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ABSTRACT This paper examines a complex supply chain consisting of a raw material manufacturer, a con-
sumer goods fabricator, a retailer and an end user. A sequential decision game model is constructed under
carbon tax regulation, considering multiparty green technology innovation and green product marketing
efforts in the supply chain. Using a backward-induction analysis process, the Nash equilibria of the game
are obtained. With the help of numerical simulation, the sensitivity analysis of the key parameters affecting
system performance is carried out.We find the following results. (i) Carbon tax regulation brings about a new
cost burden for supply chain members in different ways, with the largest impact being on the profit of the raw
material manufacturer. (ii) The marginal emission reduction effect of carbon tax regulation shows a declining
trend. The cost of greening efforts will exceed the carbon tax rate as it continues to rise. (iii) Customer demand
is significantly affected by the footprint and energy efficiency of products and is much more relevant for
energy efficiency than for footprint in the production phase.

INDEX TERMS Carbon tax, game, green technology renovation, simulation, supply chain.

I. INTRODUCTION
According to estimates by the Global Carbon Project,
in 2021, global carbon emissions reached 36.4 billion tons,
growing by 4.9% on a year-on-year basis, which is close to
its highest level in 2019, the year just before the outbreak of
coronavirus disease 2019 [1]. Among global carbon emis-
sions, those of China account for approximately 30.49%,
ranking first in theworld [1]. China’s energy conservation and
emission reduction targets have attracted worldwide atten-
tion. As is known, China’s urbanization is developing rapidly,
and its economic development mode, which is mainly based
on fossil energy, is difficult to change dramatically in the
short term. However, although China is facing an increasingly
acute contradiction between economic development and car-
bon emission reduction, on September 22nd, 2020, at the 75th

United Nations General Assembly, the country announced
that it would strive to let its carbon dioxide emissions peak
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by 2030 and to achieve the goal of carbon neutrality by 2060
[2]. This announcement shows China’s strong will to fully
promote the new development concept and its willingness to
make further contributions to the global response to climate
change.

The adjustment of a country’s economic, industrial, and
energy structures throughmacrocontrol is undoubtedly a vital
way through which to achieve green economic development.
However, at the microeconomic level, especially in the mar-
ket economy, a market-oriented emission reduction mecha-
nism to guide enterprises as market entities in carrying out
carbon emission reduction and green technology innovation
is recognized as the most market-efficient measure [3]. Car-
bon cap, carbon tax, carbon cap and trade, carbon offset,
greening credit, etc., are all commonly used carbon emission
reduction measures around the world, especially carbon tax
and carbon cap-and-trade systems, which are considered the
most market-oriented and effective mechanisms [4]. As one
of the most common market-based carbon emission regula-
tions, carbon taxes have been implemented inmany countries,
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such as France, Sweden, Canada, Australia, and South Africa.
Regarding the environment in which we live, including air,
water, and soil, which are all public goods, carbon taxa-
tion on carbon emissions is considered a powerful policy
tool to address climate change and promote green technol-
ogy innovation [5]. Different from other types of enterprise
innovation, green technology innovation is not the voluntary
will of enterprises, and the green innovation of enterprises
faces dual ‘‘externalities’’ [6], making it difficult for such an
approach to truly become the core competitiveness of enter-
prises [7]. Therefore, the effective internalization of carbon
emission costs is the key to formulating energy conservation
and emission reduction policies [8]. Imposing a carbon tax on
upstream enterprises, especially on upstream resource-based
enterprises, can effectively controlmost carbon emissions [9].
In China, the national carbon market officially opened on
July 16th, 2021. A total of 2,225 thermal power generation
companies representing the power industry first entered the
market to participate in transactions. In the future, more
carbon-intensive industries will join the market. The carbon
emission price formed in the national carbon market is an
essential basis on which China can levy the carbon tax. One
of the advantages of introducing a carbon tax is to promote
the initiative internationally. Once other countries plan to levy
a carbon tax, China can avoid paying a carbon tax at the
border for its export products and reduce the impact of foreign
policies on foreign trade exports [10], [11]. In addition to
research on the design of the carbon tax system and the impact
of the carbon tax on the macroeconomy and industry in the
above economic fields, research on the impact of the carbon
tax on supply chain emission reduction and green technology
innovation has also been a hot topic in the past ten years.

