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This paper established cooperation decision model for a mixed carbon policy of carbon trading-carbon tax (environmental tax) in
a two-stage S-M supply chain. For three different cooperative abatement situations, we considered the supplier driven model, the
manufacturer driven model, and the equilibrium game model. We investigated the influence of mixed carbon policy with constraint
of reduction targets on supply chain price, productivity, profits, carbon emissions reduction rate, and so on. The results showed that
(1) high-strength carbon policies do not necessarily encourage enterprises to effectively reduce emissions, and increasing market
acceptance of low carbon products or raising the price of carbon quota can promote the benign reduction; (2) perfect competitive
carbon market has a higher carbon reduction efficiency than oligarch carbon market, but their optimal level of cooperation is
the same and the realized reduction rate is in line with the intensity of carbon policy; (3) the policy sensitivity of the carbon
trading mechanism is stronger than the carbon tax; “paid quota mechanism” can subsidize the cost of abatement and improve
reduction initiative. Finally, we use a numerical example to solve the optimal decisions under different market situations, validating

the effectiveness of model and the conclusions.

1. Introduction

With rapid development of economy, China is suffering
from energy shortages and environmental pollution. The
outbreak of large-scale “smoggy weather” has caught the
attention of the public. “U.S.-China Joint Announcement
on Climate Change” is released in November 2014. China
intends to achieve the peaking of CO, emissions around 2030
and to make best efforts to peak early. In response to the
severe global climate change and a wide range of emission
reduction agreement, China is committed to accelerating the
development of carbon emission reduction and a low-carbon
economy.

Chinese National Development and Reform Commission
issued “National Climate Change Program” in 2007. And
the State Council proposed the target that we would reduce
carbon dioxide emissions per unit of GDP in 2020 by 40-45
percent over 2005. Later, in 2012, seven provinces and cities
like Beijing, Shanghai, Guangdong, and so on take the lead
in putting out a trial use of carbon emission trading. Until

October 2015, the seven carbon trading pilot provinces had
achieved a total of 13.75 million tons of carbon dioxide,
cumulative turnover of over 500 million yuan, and 15.21
million tons of total volume of carbon trading quotas auction
and received a total auction income of 760 million yuan. At
the same time, China’s National Development and Reform
Commission, Ministry of Finance, and other departments
jointly issued the “Special Report of China Carbon Tax
Framework Design Tax” to recommend the early intro-
duction of a carbon tax. In fact, the recent increase in
oil consumption tax has already played the role of carbon
tax. In summary, emerging trends of two parallel carbon
reduction policy systems, carbon trading and environmental
tax, have affected many companies, especially those with high
emissions and ineflicient energy.

Currently, carbon emission policies adopted worldwide
conclude “cap-and-trade” mechanism, “carbon tax,” and
administrative emission reduction. Compared with other car-
bon emission policies, “cap-and-trade” mechanism is more
efficient and easier to implement and can achieve significant
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savings in public resources [1]. However, Metcalf [2] believes
that the “carbon tax” policy is more complete than “cap-
and-trade” mechanism on the implementation process and
therefore is more efficient. In fact, if we adopt a generalized
definition of “carbon tax” as refined oil consumption tax,
import and export of carbon tariffs, and other taxes, the
majority of the world countries have already introduced
“green tax” system. With the success of Europe Union Emis-
sions Trading System (EUETS), Europe Union Emissions
Trading Scheme (UKETS), National Trust of Australia-NSW,
pilot carbon markets in China, and other carbon trading
markets, coexistence of multiple carbon policies is becoming
the trend. However, the hybrid carbon policy has not yet
aroused attention in academic research.

Enterprises in carbon trading market are mainly from
heavy pollution and high emission industries like steel and
power generation. For example, there are 193 companies
under emission control in Guangzhou exchange in 2015.
Among them, there are 57 steel companies, 64 thermal power
enterprises, 11 petrochemical enterprises, and 61 cement
companies. The vast majority of these enterprises belong to
the supply chain upstream suppliers of raw materials. The
government assigns a certain amount of carbon emission
quotas to firms yearly. When a firm has carbon emissions
less (or more) than its quotas, it can sell extra quotas (or
buy additional quotas). There are also few companies like
Guangzhou Carbon Emissions Exchange that implement
paid quota system. For paid quota system, companies cannot
get the full quota but bid a certain percentage of carbon
credits (such as carbon deposit paid by the Guangzhou quota
ratio of 3%). Therefore, the implementation of carbon policy
would change the production planning and cost structure
in these enterprises, and effect along the supply chain is
transferred by production, pricing, and other operational
decisions.

With the carbon market maturing and increase of con-
sumer awareness for environmental protection, more and
more manufacturers are willing to give priority to purchase
low-carbon products [3] or even to carry out emission reduc-
tion cooperation with the upstream manufacturers [4]. But
in reality such cooperation for carbon emissions reduction
between enterprises is limited except specific business like
acquisitions. It is critical for these companies to choose
the appropriate forms of cooperation and the degree of
cooperation. At the same time, core business in the supply
chain can be either the upstream suppliers or the down-
stream manufacturers, which may make the implementation
efficiency of the effect of carbon policy different. Therefore,
considering the structure of the market forces in supply chain
business is necessary in this study.

