability that the government chooses a
negative reaction to the CBAM.
Ch Return if adopting the high-carbon production.
P, Low-carbon profit.
G Export companies Extra cost for low-carbon production.
The initial probability that the export companies choose

Y low-carbon production.

1—y The initial probability that the export companies choose

high-carbon production.

Table 2. Payoff matrix.

Export Companies

Low-Carbon Production High-Carbon Production
. . Gr—Gc—E;, — S, P, — G. — Gy,
Act t § §
Government chive feaction Ch+P+E+S¢—G Cp —Pg
Passive reaction 0,C,+P—-C -Gy, Gy,

4.2. Replicator Dynamic Equations

The evolutionary game model was first proposed by Smith and Price in 1973 [72].
The actors would repeat a game by pairing randomly in the group and finally find evo-
lutionary stable states [73]. This analytical process is analogous to the behavioral mode
in practical decision-making. The core of the evolutionary game model is to investigate
the strategic adjustment mechanism. When the rationality of the actors is involved, the
replicator equations of biological evolution can be used to simulate their dynamic evolution
trajectories [70]. Due to information asymmetry, the strategy choices of actors have mutual
effects and can be affected by the results of the previous game. This determines the features
of inheritance and dynamics of the game, resembling the process of population evolution.

The most widely used dynamic game mechanism is the replicator equation proposed
by Taylor and Jonker [70]. When the game actor has slow learning speed and low rationality
degree, the replicator equation will be suitable for the strategy adjustment in a repetitive
game with random pairing of large groups. The evolutionary stable strategy is obtained
when the majority of individuals in the population choose a certain strategy, the group
which selects the mutation strategy cannot invade the group that contains the majority
of individuals because it includes minority individuals. The replicator equation means
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a dynamic differential equation. Based on the evolutionism, if the payoff of a strategy is
bigger than the average payoff, this strategy will dominate. This means the growth rate of
this strategy is higher than zero. The replicator equation is shown as follows [74]:

dx _

pn xelu(k, s) —u(s, s)], k=1,2,3, ..., K (1)

where x; means the percentage of the population choosing strategy k, u(k, s) denotes the
payoff choosing strategy k, u(s, s) represents the average payoff, k is various strategies,
and K is the total strategies. When % gets the stable state, strategy k is the evolutionary
stable strategy. The replicator equation shows the frequency at which specific strategies
change over time. We can calculate the replicator equations of each principal strategy using
the payoff matrix [64]. When game players are multiple groups, the equilibrium stable
solutions are the Nash equilibria of pure strategies [69]. The replicator equations are used

to seek the system’s stable strategy, as outlined in Section 5.

5. Results
5.1. Analysis of Government’s Evolutionary Stable Strategies

Expected return for the government to respond positively Ug; and negatively U, and
average expected return Uy is obtained by:

Ugl:y(Gr—GC—Er—Sg)+(1—y)(Pg—GC—Gl) 2
Up = —(1-y)G ®G)
ﬁg = xug1 + (1 — X)ugz (4)

The replicator dynamics equation of the government adopting an active reaction is
obtained by:

dx —_
F(x) = 5= x(Ugr — Ug) = x(1—x)[y(Gr — E; — Sg — Pg) + Py — G| (5)
L . . . % Gc—Py
et F(x) be 0, we Obtaln x1 — O,x2 — 1,y — m

(1) Ify = y* F(x) = 0. This shows that when the proportion of export enterprises
implementing low-carbon production strategies is exactly *, all the strategies adopted
by the government will be in a stable state, and the dynamic evolution phase diagram
is shown in Figure 1a. In other words, all points on the x-axis can be stable strategic
points. The government expects the same payoff when it chooses “positive reaction”
and “negative reaction”. The government’s final choice is made under the influence
of various conditions.

(2) Ify # y*, according to the requirements of the evolutionary stability strategy [75],
x that satisfies F(x) = 0 and F'(x) < 0 is the evolutionary stable state point of the
government. The derivative of F(x) is:

F'(x) = (1—2x)[y(Gy — Er — Sg — P;) + Py — G| (6)

When G; > Py, y < y*, we obtain F'(1) > 0, F/(0) < 0. Therefore, x = 0 is an
evolutionary stable state; that is, the government will consider a negative reaction.
This shows that when the initial probability of export companies choosing low-carbon
production is less than a certain value, and the government’s regulatory costs are
greater than the loss for companies that do not conduct low-carbon production, the
government tends to choose a negative reaction to the CBAM. The dynamic diagram
is shown in Figure 1b.