Benjaarfar et al. were the first to introduce the concept of
carbon footprint into the supply chain optimization model,
analyzing how supply chain companies can make pricing
decisions by adjusting their order quantity and output under
different carbon emission reduction policies to maximize
overall supply chain performance [12]. In addition to carbon
regulations, the motivation for carbon emission reduction or
green technology innovation in the supply chain is the evolu-
tion of market demand preferences, especially the improve-
ment of consumers’ awareness of environmental protection.
People are also increasingly inclined to pay higher prices
for products with lower carbon footprints [13]–[16]. Li et al.
believed that in the context of stricter carbon regulations, con-
sumers are paying increasing attention to the carbon emission
factors of products. Their research discussed how to make
decisions on product output and carbon emission reduction
efforts with two types of carbon regulations, namely, absolute
cap and intensity cap, in the context of a simple single-level
supply chain [17]. Yu et al. hypothesized that product demand
is related to its carbon emission reduction level and that
the carbon emission reduction level is continuously evolving
according to a given linear differential equation. Based on
differential game theory, the joint emission reduction efforts,
pricing strategies, and optimal emissions for both parties in

the supply chain are obtained, the results of which show that
both parties in the supply chain can achieve a win-win situa-
tion in terms of both supply chain benefits and ecology [18].
Swami and Shah considered the problem of the coordination
of a manufacturer and a retailer in a vertical supply chain,
addressing some pertinent questions in this regard, such as
those related to the extent of efforts in greening operations by
manufacturers or retailers, the level of cooperation between
the two parties, and how to coordinate their operations in a
supply chain. The above authors found that greening efforts
by the manufacturer and retailer would result in demand
expansion at the retail end [19]. In addition to supply chain
contract coordination and upstream and downstream member
game models, researchers have also studied the optimization
of supply chain strategic planning models under carbon tax
regulation [12], [20]. In addition to the carbon tax, researchers
have also studied the impact of other carbon emission reduc-
tion policies on optimal supply chain operations. For exam-
ple, [21], [22] studied the game problem of upstream and
downstream members of the supply chain under the carbon
cap-and-trade schema and obtained the optimal carbon emis-
sion level and profit distribution mechanism among game
players. Yuan et al. studied how the government provides
subsidies for carbon emission reduction and how it affects
the optimal level of carbon emissions in the supply chain and
the level of green product marketing efforts [23]. An et al.,
under the hard constraints of carbon emissions in the supply
chain, studied how to design a green credit financingmodel to
reduce manufacturers’ carbon emissions and improve supply
chain performance [24]. In the context of carbon emission
reduction policies, some researchers have studied different
network structures of supply chains [19], [25], [26], differ-
ences in member voices [27], different network optimization
problems [28], [29] and other perspectives. Many meaningful
studies have been carried out on a single-level supply chain,
that is, including a supplier and a manufacturer or a manufac-
turer and a logistics service provider.

However, in reality, the supply chain network is often
complex and multilayered, and the carbon emissions of each
member are highly uneven, being mainly concentrated in the
upstream raw material manufacturing enterprises of the sup-
ply chain. In contrast, downstream enterprises produce end
products for customers and are responsible for product mar-
keting and promotion, such as manufacturing typical auto-
mobile, computer, communication and consumer electronics.
The present research re-examines the collaborative relation-
ship between supply chain members, builds a model that is
more in line with reality, and seeks pricing and emission
reduction decisions made by multiple parties to maximize
their individual interests.

The remainder of the paper is organized as follows. Based
on rational assumptions and notations, a multilevel sup-
ply chain with coordinated green renovation and market-
ing efforts, regulated by carbon tax policy, is established
in Section II. In Section III, backward-induction analysis is
applied to obtain the Nash equilibria of the game model as
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mentioned above. Subsequently, in Section IV, due to com-
plexity in the form of the equilibria, numerical simulation
is carried out to observe the relations between supply chain
performance and the key parameters for the supply chain, and
a discussion is presented. In the last section, Section V, the
research is concluded; the main findings and limitations are
given, and future research avenues are also proposed.

II. MULTILEVEL SUPPLY CHAIN GREEN INNOVATION
GAME MODEL
The theoretical model proposed in this study is derived from
the simulation of realistic supply chain scenarios. We assume
that there is such a supply chain for automobile, computer,
communication and consumer electronics in the market. The
most upstream enterprise is a steel or nonferrous metal smelt-
ing and processing enterprise, called a raw material man-
ufacturer, and the downstream enterprise is an automobile,
computer, communication or consumer electronics fabrica-
tor, whose products are final products, which can meet the
needs of consumers. The closest to the consumer is the sales
terminal, called the retailer, and, finally, the end consumer.
The overall supply chain is a value-added chain. Each enter-
prise makes different contributions to the promotion of the
consumption of green products and transmits their respec-
tive costs downstream through product pricing decisions.
Customer demand has multiple sensitivities not only to the
price of greener products but also to the carbon footprint,
the level of energy efficiency of the product, and the degree
of marketing efforts. A schematic diagram of this theoretical
model is shown in Fig. 1.