The remainder of this paper is organized as follows. After
reviewing related literature in Section 2, in Section 3 we
formulate three supply chain models according to different
low-carbon policies, compare these models, and discuss the
impact of mixed carbon policies on supply chain perfor-
mance in Section 4. Section 5 conducts numerical experi-
ments to provide more insights. And the conclusion is made
in Section 6.
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2. Literature Review

The paper is closely related to three streams of literature: car-
bon trading mechanism in operations management, carbon
tax (environmental tax) policies in operations management,
and comparative analysis of the two carbon policies from
the perspective of supply chain. We briefly review the three
streams of related literature.

2.1. Operations Management Based on Carbon Trading
Mechanism. Operational management with low-carbon has
become new important decision problem of companies. Fu
et al. [5] investigate the strategy of promoting investment
in reducing carbon emissions for suppliers and manufac-
turers in a two-echelon supply chain under a contract with
punishment mechanism. Altmann and Bogaschewsky [6]
present a robust optimization-based closed-loop supply chain
design model with multiobjective. Jaber et al. [7] developed a
two-level supply chain inventory model with a coordination
mechanism based on the European Union Emissions Trading
System (EUETS), providing implications for companies to
minimize inventory and carbon emission cost. Diabat et
al. [8] introduced a multiechelon multicommodity facility
location problem and explored the impact of carbon emis-
sions price on cost and supply chain structure. Xie and Zhao
[4] explored interactions between supply chain members,
the effect of carbon trading price on carbon reduction
efficiency, and a comparison of social welfare and other issues.
Chaabane et al. [9] established multiperiod sustainable supply
chain MIP models. Du et al. [1] introduce carbon trading into
supply chain management and believed that carbon trading
policy is more efficient, is easier to implement, and can
achieve significant saving in public resources. Kockar et al.
[10] studied the effect of carbon trading prices and carbon
emission constraints on operations and price in the electricity
industry.

2.2. Operations Management Based on Carbon Tax. Research
on carbon tax gradually penetrated into the microscopic
fields of supply chain from the macroeconomic level. Cheng
and Xiong [11] studied, respectively, the optimal carbon
dioxide emission reductions and pricing strategies for the
manufacturer and retailer and the impact of carbon tax rate
on carbon dioxide emission reductions and product sale
price. Xiong et al. [12] analyzed the impact of carbon taxes
and consumer awareness on carbon emission unit of manu-
facturers and profits along supply chain members with differ-
ent channel structures. Luo [13] studied such issues as optimal
pricing and expected demand of the electric vehicle supply
chain based on the government’s subsidy and the approach of
cooperative game. Sim et al. [14] estimated carbon emissions
of four transport modes including land, rail, air, and maritime
to develop environment-friendly transport policy for the
government. Lin and Li [15] gave a comprehensive estimate
of the emission reduction effect for five Nordic countries.
And they found that carbon tax levied in Finland had a
significant negative impact on the growth rate of per capita
carbon dioxide emissions; and in Denmark, Sweden, and
Netherlands the negative impact is not significant; carbon
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tax in Norway is supposed to be ineffective. Li and Su [16]
researched carbon tax policy’s influence on the production
strategies of upstream and downstream enterprises on the
supply chain based on the EOQ model.

2.3. Comparative Analysis of Carbon Trading and Carbon
Taxes for Supply Chain. There is some literature focus on
comparative analysis of carbon policies: the carbon trad-
ing policies and carbon tax. Yang et al. [17] studied the
misreporting behavior of the supply chain members and
their influences on supply chain performance are investigated
based on “Benchmarking” carbon quota allocation mech-
anism. Hoen et al. [18] studied the effect of two carbon
policies on the transport mode selection decision. And they
concluded that the carbon policies for freight transport
are not likely to result in significant changes in transport
modes. Yang et al. [19] studied the effect of low-carbon
policies on channel coordination for two-stage supply chain.
Four different models including the basic model, the carbon
emission model, the carbon emission trading model, and
the carbon tax model are considered. The results showed
that carbon emission trading model is more effective for
supply chain on motivation to reduce carbon emissions. Gao
and Ryan [20] addressed a double-period, multiperiod, and
closed-loop supply chain network design model which was
extended with carbon tax and carbon quotas. Choi [21] first
constructed a multiperiod procurement planning model for
the fashion retailer with risk factors of interest rates, budget,
and profit. Then they take the carbon tax and carbon quotas
into consideration. Song and Leng [22] established a newsboy
model with carbon policy, including carbon quotas, carbon
taxes, and carbon trading mechanisms. Benjaafar et al. [23]
constructed a cost minimization programming model with
carbon emission allowances, taking the fixed-rate carbon tax
into consideration. Then they used the models to investigate
the impact of collaboration decisions among firms on their
costs and carbon emissions.