(3) When G > Pg, y > y*, we obtain F/(1) < 0, F/(0) > 0. x =1 is an evolutionary
stable state; that is, the government will consider a reaction to the CBAM. This shows
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4)

©)

F(x)

that although the government’s regulatory costs are greater than the loss imposed
on export companies that do not engage in low-carbon production, when the initial
probability of export enterprises that choose low-carbon production is greater than
a certain value, the government still prefers to actively respond to the CBAM. The
dynamic diagram is shown in Figure 1c.

When G, < Py and G, — E; — S¢ — Py > 0,y > y* is satisfied for any y [0, 1]. At
this time, F/(1) < 0, F/(0) > 0, so x = 1 is an evolutionary stable state; that is, the
government will consider actively responding to the CBAM. This is mainly because
the government has collected enough fines for export enterprises that still conduct
traditional energy-intensive production and the returns from active reaction to the
CBAM are also large enough. Regardless of the initial willingness of export enterprises,
the government will eventually implement active reaction to the CBAM. The dynamic
diagram is shown in Figure 1c.

When G < Py, G, — E; — Sg — Py <0,y < y*, because F'(1) > 0, F/(0) <0, x =0 is an
evolutionarily stable status; that is, the government will consider negative reaction to
the CBAM. This is because the government’s penalty on export companies that do not
implement low-carbon production is small, and the government’s supervision of the
export companies cannot bring great political benefits. When the initial probability of
export companies choosing low-carbon production is less than y*, the final evolution-
ary result of the government is not to actively respond to the CBAM. The dynamic
diagram is shown in Figure 1b.

F(x)

v
v

(a) (b)

F(x)

v

(c)

Figure 1. The dynamic evolutionary diagram of the government under various cases. (a) The dynamic

diagram of governmental strategy when y = y*. (b) The dynamic diagram of governmental strategy

when x = 0 is an evolutionary stable state. (c) The dynamic diagram of governmental strategy when

x = 1 is an evolutionary stable state.

(6)

When G. < Py, Gy — E, — Sg — Py < 0,y > y*, because F'(1) <0, F'(0) >0, x = 11is
an evolutionary stable state; that is, the government will consider active reaction to
the CBAM. The government’s penalty on export companies that retain traditional
production modes is small, and the government’s reaction to the CBAM cannot bring
great political performance benefits. When export companies choose low-carbon pro-



Energies 2022, 15, 427

10 of 20

duction with the initial probability being greater than y*, the final evolutionary result
of the government is active reaction. The dynamic diagram is shown in Figure 1c.

5.2. Analysis of Export Companies” Evolutionary Stable Strategies

Expected return for the export enterprise to implement low-carbon production U,
and traditional production U, and average expected return U, is obtained by:

Uel:x(Ch+PI—|—Er—|—Sg—CZ)+(1—x)(Ch+Pl—Cl) (7)
Uy = X(Ch — Pg) + (1 - X)Ch (8)
Ue:yuel+(1_]/)u32 )

The replicator dynamics equation of the export enterprise adopting low-carbon pro-
duction is obtained by:

d _
Fy) = d% =y(Ue — Ue) = y(1 —y) [x(Er + Sg + Pg) + P, — C] (10)
Let F(y) be 0; we obtainy; =0,y =1, x* = E,Jcrlsijjrll}‘

(7) Ifx = x*, we obtain F(y) = 0. This shows that when the initial probability of the
government choosing an active reaction is exactly x*, all strategies adopted by export
companies will be in a stable state. All points on the y-axis can be stable strategy
points; that is, export companies are facing the case that the expected payoff for
“low-carbon production” and “high-carbon production” are the same, and the final
choice will be made under various conditions. The dynamic diagram is shown in
Figure 2a.