The whole game process is as described in Fig. 1. First,
the raw material manufacturer determines the investment in
the carbon emission reduction and sales price of its raw
material products. The final product fabricator determines
the product energy efficiency level and its sales pricing.
Finally, the retailer determines its advertising and market-
ing inputs and final product retail price. This process is
a three-stage sequential game. The standard solution is to
use the backward-induction analysis technique to solve the
problem, that is, to first find the retailer’s strategy and then
iterate upward, layer by layer, to find the strategy of all mem-
bers of the entire supply chain. The underlying theoretical
assumptions of this model include the following:
H1:Market demand is equal to the quantity traded between

upstream and downstream members of the supply chain.
H2: In the supply chain, a product provided by an upstream

enterprise is just enough to lead to a downstream enterprise
producing a product.
H3: There is a quadratic relationship between investment

in green technology innovation and the carbon emission
reduction level (also called the degree of greening).
H4: There is a quadratic relationship between investment

in energy efficiency improvement and the energy efficiency
improvement level.
H5: There is a diminishing marginal return effect between

a retailer’s marketing effort and market demand.

TABLE 1. Symbolic conventions of variables and parameters.

H6: There is a linearly proportional relationship between
market demand and the carbon footprint per unit product.
H7: There is a linearly proportional relationship between

market demand and product energy efficiency.
H8: There is a quadratic root relationship between market

demand and a retailer’s marketing investment.
With the above assumptions, it is also necessary to make

symbolic conventions for the parameters and variables used
in the model, as shown in Table 1. According to the notation
conventions, some endogenous variables can be obtained as
follows.

According to the notation conventions, some endogenous
variables can be obtained as follows.

The investment in emission reduction is Is = 1
2µcs

2 for the
raw material manufacturer in the current period. The energy
efficiency improvement investment is If = 1

2νef
2 of the final

product fabricator.
Let carbon footprint c = cs0 − cs and energy efficiency

ratio e = ef 0 + ef ; then, we obtain the customer purchased
quality as follows:

Q = Q̂− αpr + γ
√
A− λc+ ρe (1)

Various supply chain performance indicators can be cho-
sen. Here, the profits for eachmember enterprise in the supply
chain are used as follows:

The profit for the raw material manufacturer is

5s = Q(ps − ms − ws)− τQ(cs0 − cs)− Is (2)

The profit for the final product fabricator is

5f = Q(pf − mf − ps)− If (3)
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FIGURE 1. Game relations among members in the supply chain.

The profit for the retailer is

5r = Q(pr − mr − pf )−A (4)

The whole supply chain benefit is

5 = 5s +5f +5r (5)

III. NASH EQUILIBRIA ANALYSIS OF THE PROPOSED
MODEL
In the previous section, a three-level complex supply chain
model with four stakeholders is established. The model
assumes that all supply chain members are rational, and
its optimization goal is to obtain the greening strategy of
raw material manufacturers, the energy efficiency reduction
strategy of consumer goods manufacturers, and the market-
ing strategy of retailers. At the same time, it can be seen
from the model that any party’s strategy changes the benefits
of the whole supply chain, as it bears all the costs of the
implementation of the effort strategy but cannot obtain all
the benefit changes brought about by it. That is, stakeholders
in the supply chain need to observe each other’s strategic
choices and finally implement the most favorable strategy.
This situation is obviously one of noncooperative competition
in the supply chain. However, cooperation among supply
chain members is inevitable. Only by increasing the sales of
green products can all parties ensure that their own profits
are improved. This kind of competition and cooperation game
among members in the supply chain is obviously suitable for
the use of game theory as a research tool.

The supply chain model has a potential assumption; that is,
in the supply chain, upstream enterprises are always stronger
than downstream enterprises. Raw material manufacturers
are the most powerful enterprises in the whole supply chain,
followed by consumer goods manufacturers, and retailers
have the least power. The order of making decisions is also
from upstream to downstream along the supply chain. This
situation is an unequal sequential, or dynamic, game. Gener-
ally, the sequential game is solved by the backward-induction
analysis technique, which means that in the decision-making
process of the supply chain, the upstream enterprise is more
powerful and can observe the strategy selection process and
results of the downstream enterprise in response to its own
strategy selection. Therefore, the upstream enterprise incor-
porates the best response of the downstream enterprise into

its own profit function for optimal decision making. The
following game analysis process follows the ideas described
above.