The above literatures generally consider carbon policy as
“exogenous variables” in operational coordination of supply
chains and limited research concerned about the level of
carbon policy itself in supply chains, such as the optimization
of paid quota proportion and carbon tax rate. Most research
focused on comparative analysis rather than considering
carbon trading and carbon tax (environmental tax) as a par-
allel carbon policy in decision models. This paper addressed
supply chain cooperation for carbon emissions reduction
with hybrid carbon policy based on Guangzhou Carbon
Exchange and subject to market strength structures.

3. Preliminaries and Model Descriptions

3.1. Preliminaries. We consider a single vendor (such as
steel), a single manufacturer (such as cars), consumers, and
government department supply chain system components.
Government can take carbon trading and carbon taxes
(environmental tax) individually or simultaneously as the
carbon policy with policy intensity A (the proportion of paid
quotas or carbon tariff). Supplier invests in manufacturing

operations to reduce emissions. The cost of carbon emissions
in the supply chain system can be expressed as (1/2)k,°,
where k, is the cost coeflicient of carbon reduction and
7 is the realized carbon reduction rate. The manufacturer
participates in carbon reduction voluntarily with cooperative
efforts y; the realized carbon reduction rate per product is y7.
The cost of carbon emissions reduction can be expressed as
(1/ 2)km(‘ur)2, where k,, is the manufacture’s cost coeflicient.
According to decision-making sequence, it can be divided
into “supplier driven model,” “manufacturer driven model,”
and “Nash decision model.”

According to carbon trading market rules, under loose
carbon policy (A = 0), the output of supplier is Q, and
carbon reduction rate is e,. And they do not have to sell
or buy carbon quotas or pay carbon tax at carbon price P,.
Corporations can trade when they have surplus or lack quotas
in the carbon emission trading market. The paper takes “paid
carbon quotas” mechanism into consideration; the enterprise
shall bid with reserve price p,./p,, to purchase enough
quotas to qualify for the remaining free quota. The greater
proportion of paid quota represents the stronger policy, thus
requiring the supplier to increase reduction rate per unit of
product. The income of government will be used to subsidize
the cost of corporate emissions reduction AK,/AK,,. Let ¢ be
the unit production cost of the supplier and it sells products
to the retailer with wholesale price w. The demand function
is Q = ¢ — bp + 1, where ¢ is the potential market scale,
b is the coeflicient of price sensitivity, 8 is the consumer
preference coeflicient for low-carbon products, and p is the
retail price. For convenience, the carbon assets of suppliers
and manufacturers can be written as Z;, = e;p, and Z,, =

€, Pes € = € te,, 2y = 2.+ 2, ky = k,+k,,,and k = k,/k,,.

3.2. The Description of Models

3.2.1. Model 1: Supplier Driven Model. The problem is mod-
eled as a Stackelberg game in which the supplier is the
leader and the manufacturer is the follower. As a Stackelberg
leader, the supplier decides a wholesale price w and the
reduction rate 7, and then the retailer decides retail price
P and cooperative effort for carbon reduction is p. The
supplier reduces carbon emission with policy intensity A
which represents the work for companies to undertake. After
reduction, units of carbon emission reduction coeflicients
of raw materials decrease from e, to (1 — 7)e,. Surplus
or lack quotas (r — A)e; can sell or buy from the carbon
emission trading market at price P,. Among them, Z, =
e P, is potential carbon asset per unit of product of supplier.
Similarly, the surplus or lack quotas of (ur — A)e,, from
manufacturers can also be traded in the carbon market. Both
sides’ benefit functions are as follows:

= [w-c+z,(t-N)](¢p-bp+pr) - %ksrz, )

T = [p—w+2z, (ur = 1)] (¢ - bp + pr)
1 2 @
- Ekm (”T) .



We conduct Stackelberg backward induction of (2) and
take the derivative of or,,/dp = 0, dm,,,/ou = 0; we find

¢+ Prrblw—z, (A+ur)]
P= 2b ’

_ Zm(¢_bp+ﬂ‘[)
B Tk ’

(3)

m

Substituting the prices p and cooperative effort p given
in (3) into the profit function given in (1) and taking the
derivative of drr,/ow = 0, /0t = 0, we find the profit is
maximized at

; - 2Bz bz
— k _ S m ,
t ( ka—bzfn)ﬂ+bzs

L (b2 [p-ble+Azy)]

T, c—— ,
4bk, — (B +bz,)’ - 2kb*22,
. [p-bl(c+Az)] [3kS -z, (B +bz,) - ZEbzfn]
b= abk, — (B +bz,)’ - 2kb*22,
(4)
+(c+Az),
. [p-b(c+Az))] [2k, — 2, (B + bz,) — kbz,|
w, =

4bk, - (B +bz,) - 2kb222,
+(c+Azy),

Q" = (E— 2Pz, ) bk, [¢ = b(c +Az)]
: 2k, — bz}, ) abk, - (B +bz,)” - 2kb?22,

For the government, carbon policy with high intensity
will lay big burden on the business, while lighter carbon
policy cannot complete its emission reduction targets. There-
fore, a reasonable carbon policy should satisfy the following
equation:

o (Brbz)[§-b(e+Az)]

= — . 5
' abk, - (B+bz)’ - 2kb?22, ®
Then we can get the optimal policy intensity in MSI:
: (B+bz) (¢ bo)
A ©6)

" 4bk, — (B+bz,) (B bz,,) - 2kbP22

When policy intensity A € [0,A]], the supplier can
finish the target and they get some income through carbon
emissions quota trading with relaxed carbon policy (A — 0).
However, supplier will fail to finish a given task, and they
must pay for the corresponding carbon resource when A >
A}. Therefore, (A — A]) can be regarded as governmental
regulation strategy of carbon policy in MSI.