Fo) F()

(a) (b)

Fy)

~
=
y

(©)

Figure 2. The dynamic evolutionary diagram of export enterprises under various cases. (a) The
dynamic diagram of company strategy when x = x*. (b) The dynamic diagram of company strategy
when y = 0 is an evolutionary stable state. (c) The dynamic diagram of governmental strategy when
y = 1 is an evolutionary stable state.
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If x # x*, y satisfies F(y) = 0 and F'(y) < 0 is the evolutionary stable state point of the
export enterprise. The derivative of F(y) is:

F'(y) = (1 —2y)[x(E + Sg + Pg) + P, — C/] (11)

When x < x*, because F/(1) >0, F/(0) <0, y =0 is an evolutionary stable state; that is,
export companies will choose to maintain high-carbon production. This shows that
when the government’s choice of active reaction is less than x*, the behavior of export
companies still implementing high-carbon production is unlikely to be regulated,
which provides them with convenient conditions for seeking short-term benefits. The
dynamic diagram is shown in Figure 2b.

When x > x*, because F'(1) <0, F/(0) > 0, y = 1 is an evolutionary stable state; that
is, export companies will consider adopting low-carbon production. This is because
when the initial probability of the government choosing an active reaction to the
CBAM is greater than x*, export companies are regulated easily, which will cause
high losses to the enterprise. Therefore, export companies will be more inclined to
implement low-carbon production. The dynamic diagram is shown in Figure 2c.

5.3. Systematic Stability Analyses

The entire game replicator dynamic system is composed of Equations (5) and (10).

This system has five equilibrium points, i.e., A(0, 0), B(0, 1), C(1, 0), D(1, 1), and E(x*, y*).
The Jacobian matrix (J) is shown as Equations (12) and (13). It is used to analyze the stability
of the evolutionary game system by means of examining the symbols of its determinants
and traces [76]. In the specific determination method, the point represents the evolutionary
stable strategy of the game system when its symbol of the determinant is positive and
symbol of the trace is negative.

A(dx/dt)  d(dx/dt)
_ dx dy _ | 411 a2
J= a(dg/dt) a(dy/dt) —{am azz} (12)
x ay

a1 = (1 —2x)[y(G, — E, — Sg — Py) + Py — G|
a1p = x(1 —x)(Gy — E, — Sg — Py)
ayn =y(1—y)(Er + Sg + P;)
axy = (1—2y)[x(E, +Sg + Pg) + P — C/]

The determinants and traces of the Jacobian matrix at each equilibrium point are

(13)

shown in Table 3 and Equation (14).

by = (Pg - Gc)(PI - Cl)
blzng—Gc+P]—Cl
by = (Gy — E; — Sg — G) (P — C)
bZZZGr_Er_Sg_GC_PZ+Cl
b3 = (GC —Pg) (Er—i-sg—i-Pg—i-P] _Cl)
b32:Er+Sg+GC+PI—Cl (14)
b41 = (Gr—Er—sg—Gc)(Er+Sg+Pg+Pl _Cl>
by :GC—Gr—Pg—PI—i-Cl
(Pg—Ge)(C—P)(Gr—Ge—Sg—Ey ) (Er+Sg+Py+P—C;)
(Er+5g+Pg ) (Gr—Er—Sg—P)
bs, =0

bs; =
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Table 3. Results of determinants and traces of Jacobian matrix at each equilibrium point.

Equilibrium Points Determinants Traces
A(0, 0) b bra
B(0, 1) by by
C(1, 0) b by
D(1, 1) by by
E(x*, y*) bs1 bsp

Of the five equilibrium points, only D (1,1) is the ideal outcome because it indi-
cates the state of cooperation where the government actively responds to the CBAM and
implements comprehensive carbon pricing policy to avoid carbon leakage and export
companies positively putting the low-carbon mode into practice. The condition is that
(Gr—Er—S¢—G¢)(Er+Sg+ Py + P, —C;) > 0and Ge — G, — Py — P, + C; < 0. To sim-
plify the analysis, we hypothesized that the additional cost of choosing low-carbon produc-
tion for a company is less than the sum of the additional low-carbon benefits it receives plus
governmental subsidies, export tax rebates, and penalties. That s, E, + Sg + Py + P, — C; > 0.
Therefore, in order to obtain a policy design that makes the system evolve to D (1,1), the
conditions that the parameters need to meet are shown in Equation (15).