First, the retailer’s strategies must be obtained. By bringing
Equation (1) into Equation (4), the profit function is expanded
as follows:

5r = (Q̂− αpr + γ
√
A− λc+ ρe)(pr − mr − pf )− A

(6)

For the variable A in Equation (6), the first- and
second-order partial derivatives are obtained as follows:

∂5r

∂A
=
γ (pr − mr − pf )

2
√
A

− 1 (7)

∂25r

∂A2
= −

γ (pr − mr − pf )
4A3/2

(8)

The partial derivatives of another variable, pr , are put as
follows:
∂5r

∂pr
= Q̂− αpr + γ

√
A− λc+ ρe− α(pr − mr − pf )

(9)
∂25r

∂pr 2
= −2α (10)

Then, the second-order joint partial derivatives are found
as follows:

∂25r

∂A∂pr
=
∂25r

∂A∂pr
=

γ

2
√
A

(11)

With all second-order partial derivatives being as above,
one of the Hessian matrix conditions is given as follows:

H =
αγ (pr − mr − pf )

2A3/2
−
γ 2

4A
> 0 (12)

By simplifying Equation (12), we obtain

pr − mr − pf >
γ
√
A

2α
(13)

Under the condition that Equation (13) is satisfied, let
Equation (7) equal 0; then, we can obtain

pr − mr − pf =
2
√
A
γ

(14)
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Combined with Equations (13) and (14), the Hessian
matrix conditions are further simplified as follows:

4α > γ 2 (15)

By setting Equation (9) to 0, we obtain

Q̂− αpr + γ
√
A− λc+ ρe− α(pr − mr − pf ) = 0 (16)

Let

Q = Q̂− λc+ ρe+ α(mr + pf ) (17)

Then, Equation (16) is simplified as follows:

Q− 2αpr + γ
√
A = 0 (18)

By combining Equations (14) and (18), the retailer’s opti-
mal response strategy can be obtained as follows:

pr =
2Q− γ 2(mr + pf )

4α − γ 2 (19)

A =
γ 2(Q− 2αmr − 2αpf )

2

(4α − γ 2)2
(20)

With the best responses of the retailer, we now start finding
the strategies for the consumer goods fabricator.

Then, Equations (19) and (20) are added to the final prod-
uct fabricator’s profit function, that is, Equation (3), and we
can obtain

5f =
2α(Q̂− λc+ ρe)− 2α2(mr + pf )

4α − γ 2 (pf − mf − ps)

−
1
2
νef 2 (21)

First, Equation (21) is expanded as follows:

5f =
2α(Q̂− λc+ ρ(ef 0 + ef ))− 2α2(mr + pf )

4α − γ 2

(pf − mf − ps)−
1
2
νef 2 (22)

Then, the first-order, second-order, and joint partial deriva-
tives for all the decision variables in Equation (22) are calcu-
lated for the final product fabricator as follows:

∂5f

∂pf
=

2α(Q̂− λc+ ρ(ef 0 + ef ))− 2α2(mr + pf )
4α − γ 2

−
2α2

4α − γ 2 (pf − mf − ps) = 0 (23)

∂25f

∂pf 2
=
−4α2

4α − γ 2 < 0 (24)

∂5f

∂ef
=

2αρ(pf − mf − ps)
4α − γ 2 − νef = 0 (25)

∂25f

∂ef 2
= −ν < 0 (26)

∂25f

∂pf ∂ef
=

∂25f

∂ef ∂pf
=

2αρ
4α − γ 2 (27)

The extremum condition of the final product fabricators
profit function can be obtained as follows:

H =
4να2

4α − γ 2 −
4α2ρ2

(4α − γ 2)2
> 0 (28)

By simplifying Equation (28), we can obtain

4α − γ 2 >
ρ2

ν
(29)

By putting Equations (23) and (25) into simultaneous equa-
tions, let

Q = Q̂− λc+ ρef 0 + α(mf + ps − mr ) (30)

The final product fabricators best responses are as follows:

pf =
Qν(4α − γ 2)− 2αρ2(mf + ps)

2αν(4α − γ 2)− 2αρ2
(31)

ef =
ρQ− 2αρ(mf + ps)
ν(4α − γ 2)− ρ2

(32)

Then, Equations (31) and (32) are added to the profit
function of the most upstream raw material manufacturer,
namely, Equation (2), as follows:

5s =
αν(Q̂− λ(cs0 − cs)+ ρef 0)− α2νmr

ν(4α − γ 2)− ρ2

−
α2ν(mf + ps)

ν(4α − γ 2)− ρ2
(ps − ms − ws)

−τ
αν(Q̂− λ(cs0 − cs)+ ρef 0)− α2mrν

ν(4α − γ 2)− ρ2

−
α2ν(mf + ps)

ν(4α − γ 2)− ρ2
(cs0 − cs)−

1
2
µcs2 (33)

5s =
ανQ̂− ανλ(cs0 − cs)+ ανρef 0

ν(4α − γ 2)− ρ2

−
α2ν(mf + ps + mr )
ν(4α − γ 2)− ρ2

(ps − ms − ws)

−τ
ανQ̂− ανλ(cs0 − cs)+ ανρef 0

ν(4α − γ 2)− ρ2

−
α2ν(mf + ps + mr )
ν(4α − γ 2)− ρ2

(cs0 − cs) −
1
2
µcs2 (34)

Based on Equation (34), it is time to calculate the best
strategies for the raw material manufacturer.