When the carbon market implements the “paid quota”
mechanism, the enterprises shall bid to purchase enough
paid quotas. Government would use the revenue to set
up a “special fund for carbon emission management” and
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to ensure the enterprises have the motivation on energy
conservation.

If the quota auction income subsidizes the supplier, we
can get the equation as follows:

(B+bz,) (¢ —be)
4bk, - (B +bz,)’ - 2kb222,

_ (B+bz,) [¢~b(c +Az,)]
4b (k, - Akyy) = (B +bz,)" = 2 ((k, - Aky) [K,,) b2,

7)

The abatement cost subsidy of supplier is Ak}, = (k -
2Bz,/(2k,, - bz,,))(Abzok, [2(2k,, — bz,,)Q, ); among it, Q, =
nbk,,(¢ — be)/(4bk, — (B + bz,)* — 2kb’z2) is the initial
production in MSI with loose carbon policy (A = 0), where
n = k - (2Bz,/(2k,, — bzfn)). If there is no income except
for the “special fund for carbon emission management,” the
quota auction income is larger than abatement cost subsidy
Ae,Q, P, = Ak’,. Finally, we get the optimal auction reserve
price of supplier in MSI

ﬁ* _ (E— 2[325 ) bkfn (1 + em/es) »
! 2k = b33, ) 2 (2k,, - b22) Q.

Similarly, if the quota auction income subsidizes the
manufacturer, the optimal abatement cost subsidy is Ak, =

nAzok2 [(nAzok,, + 2kz2Q,). Because e, Q,p,,, = Ak

ml>
the optimal auction reserve price of manufacturer in MSI is

?:ml = (kan(l + es/em)/(nAZOkm + 2sznQ1)Q1)pe'
Particularly, when A = 0, p, .
e./e) | 2K(2, k)’ Q)P
In fact, it is possible that the government implements
carbon tax (environmental tax) policy at the same time,
which is the mixing carbon policy for carbon trading and
carbon tax. Observing 7/, if A is considered as the carbon
tariff with a tax base of carbon asset value Z, the government
can motivate the enterprises to reduce carbon emission by
regulating carbon trading price P,. The equation is as follows:

(B +bz,) (¢ — be)
4bk, — (B +bz,)” - 2kb?22,

_ (ﬁ + bes (pe + Apel)) [(/5 -b (C + /\eO (pe + Apel))]
4bks - [ﬁ + bes (pe + Apel)]2 - ZEbZefn (Pe + Apel)2 .

(8)

(n(1 +

)

Considering the mixed carbon policy context, we can get
the optimal increase in carbon price with tarift A:

Apy,

\/AZ1 +4Abzy (B +bz,) [7, (€ +2ke2,) — Aesey| — A, (10)
- 2b [?1 (ef + Z%efﬂ) - /\eseo] '

where A, = 27,[e( + bz,) + 2kbe,,z,,] — Aley(B + bz,) +
be,zy] + e,(¢ — bc) and 7, = (B + bz,)(¢p — be)/(4bk, — (B +
bzs)z—ZEb2 zfn) is the initial reduction rate of unit raw material
in MSL y(Ap;,, A) is the government’s optimal mixed carbon

policy.
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3.2.2. Model 2: Manufacturer Driven Model. Manufacturer
is the leader of the supply chain to coordinate emission
reduction. The manufacturer decides retail price and the
cooperative efforts to reduce emissions, and then the supplier
decides a wholesale price and the reduction rate. We conduct
Stackelberg backward induction and take the derivative of
on,/ow = 0, 0mr,/d7T = 0 and we get

w=%+c—zs(k+r),
(11)

_ Zs(¢_bp)+ﬁ(w_C+Azs)
ks_zﬁzs

Substituting into (2) and taking the derivative of
on,,/op = 0, dm,,,/ou = 0, the optimal solution is

. kbz,,
2= bz,

= (ﬁ + bzs) [¢ -b (C + AZO)]
bk, -2 (B +bz,)’ - kb?z2,

2

*

2

3 [¢—b(c+Azp)] [3bks — (B +bz,) (B +2bz,) - %bzzfﬂ]

) b [4bks -2(B+ bzs)z _ Ebzzfn] (12)
+(c+Azy),

w; = [¢ b (C * AZO)] [ks ~Zs (ﬁ + bzs)] + (C + /\Zs) >

4bk, -2 (B +bz,)’ - kb?22,
o bk[¢-b(c+Az)]
P bk, -2(B+bz) - kb2,

Similarly, reasonable equation of policy intensity is as
follows:

o (Brbz)[8-b(e+ 2]