Gy —E—Sg— G >0
Ge—Gr—Py—P+C; <0 (15)

Thus, the research hypothesis H1 is supported because we can indeed design a policy
mechanism for export countries and companies to mitigate carbon leakage and with
an ideal social outcome. Herein, we focus on how to promote the active cooperation
between the government and export companies. However, if the parameter values meet
the condition that b1; > 0 and by, < 0, the point A (0, 0) will be the evolutionary stable
strategy, supporting hypothesis H2 and meaning that both the government and export
companies select to respond to the CBAM passively. Therefore, for export countries and
companies, the potential effects of the CBAM on the stakeholders are not certain because
the setting of parameter values is uncertain. This supports Hypothesis H3. However, based
on the evolutionary game model, we can indeed analyze the nexus between both actors
and provide effective advice on how to set values of parameters to promote the evolution
of the game to the ideal state. Hypothesis H4 is supported accordingly.

5.4. Numerical Simulation

In order to verify the game results, we conducted numerical simulations. We set the
values that meet Equation (15). Specifically, we let G, = 18, E, =3, S¢ =4, G, = 5, Pg =5,
P; =8, C; = 10. Then, we conducted the numerical simulation based on Equations (5)
and (10). The diagram is shown in Figure 3. The x-axis means the initial probability that
the government chooses an active reaction to the CBAM, and the y-axis means that the
initial probability that the export companies choose low-carbon production (please see
descriptions in Table 1). The curves in different colors denote the evolution trajectories of x
and y with various initial values. In Figure 3, the initial values of x and y are set from 0.1 to
0.9 at intervals of 0.1. We see that the game evolves to the D (1, 1). This means the solution
of the game is correct.

Next, we conducted sensitivity analyses of these key parameters. Values of each
parameter float up or down due to one of the bases of the initial value. The initial probability
of each actor is set to 0.5 to reflect the strategic neutrality. The evolutionary diagrams of
each parameter (G;, Ey, Sg, G, Pg, P;, C) are shown in Figures 4-10.
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6. Discussion

Equation (15) provides the policy design for how to set the values of key parameters
in the game model to promote the active reaction to the CBAM of both actors. From the
first equation in Equation (15), we see that with the government actively responding to
carbon tariffs, low-carbon production by export companies should bring more benefits
to the government than the total cost borne by the government. Considering that it
is necessary to maintain financial incentives including subsidies and export rebates to
encourage export companies to conduct low-carbon production which is consistent with
Reference [35], the focus is on the extent to which the governmental expenditure of active
reaction to the CBAM should decrease and political benefits due to the active reaction
to the CBAM should increase. This is consistent with Reference [56]. From the second
equation in Equation (15), we see that the sum of the benefits for the government plus extra
low-carbon benefits for export companies is greater than the sum of reactive costs for both
government and export companies. Therefore, from the perspective of the government,
in addition to the increase in political benefits due to the active reaction to the CBAM
and decrease in the expenditure of active reaction to the CBAM, the government should
advance the penalty level for export companies that do not actively respond to the CBAM
and stick to high-carbon production. This is consistent with Reference [64]. From the
perspective of export companies, technological progress should be improved to reduce
the extra cost by purchasing low-carbon technologies and equipment. This is inconsistent
with Reference [55], which argues that “Climate cooperation remains a challenge, and
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this challenge may become even bigger if low-carbon technologies are available at lower
costs, due to a stronger free-rider incentive”. Furthermore, profit because of low-carbon
production should increase by incorporating export companies into the national carbon
market as quickly as possible. This is consistent with Reference [40]. From the third equation
in Equation (15), we see that the additional cost of choosing low-carbon production for
export companies is less than the sum of the additional low-carbon benefits they receive
plus governmental subsidies, export tax rebates, and penalties. This is the precondition
for the export companies’ participation in this game. If the additional cost of choosing
low-carbon production for export companies is greater than the sum of the low-carbon
benefits plus subsidies, export rebates, and penalties, export companies would not have
the strategy choice of low-carbon production. If these three conditions are met, the entire
game system will stabilize at D (1,1). This setting of parameter values is the policy design
mechanism that promotes the active participation of the two actors in the context of the
CBAM. This design is analogous to Reference [58] which answers the research question
“What is the CBAM value that maximizes total welfare?”.