The first-order, second-order, and joint partial derivatives
of the variables in Equation (34) for the raw material manu-
facturer are listed as follows:

∂5s

∂ps
=
αν(Q̂− λ(cs0 − cs)+ ρef 0)− α2ν(mf + mr + ps)

ν(4α − γ 2)− ρ2

−
α2ν

ν(4α − γ 2)− ρ2
+

τ (cs0 − cs)α2ν
ν(4α − γ 2)− ρ2

(35)

∂25s

∂ps2
=

−α2ν

ν(4α − γ 2)− ρ2
(36)

∂5s

∂cs
=
ανλ(ps − ms − ws)
ν(4α − γ 2)− ρ2
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+τ
αν(Q̂− λ(cs0 − cs)+ ρef 0)

ν(4α − γ 2)− ρ2

−τ
α2ν(mf + mr + ps)
ν(4α − γ 2)− ρ2

−τ
ανλ

ν(4α − γ 2)− ρ2
(cs0 − cs)− µcs (37)

∂25s

∂cs2
=

2τανλ
ν(4α − γ 2)− ρ2

− µ (38)

∂25s

∂pscs
=
∂25s

∂csps
=

ανλ− τα2ν

ν(4α − γ 2)− ρ2
(39)

Thus far, the extreme condition of the profit function of the
available raw material manufacturer is

H =
−α2

(4α − γ 2)− ρ2

ν

(
2ταλ− µ((4α − γ 2)− ρ2

ν
)

(4α − γ 2)− ρ2

ν

)

−(
αλ− τα2

(4α − γ 2)− ρ2

ν

)2 > 0 (40)

After simplifying Equation (40), we obtain

µ >
2λτα

(4α − γ 2)− ρ2

ν

(41)

Let Equations (35) and (37) equal 0, and combine them into
simultaneous equations. In addition, let

Q#
= Q̂+ ρef 0 − λcs0 − α(mf + mr ) (42)

Solving the equation system, the best countermeasures for
the raw material manufacturer can be obtained as (43) and
(44), shown at the bottom of the page.

Equations (43) and (44) are added back to Equations (31)
and (32) and then Equations (19) and (20), and the best
response countermeasures for all supply chain members can
be obtained.

Given the complex expressions of these strategies, they are
not listed here. Next, numerical simulation is used to simulate
the sensitivity of these exogenous variables to the key system
parameters of the supply chain.

IV. NUMERICAL SIMULATION AND RESULT ANALYSIS
With the help of numerical simulation, the changing relation-
ship between the supply chain performance index and key
parameters can be described clearly. Because all parameters
are dimensionless, their value range is relatively more flexi-
ble. In the theoretical model proposed in this study, because

FIGURE 2. Relation between τ and c .

there are many variables and parameters, it is impossible to
perform a one-to-one numerical simulation. This research is
mainly aimed at green technology innovation in the supply
chain under a carbon tax. Therefore, we select the carbon
tax rate τ , the carbon footprint sensitivity coefficient of con-
sumer demand λ, and the product energy efficiency sensitivity
coefficient of consumer demand ρ as the key parameters of
the supply chain system. Then, all exogenous variables are
selected, that is, the variables that can explain the perfor-
mance level of the system, including Q, pr , πs, πf , πr , π ,
c, and e.

The numerical simulation first assigns initial values to the
parameters. Iteratively, the three Hessian matrix conditions
are verified in the game equilibrium analysis process until
they are all satisfied. Then, the results are numerically simu-
lated and plotted.

Expressly in this example, we set the following initial
values for the parameters: ws = 0.5, ms = 1, mf = 2,
mr = 1, cs0 = 1, ef 0 = 10, ν = 200, τ = 0.25, α = 50,
γ = 10, λ = 10, ρ = 30, and Q̂ = 100.

First, we evaluate the impact of carbon tax rates on the
carbon emissions and profits of the raw material manufac-
turer, the profits of other supply chain members, and the
overall supply chain profits, as shown in Figs. 2 and 3 below,
respectively.