= . 13
4bk, -2 (B +bz,)’ - kb?22, ()
We can deduce the optimal policy intensity of MSII:
. +bz,) (¢ -b
" (8 +bz) (¢ - b0 w

" 4bk, — (B +bz,) (2B + bz, - bz,,) - KbP22

When policy intensity A > AJ, the corporate fails to
finish a given task, and they must pay for the corresponding
carbon resource; when policy intensity A < A5, they can
accomplish the target with excess carbon quota and get some
income through carbon quota trading. Thus, (A — A}) is the
governmental regulation strategy of carbon policy in MSIL

The supplier’s abatement cost subsidy with paid quota
mechanism is Ak}, = Azobkk,,/(4k, - bz2)Q,. For
re,Q,P,., > Ak, we get the optimal auction reserve price
of supplier with MSII

Doy = (bk.k, (1 + e,,/e,)/(4k,, — bzfn)ai)pe; among it
Q, = bky(¢ — bc)/(abk, — 2(B + bz,)* — kb*Z2) is the initial
production in MSII with loose carbon policy (A = 0).

The optimal abatement cost subsidy of manufacturer is
Ak}, = Azok?[(Azok,, + 22,Q,). For Ae,,Q,p,,,, = Ak

m2>
we get the optimal auction reserve price of manufacturer in

MSII:

e K, (1 +e/e,,)

em2 —

——~ — Pe- 15
(/\zokm+zan2)Q2p s)

Particularly, when A = 0, p, , = ((1 + e//e,,)/(2,,/
k)’ Q)P

Similarly, in the context of MSII, we can get the optimal
increase in carbon price with tariff A:

Apy,

) \/A22 +4Abz, (B +bz,) [7, (2€2 + ke2,) — Aegey| — A, (16)
- 2b [?2 (2e§ + Eeﬁq) - /\eseo] '

where A, = 27,[2e,(B+bz,)+kbe,,z,,]-Mey(+bz,) +be z,] +
e, (¢ —bc)and T, = (B + bz,)(¢p — bc)/(4bk, — 2(f + bzs)2 -
Ebzzfn) is the initial reduction rate per unit raw material in
MSIL y(Ap),, A) is the government’s optimal mixed carbon

policy.

3.2.3. Model 3: Nash Decision Model. The supplier and man-
ufacturer in the supply chain will take synchronous decision-
making when their market strength is relatively balanced.
Take the derivative of orr,/0ow = 0, or,/0t = 0, dm,,,/dp = 0,
and orm,,/0u = 0. We can get the optimal conditions of the
first order as follows:

p-bp+pr-blw-c+z,(r-1)]=0,
2z (p—bp+pr)+Blw-c+z (t-A)]-k1=0,
¢-bp+pr-blp-w+z,(ur-1)] =0, (17)
Uz (@ —bp + Br) + Bp—w+z, (ur - 1)]

— 'k, T =0.

Solve the above equation and we can get the optimal
solution of MSIII:

. kbz,,
s = B+bz,’

o (Brbz)[g-b(ctMz)]
P 3bk, - (B+bz,) - kP22,

(¢ —b(c+Azy)] |2k, — z, (B + bz,) — kbz], ]
3bk, — (B +bz,)’ - kb?22,

*_

3

+(c+Azy),



o = obletAz)l [k —z (B +bz,)]

T 3k, - (B+bz) - kP22,
+(c+Azy),

o bk [¢-b(c+Az)]
* 3bk, - (B+bz,) - k222,

(18)

The reasonable carbon policy is

. (B+bz)[¢—b(c+Az)]
A=1 = — .
s 3bk, - (B +bz,)’ - kb?22, s)

We can deduce the optimal policy intensity in MSIIT

v (B +bz,) (¢ - be)
> 3bk, - (B+bz,) (B-bz,,) - kb*z2,

(20)

Thus, (A — A3) is the governmental regulation strategy of
carbon policy with MSIII.

The supplier’s abatement cost subsidy of MSIII with paid
quota mechanism is Ak}, = Az bk k,,/(3k,, — bz,zﬂ)éy For
the income meeting Ae,Q;p,; > Ak’ we get the optimal
auction reserve price of supplier in MSIII p., = (bk.k,,(1 +

e,/e)](3k,, — bz2)Q3)p,» where Q = bk (¢ — be)/(3bk, —
(B + bz,)* - Ebzzfn) is the initial production in MSIII with
loose carbon policy (A = 0).

The optimal abatement cost subsidy of manufacturer is
Akys = Azoks, /(Azgk,, + Z3,Q5). For Ae,,QsP,,; > Ak,
we get the optimal auction reserve price of manufacturer in

MSIIT:

— K, (1 +e/e,,)
Pems (/\zokm + zfn(33) Q,

Pe- (21)

Particularly when A = 0, p, . = ((1 + e//e,,)/(z,,/
2
km)2Q3)pe‘
Similarly, in the context of MSIII, we can get the optimal
increase in carbon price with tariff A:

Apy,

\/A23 +4Abz, (B +bz,) [75 (€2 + ke2,) — Aeyey| — A (22)
- 2b [?3 (ef + Eefn) - /\eseo] '

where A, = 27,[e,(B+bz,) +kbe,,z,,] - Aley(f+bz,) +be z,] +
e,(¢ —bc) and T; = (B + bz,)(p - be)/(3bk, — (B + bzs)2 -
Ebzzfn) is the initial reduction rate per unit raw material in
MSIL y(Ap;;, A) is the government’s optimal mixing carbon
policy.