From Figure 4, we see that increases in G, can make both actors evolve to one more
quickly. Thus, it is useful to increase the political benefits of the government when choosing
to respond to the CBAM actively. From Figures 5 and 6, we see that an increase in E, and S¢
can make the government evolve to one more slowly but makes export companies evolve
to one more quickly. Thus, there is the option wherein if the decision-makers want to make
the government react to the CBAM more quickly, they will choose to decrease the financial
incentives to export companies, and if they want to make export companies react to the
CBAM more quickly, they will choose to increase the financial incentives. However, as long
as the values meet the requirements of Equation (15), the two actors will both finally evolve
to the ideal state. From Figures 7 and 8 we see that a decrease in G, and C; can make both
actors evolve to one more quickly. This means it is beneficial to reduce the cost of active
reaction to the CBAM for both actors. From Figures 9 and 10, we see that an increase in Py
and P; can make both actors evolve to one more quickly. This means that decision-makers
should strengthen the penalty for high-carbon-export companies and increase the profits
for low-carbon-export companies.

7. Conclusions

The objective of this study was to investigate how the government and export com-
panies of non-EU countries, such as China, respond to the potential impact of the carbon
tariff. Although the final implementation and specific rules of the CBAM are still uncertain,
green international trade barriers could become a long-term threat. Therefore, the non-EU
countries should take precautions and prepare for possible carbon tariffs by improving
domestic carbon market mechanisms and by encouraging low-carbon development. This
study analyzed how the CBAM affects China and relevant export companies. We found
that the government and export companies are two salient actors in the context of the
forthcoming CBAM. Both of them can choose whether to respond to the CBAM actively or
passively. Based on their potential strategy choice, we set various parameters used in the
methodology. We investigated their interactive nexus using the evolutionary game coupled
with replicator equations in order to obtain the ideal evolutionary stable strategy. As a
result, a policy design for how to set the values of key parameters in the model that can
promote the two actors’ positive reaction to the CBAM is created. Based on the sensitiv-
ity analyses of key parameters, we found that in order to promote the social low-carbon
progress, it is helpful to increase profits and to reduce cost for two actors when they choose
to positively react. In sum, we provide a new insight into the effect of the CBAM on the
export countries from a dynamic game perspective compared with the existing literature.
According to the results, we propose some recommendations. This paper is expected to
provide insights for other countries analogous to China in the context of carbon tariffs.

At the governmental level, the government should perfect the carbon market. The
first step is to introduce more practical rules and regulations. The second is to expand
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the scope of participants and to lower the threshold to enter the carbon market. The
third is to include products that may be covered by the CBAM in the carbon market and
to promote the integration of the domestic carbon market with the international carbon
market to obtain tariff exemptions. While advancing the carbon market, carbon tax should
be introduced in due course. Carbon taxes and a carbon market can complement each other.
Carbon taxes not only can increase the motivation for companies to reduce emissions but
also can provide these companies with exemptions from carbon tariffs. Furthermore, the
government’s revenue from the carbon tax can be used to promote low-carbon development.
In addition, the government should promote the transformation of the economy and export
structure and reduce dependence on exports.

At the enterprise level, by guiding enterprises to accelerate the low-carbon transfor-
mation, they can realize the trend of green trade in the future and avoid being taxed on
the export of products. First, companies should deepen their understanding of productive
carbon footprints and reduce carbon emissions in the process of production. Second, export
companies should strengthen technological innovation and research on carbon capture
usage and storage (CCUS). Companies can also counteract their own carbon emissions by
purchasing forestry carbon sink projects, photovoltaic power generation projects, wind
power projects, etc.

At the EU level, as China is the largest trading partner of the EU, the EU should
actively engage in bilateral dialogues with China, overcome policy and technological
gaps, and properly resolve trade barriers. In 2020, China and the EU established a high-
level dialogue on the environment and climate, aiming to increase China—EU cooperation
in the green field. In addition to a normalized dialogue between high-level executives,
various national departments, universities, companies, and other government and private
institutions should also be encouraged to establish a carbon dialogue mechanism with the
EU to deepen mutual understanding and to increase political benefits for the government.
It can also cooperate with the EU to strengthen the calculation of embodied carbon in
Chinese trade products to reduce the relevant cost for the government. Furthermore, the
EU can give preference to Chinese export companies that actively implement low-carbon
production to increase their low-carbon profit.

Although this paper demonstrates original findings, the limitation of the study still
remains. The implementation of the CBAM involves many stakeholders including EU
countries, non-EU countries, importers, and exporters. In this work, we concentrated on
studying the nexus between two actors, that is non-EU countries and exporters. However,
other actors can be included in the present model to construct a multi-player game to
make a more comprehensive and systematic analysis. This issue needs to be explored in a
future study.
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