Second, our changes in the product carbon footprint,
energy efficiency level, sales volume, and profits of all

ps = λ(
νλ(−α + Q#

− ms − ws)− ταν(−α + ατcs0)
µ(ν(4α − γ 2)− ρ2)− νλ2 − τ 2α2ν

)/α − 1

+τ (cs0 −
νλ(−α + Q#

− ms − ws)− ταν(−α + ατcs0)
µ(ν(4α − γ 2)− ρ2)− νλ2 − τ 2α2ν

)+
Q#

α
(43)

cs =
νλ(−α + Q#

− ms − ws)− ταν(−α + ατcs0)
µ(ν(4α − γ 2)− ρ2)− νλ2 − τ 2α2ν

(44)
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FIGURE 3. Relation between τ and π .

parties as the demand carbon footprint elasticity ρ and
demand energy efficiency elasticity λ change are shown
in Figures 4 to 7. Through this three-dimensional graph, the
performance changes in the system can be observed when
there are different changes in the parameters.

As shown in Fig. 2, with the gradual increase in the carbon
tax rate, raw material processing enterprises have increased
their efforts toward green technology innovation, and the
carbon footprint of products has gradually decreased. How-
ever, the absolute value of the slope of the upward concave
curve has also decreased, which means that the marginal
emission reduction effect of the emission reduction policy
is decreasing. When the carbon tax rate reaches 0.5, the
carbon footprint of the product hardly decreases. The most
significant social benefit of the policy is reflected in the fact
that when the carbon tax rate increases from 0 to 0.01, the
carbon footprint drops by 10% compared to that previously.
As shown in Fig. 3, for supply chain member companies,
under the carbon tax system, the carbon tax can only become
a cost. In particular, with the increase in carbon tax rates,
the profits of upstream raw material processing companies
have been severely eroded, and it is difficult to transfer them
all downstream. The profits of downstream final product
manufacturers and retailers have little impact, and the overall
profits of the supply chain have also shown a downward
trend. The above factors are not conducive to the long-term
sustainable development of the supply chain.

As shown in Fig. 4, as consumer demand becomes increas-
ingly sensitive to the product carbon footprint and energy
efficiency level, the product carbon footprint continues to
decline, and the higher the demand sensitivity is, the faster
the product carbon footprint changes. Similar to a black hole,
the carbon footprint rapidly approaches zero. As seen from
Fig. 5, the energy efficiency level of a product, or the green
technology innovation level of the final product manufac-
turer, has an almost linearly increasing relationship with the

FIGURE 4. Relation between (ρ, λ) and c .

FIGURE 5. Relation between (ρ, λ) and e.

elasticity coefficient of the energy efficiency of demand but
decreases slowly with the increase in the elasticity coefficient
of the carbon footprint of demand; alternatively, there may
be few relations between them. On the whole, the energy
efficiency level of the product continues to improve with the
simultaneous increase in the two elastic coefficients.

It can be seen from Fig. 6 that the demand for products is
positively correlated with the elastic coefficient of the energy
efficiency of demand and also increases with the increase in
the latter, and the growth rate exhibits an increasing trend.
When the elastic coefficient of the demand carbon footprint
is low, the correlation is more obvious. When the elasticity
coefficient of demand is high, the demand for the product first
decreases and then increases, which is a very exciting phe-
nomenon. However, the relationship between demand and the
demand carbon footprint elasticity coefficient is uncertain.
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FIGURE 6. Relation between (ρ, λ) and Q.

When the demand energy efficiency elasticity coefficient is
low, the demand quantity increases with the demand car-
bon footprint elasticity coefficient. When the demand energy
efficiency elasticity coefficient is high, the demand quantity
decreases as the demand carbon footprint elasticity coeffi-
cient increases. As shown in Fig. 7, the overall profits of
the raw material manufacturer and supply chains decrease
with the increase in the elasticity coefficient of the demand
carbon footprint but increase with the increase in the elasticity
coefficient of the demand energy efficiency. For downstream
final product manufacturers and retailers, the profit of the
company slowly increaseswith the elasticity coefficient of the
carbon footprint of demand, which has little or no relationship
with the elasticity coefficient of energy efficiency of demand,
or increases slightly.

Thus far, we have not only obtained the game strategy equi-
libria of stakeholders in the supply chain but also carried out
sensitivity analysis on several key parameters in the system.
Before reaching the conclusions of this study, we make nec-
essary comparisons between the models, analysis or solution
process and results of this study, and the 13 similar studies
mentioned in Section I. The comparisons are mainly carried
out from 5 aspects, including the network structure of the
supply chain, carbon regulations, methodology used in model
formulation and analysis procedure, whether sensitivity anal-
ysis or a numerical test is carried out, and the main research
results. The first 4 aspects of each paper are listed in Table 2.