4. Comparative Analysis

For different supply chain structure, the efficiency of carbon
policies may be different. At the same time, we are concerned
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about the potential impact of consumer preferences of low-
carbon and carbon price on the economic benefits of supply
chain and abatement efficiency, which provide reference for
decision-making with mixed carbon policies.

Theorem 1. The optimal intensity of carbon policy satisfies
Al < A < A and is positively correlated with consumer
preference 3 and carbon price p,.

Theorem 1 shows that in a perfect competitive market
with force equality of supplier and manufacturer, the govern-
mental regulation space of carbon policy is the biggest. How-
ever, in the supply chain of supplier focus, the governmental
regulation space is the smallest. Meanwhile, with increasing
environmental awareness of consumers and the maturing
carbon market, it will help the government to develop the best
carbon policies.

Theorem 2. When k, > [ > 0, the degree of cooperation
satisfies y; < p; = puy = (z,,/k,,)/(z,/k,). And it is negatively
correlated with low-carbon preference [ and unrelated with the
strength of the carbon policy. However, degree of cooperation is
positively correlated (unrelated) with carbon priceif f > 0 (f =
0).

Theorem 2 shows that cooperation degree of supply
chains depends on the relative “abatement efficiency” of
supplier and manufacturer. The higher the abatement effi-
ciency z,,/k,,, the higher the motivation they will have to
reduce carbon emission corporately. And under the same
condition the more powerful the manufacturer is, the higher
the level of cooperation will be. However, contrary to reality
phenomena, carbon trading and carbon taxes are invalid on
the emissions cooperation of supply chain. Unless consumer
preference [3 reaches a certain level, the carbon market can
improve cooperation in the supply chain through carbon
trading price p,. And consumer preference for low-carbon
emissions and supply chain cooperation is substitutable: the
higher the low-carbon preference, the weaker the cooperation
between supplier and manufacturer. This substitution effect
is more obvious in the MSI supplier dominated cooperative
abatement. The same consumer preference would substitute
the cooperation degree of 28z,/(2k,, - bz>,) - (bz,, /(B +bz)).

Theorem 3. The realized abatement rate satisfies 7 < T, <
7,. It is negatively correlated with intensity of carbon policy
A but positively correlated with consumer preference 3 and
carbon trading price p,(A — 0).

Theorem 3 shows that perfect competitive carbon market
mobilizes the motivation of cooperative abatement. However,
the intensity of carbon policy should not be too high; oth-
erwise it will increase the burden on enterprises, leading to
lower production rather than improved technology and other
means for reducing emissions. It should take advertising,
subsidies, and other administrative measures to improve
downstream business or consumer acceptance of low-carbon
products and use the price mechanism to stimulate enter-
prises to participate in carbon trading initiative.
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Theorem 4. The retail price satisfies p; < p, < pi;
the wholesale price satisfies w, < w,; < wy. The retail
and wholesale price are positively correlated with intensity of
carbon policy A and consumer preference 3 but are negatively
correlated with carbon price p,(A — 0).

Theorem 4 shows that perfect competitive carbon market
can effectively reduce retail prices and increase consumer
welfare. In the supplier driven supply chain, consumers
would bear the highest retail price, wholesale price, and car-
bon emission reduction cost. Consumers bear the high cost of
carbon emissions. The carbon trading price decline may ease
this cost shifting caused by the price, but the driving force of
reduction will decline. The higher consumer preference for
low-carbon can effectively balance the contradiction between
price and abatement costs.

Theorem 5. Product sales meet Q] < Q; < Qj, and they are
negatively correlated with the intensity of carbon policy A and
positively correlated with consumer preference for low-carbon
B (B = bz,) and the carbon price p,(A — 0). If B < bz, and
0Q; /0B < 0, sales in MSI and consumer preference for low-
carbon show negative correlation.

Theorem 5 shows that perfect competitive carbon market
is more conducive to maintain production capacity and stable
social employment. Nevertheless, cooperative abatement of
supplier driven or manufacturer driven supply chain will
result in reduction of production capacity. And high intensity
of carbon policy would frustrate the enterprises’ enthu-
siasm in production. Only increase in market acceptance
and market maturity can maintain a reasonable level of
production while promoting carbon reduction. In addition,
carbon reduction of supplier focus, namely, MSI, is more
sensitive to consumer preference for low-carbon and carbon
price. Therefore, only when the consumer preference for
low-carbon reaches a certain level, can demand reduction
effect outweigh cooperative effect, achieving expected carbon
reduction target with higher regulatory policy.

5. Numerical Analysis

In this section, we present a numerical analysis based on
Guangzhou Carbon Emissions Exchange in China. For analy-
sis, the relevant data have been collected from a steel supplier
and an appliance manufacturer. We use the method proposed
by Wang et al. [24] to measure product carbon emission
factor. Assuming that the market capacity ¢ is 20 million
units, price sensitive coefficient b = 200, cost of unit raw
material ¢ = 150yuan, and carbon emissions coeflicients
e = 2ton, carbon emissions reduction cost factor K = 1
billion yuan, unit carbon quota P, = 30 yuan, and paid quota
proportion was 3.0%. The optimal solutions of the three-
reduction mode in different market situations are as shown
in Table 1.

At present, Chinese carbon trading price is lower than
EUETS, UKETS, and so on. The identifying system of low-
carbon products is not perfect and the market lacks consumer
awareness of low-carbon products which are in line with

“Scenario 1.” The results showed that the optimal carbon
policy intensity in MSIT and MSI was 2.55%, 0.45 percent
lower than the current carbon policy intensity. And optimal
carbon intensity in MSIII policy is 3.40%, 0.4 percent higher
than the current carbon policy intensity. Therefore, if current
carbon market is oligopolistic market, the proportion of the
quota should be paid down and reduce the intensity of carbon
policy. If carbon market is close to a perfect competitive
market, the strength of the carbon policy is still some room
for upward adjustment. With the rise in consumer preference
for low-carbon or carbon prices, floating space of paid quota
proportion, carbon tax, and so on would also be expanded.

Cooperation levels of abatement in the three models
are close. Scenario 1 and Scenario 3 are 62.50%, while the
cooperation level in Scenario 4 and Scenario 2 significantly
decreased, which proved that only when the consumer
preference reaches a certain level, can the carbon market
promote cooperation through the price mechanism. It also
indicates that Chinese enterprises have higher motivation to
carry out supply chain abatement cooperation. For realized
reduction rate, reduction rate in MSIII is the highest 3.40%,
0.85 percent higher than MSI and MSII. And the reduction
rates in the three models are consistent with optimal policy
intensity, finishing the task of reducing emissions just right.
From the perspective of price, MSIII has the lowest retail
price of 716.6 yuan per unit of product, nearly 70 yuan lower
than the MSI and MSII. However, MSII has the minimum
wholesale price of 363.0 yuan per unit, nearly 200 yuan lower
than the MSI. Since MSIII had greater price advantage, its
production and supply chain profits are the highest among
the three modes. Although the perfect competitive carbon
market (MSIII) can effectively improve consumer welfare, it
is subject to the larger scale of production capacity leading
to higher supply chain carbon intensity. Therefore, it is
necessary to take other supporting measures like production
limit to reduce emissions.

From the perspective of auction reserve price of paid
quotas, the current auction reserve price of supplier is about
100 yuan, while the manufacturer is around 50,000 yuan.
This indicates that when the manufacturer is involved in the
abatement cooperation of supply chain, quotas should be
paid for suppliers while manufacturers receive the carbon
quotas free. The auction reserve price in MSIII supplier is
the lowest 77.5 yuan/ton, 30 yuan lower than the MSI and
MSIL. Therefore, a perfect competitive market can effectively
reduce abatement cost of the supply chain of enterprises, thus
improving the efficiency. Finally, the optimal mixed policy in
the three models is basically the same, and the optimal mixing
carbon policy of MSIII is 0.0794 yuan/ton; that is, corporate
would increase the carbon price by 0.0794 yuan/ton to elim-
inate negative impact caused by 1yuan/ton of carbon tax.

Figure 1 verifies changes of optimal solutions with the
changes of “consumer preference ” with current carbon
policy. Carbon policy changes in the next three reduction
mode hybrid optimal solutions; optimal visible MSIII carbon
policy strength, the actual reduction rate, yield, and profits
were higher than the other two models, and the reserve
price and auction are relatively low, indicating that the
carbon market is fully competitive with a higher economic
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TaBLE 1: Optimal solution for three supply chain abatement modes with current carbon policy.

Scenario 1: low-carbon

Scenario 2: low-carbon

Scenario 3: high Scenario 4: high

o price + low price + high carbon price + low carbon price + high
Analytic indicators
consumer preference consumer preference consumer preference consumer preference
MSI  MSII  MSII  MSI  MSII  MSII  MSI  MSI  MSII  MSI  MSI  MSIII
Optimalintensity of ) cco. 5 ssor 3400  4.69% 471%  625%  851%  8.66% 1131% 10.69% 11.00% 14.23%
carbon policy
loesgmalcool’eranon 62.50% 62.50% 62.50% 33.89% 34.09% 34.09% 62.50% 62.50% 62.50% 48.99% 50.00% 50.00%
Realized abatement
o 255%  255%  3.40% 4.69% 4.72%  6.27% 8.65%  8.80% 1159% 10.94% 11.27% 14.72%
Retail price 7876 7872 7166  789.0 7878 7181 7837 7799 7102  786.6 7802  713.0
(yuan/unit)
Wholesale price 5749  363.0 4331 5754  363.6 4330 568.6 3585 4226 569.0 3589 4209
(yuan/unit)
Production 42488 42553 56674 42413 42919 56998 43261 44024 57954 42885 45084 58865
Profit of supplier (ten o 902 1600 1798 910 1605 1822 930 1612 1805 953 1624
thousand yuan)
Profit of manufacturer
902 1801 1605 904 1798 1623 930 1822 1669 932 1806 1722
(ten thousand yuan)
Supply chainprofit -0 o0 305 2700 2708 3228 2752 2753 3281 2738 2759 3346
(ten thousand yuan)
Carbon emission
intensity (ton/ten 3837 3843 4281 3764 3800 4174 3615 3673 3942 3531 3671 3816
thousand yuan)
Auction reserveprice o3y 4030 775 1031 1013 766 3302 3178 2448 3292 3030 2373
of supplier (yuan/ton)
Auction reserve price
of manufacturer 51605 56477 41091 51657 55949 40828 35369 43820 30666 35504 42513 30037
(yuan/ton)
8?1:223“‘?01“" 0.0795 0.0792 0.0794 01446 01430 01441 0.8513 0.8225 0.8434 10390 0.9823 1.0225