As seen from Table 2, the research object of supply chain
green technology innovation has been limited to a single
firm, such as in [12], [20], [28], and [29]; between upstream
and downstream enterprises in the supply chain, including
one supplier and one manufacturer, such as in [21], [24],
and [27]; or between one manufacturer and one retailer,
such as in [18], [19], [22], [23], and [25]. Reference [26]
also studied a two-level supply chain with two competing
downstream retailers. This paper has built a more complete,
more complex, and more practical three-level supply chain.

FIGURE 7. Relation between (ρ, λ) and π .

As mentioned in the conclusions in [21], [24], and [28],
the study of a more complex supply chain structure is an
inevitable direction of supply chain research at present and
in the future.

As mentioned above, the carbon tax is a widely recognized
and market-oriented carbon emission reduction mechanism.
References [12], [20], [26] also studied supply chain carbon
emission reduction under the carbon tax mechanism.

According to [12], the total carbon trading mechanism and
carbon tax policy represent the future development direction
of carbon emission reduction policies, which are more effec-
tive than are other carbon emission reduction policy mixes.
In [12] and [20], it was said that the carbon tax was simpler
than the carbon cap-and-trade mechanism. With the growth
of the carbon tax, carbon emission costs promote continuous
emission reduction, and the government also has an addi-
tional source of fiscal revenue. However, the limitations of
the carbon tax were also analyzed in [20], and [26]. The
carbon tax only increases the cost of the supply chain; it is
a punishment mechanism but lacks an incentive mechanism.
The carbon cap-and-trade mechanism is more perfect than is
the carbon tax mechanism, but its design and implementation
are also more complex. The allocation of carbon quotas is
also a social problem that is difficult to balance. Regarding
the research methods used in the literature, it can be seen
in Table 2 that the research on the operation strategies of
a single enterprise in the supply chain, including in [12],
[20], [28], and [29], does not involve strategic interactions
between stakeholders in the supply chain and generally uses
traditional optimization technology, including mathematical
programming models, accurate solution technology or intel-
ligent algorithms, to solve the models. Except for these 4 arti-
cles, all other articles involve strategic interactions between at
least two upstream and downstream enterprises in the supply
chain. Although the strategies to be decided on may be differ-
ent, they all need to be studied with the help of game theory.
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TABLE 2. Research comparisons with existing literature.

The same is true for this paper. For example, [18], [19], [22],
[26] used the theory of supply chain contracts, which, in fact,
is also a branch of game theory, and its modeling and solving
process are almost the same.

In terms of the research results, this paper finds that with
the growth of the carbon tax rate, the supply chain cost
gradually increases, which is consistent with the research
results of [26]. However, as claimed in [12], the cost increases

linearly in strict accordance with the fixed proportion of the
carbon tax rate. This paper does not pay special attention
to the changes in the cost of raw material manufacturers.
In addition, both this paper and [12] find that when a carbon
tax is first imposed, the amount of the emission reduction
of enterprises or supply chains is the largest. With the con-
tinuous increase in the carbon tax rate, when it reaches a
certain level, the emission reduction of enterprises or supply
chains almost ceases because the cost of emission reduction
is increasing. When the marginal cost of emission reduction
exceeds the carbon tax rate, it becomes unfavorable in terms
of reducing emissions. The profits of enterprises and supply
chains subsequently decline. Therefore, when adopting the
carbon tax rate policy to reduce emissions, it should always
remain in moderation. In addition, as mentioned in the con-
clusions of this paper, [20] also believed that the carbon tax is
purely an additional cost and burden for enterprises or supply
chains and that a transfer payment mechanism can improve
this defect of carbon tax policy and help enterprises achieve
economic, environmental and social benefits at the same time.
For some key parameters, this paper and [26] both pay atten-
tion to the elasticity coefficient of carbon emission reduction
of market demand; [26] believed that the optimal amount of
carbon emission reduction is positively linear with this coef-
ficient. This paper also finds that they are positively but not
nonlinearly correlated. This paper and [20] have found that
the pricing strategy between different levels of supply chains
has a great impact on the profits of supply chains, which is
actually the so-called doublemarginal effect of supply chains.
In [22] and [24]–[27], it is pointed out that the integration or
centralized decision making of supply chains is very benefi-
cial to the profits and emission reduction of the supply chain.
However, in reality, this alliance is difficult to achieve, and
the double marginal effect can only be reduced, not elim-
inated. Therefore, this study only considers the sequential
game in the case of unequal bargaining power among supply
chain members. Finally, in the numerical experiments, the
highlighted key parameters for the sensitivity analysis are
different. Some studies, such as references [12] and [26],
have carried out sensitivity analysis for parameters separately,
rather than parameter combinations, such as in [23] and [27]
as in this paper. Furthermore, this paper uses a more compact
combined parameter space, and the sensitivity analysis graph
is smoother than those in other literature, but the effects are
consistent.

V. CONCLUSION AND MANAGERIAL INSIGHTS
Taking the automobile, computer, communication or
consumer electronics supply chain as the prototype, a three-
level supply chain green technology innovationmodel includ-
ing a raw material manufacturer, a final product fabricator,
a retailer, and an end user is constructed. By applying the
backward-induction analysis method, the best countermea-
sures and system performance indicators of all parties in the
supply chain are obtained through analysis. With the help
of numerical analysis, a series of performance indicators of
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the system and the response to the critical parameters of the
system are analyzed intuitively and graphically. The main
conclusions are presented below.

(i) Under carbon tax regulation, the profit for any mem-
ber of the supply chain or the overall profit of the supply
chain declines differently. Among them, the profit of the
raw material manufacturer decreases most dramatically. The
profit of the final product manufacturer and retailer also
decrease but to a very limited extent due to the decline in
the overall profit of the supply chain and the transmission
of carbon tax costs of the raw material manufacturer to the
downstream of the supply chain. This finding shows that
as a one-way policy, when a carbon tax is adopted alone,
it can only increase the cost of the supply chain, which is not
conducive to the supply chain participating in international
competition. Moreover, supply chain members cannot benefit
from their green technology innovation activities. Therefore,
we suggest that when implementing the carbon tax policy, the
carbon tax should be used as a means of transfer payment to
encourage firms to make more green technology innovation
efforts and accelerate the elimination of enterprises with poor
environmental performance.

(ii) Carbon tax regulation can encourage enterprises to
actively carry out green technology innovation, but its
marginal effect continues to decline. At the initial stage of
carbon tax implementation, its impact on the level of green
innovation efforts of enterprises is very obvious. Enterprises
reduce carbon emissions through active green technology
innovation and then reduce the additional costs brought about
by the carbon tax. However, as the carbon tax increases to a
certain level, the marginal emission reduction cost of firms
gradually exceeds the carbon tax rate. At that moment, firms
stop their green innovation efforts. To this end, we suggest
that the initial carbon tax rate should be set at a low level and
steadily increased in the future to allow time for firms to carry
out green technology innovation and accumulate the funds
and technologies required for continuous green innovation.
We should be fully aware of the limitations of the carbon tax
as a tool for emission reduction, not the higher, the better.

(iii) The carbon footprint elasticity and energy efficiency
elasticity of consumer demand have a great impact on supply
chain profit and carbon emission reduction. With demand
becoming increasingly sensitive to the carbon footprint and
energy efficiency level of products, the sales volume of the
supply chain and its profit also increase quickly, while the
carbon emission level decreases rapidly in the same period.
In particular, it is found that the correlation intensity between
consumer demand and product energy efficiency is signifi-
cantly higher than that between demand and the product car-
bon footprint. Therefore, cultivating consumers’ awareness
and habits of green consumption is very important for the
promotion of green technology innovation and enhancement
of firm competitiveness. In addition, green consumers pay
attention to the carbon footprint and energy efficiency level of
products at the same time. The energy efficiency level, in fact,
is the carbon footprint of products in the use phase. Its role in

promoting the sales of green products is significantly greater
than that of products in the production phase, which is also
a reflection of consumers’ rationality. From the perspective
of regulators, we should create a competitive atmosphere
that is conducive to improving the energy efficiency level of
products rather than just emphasizing the carbon footprint
of products. At the micro level, for the most upstream raw
material manufacturer, also with the most power in the supply
chain, its downstream enterprises should be urged to paymore
attention to the efforts to enhance the energy efficiency level,
or it should seek the final product manufacturers who are very
good at the product energy efficiency level to form a more
competitive green supply chain.

This study also has some limitations. First, a potential
assumption of this paper is that between any two adjacent
stakeholders in the supply chain, the upstream firm has
greater bargaining power than does the downstream firm.
People can study the situation in which the end product
fabricator or retailer is dominant in the supply chain. Sec-
ond, in this study, strategic interactions among supply chain
members are carried out under the condition of complete
information. Then, the supply chain green technology innova-
tion gamewith asymmetric information and incomplete infor-
mation may produce some very interesting results. Third,
this paper only considers carbon tax regulation. The carbon
cap-and-trade system, or the carbon tax policy considering
the transfer payment mechanism, that is, providing financial
compensation for leading green technology innovation enter-
prises, can be further studied in the future. We will leave the
above issues to future researchers.
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