Note: intensity of current carbon policy is A = 3.0%; higher and low consumer preference are § = 0 and § = 100000, respectively; high and low-carbon price

are P, = 30 and 100 yuan/quotas.

efficiency and reduces emissions, but because of the larger
capacity supply chain carbon emissions lead to excessive
growth, thus supporting the need to take other measures
to reduce emissions to limit production and so on. At the
same time, carbon trading price has stronger effects than
the carbon tax, more sensitive to the effects of the supply
chain. Figure 2 shows the effect of consumer preference for
low-carbon optimal solution under the contemporary carbon
policies. It is obvious that all the three models have the
same cooperation level for carbon emission reduction and
their cooperation level would be increased with the decrease
of consumer preference. And with the decline in the rate
of carbon intensity, consumer preferences in MSIII are the
fastest; the reduction rate will eventually exceed the other two
modes and bear the cost of the lowest paid bid. Thus, with
increased consumer awareness of environmental protection,
low-carbon products are increasingly acknowledged by the
market, and the competition market’s advantage of carbon
cooperation reduction would become more significant.

6. Conclusion

This paper established cooperation decision model for a
mixed policy of carbon trading-carbon tax (environmental
tax) in a two-stage S-M supply chain. For three different
cooperative abatement situations, we considered supplier
driven model, the manufacturer driven model, and the
equilibrium game model. We investigated the influence of
mixed policy with constraint of reduction targets on supply
chain price, productivity, profits, emissions reduction rate,
the best level of cooperation, and the proportion of paid
quotas and measured the policy sensitivity of carbon trading
policy and consumer preference for low price. The results
showed that (1) high-strength carbon policies do not neces-
sarily encourage enterprises to effectively reduce emissions,
and increasing market acceptance of low-carbon products
or raising the price of carbon can promote the benign
reduction; (2) perfect competitive carbon market has a higher
efficiency than oligarch carbon market, but their optimal level
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FIGURE 1: Changes of optimal solutions in the three modes with mixed policy.



10

Optimal intensity of carbon policy
0.4

0 5 10

x10*

Consumer preference f3

650

600

550

500

450

400

350 1

Wholesale price

7
B

0 5 10
x10

4

Consumer preference f3

Optimal level of cooperation

0.7

0.6
0.5
0.4
0.3
0.2

0.1

0 5 10

x10*

Consumer preference f3

x104

7.5
7
6.5
6
55
5

4.5

Product

0 5 10

x10*

Consumer preference f3

Discrete Dynamics in Nature and Society

Realized abatement rate Retail price
900
850
800
750
700 .
0 5 10
x10*
Consumer preference f3 Consumer preference f3
7
x10 Total profit Carbon emission intensity
4.5 45
4 40
3.5 1 35
3 30
2.5 . 25 .
0 5 10 0 5 10
x10* x10*
Consumer preference f3 Consumer preference f3

Auction reserve price (supplier) Optimal mix carbon policy AP,

110
100
90
80
70
60
50

40

0 5 10
x10*

Consumer preference 3

—— MSI
—o— MSII
—— MSIII

0.7

0.6

0.5

0.4

0.3

0.2

0 5 10
x10*
Consumer preference f3

FIGURE 2: Changes of optimal solutions with the changes of “consumer preference 7 with current carbon policy.

of cooperation is not different with mixed carbon policy;
the realized abatement rate is in line with the intensity of
carbon policy; (3) the policy sensitivity of the carbon trading
mechanism is stronger than the carbon tax; “paid quota
mechanism” can subsidize the cost of abatement and improve
reduction initiative. Finally, we use a numerical example to

solve the optimal decisions under different market situations,
validating the effectiveness of model and the conclusions.
This paper believes that China should accelerate the
establishment and improvement of the carbon trading market
currently, develop a reasonable paid quota proportion and
auction reserve price, and keep the carbon market price
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stability. At the same time, carbon tax should be a reduction
measure to promote the use of the cost of subsidies and other
forms of interenterprise supply chain collaboration to carry
out abatement. Furthermore, it should increase supporting
and publicity for low-carbon products to raise consumer
awareness and expand market share of low-carbon products,
thus achieving a low-carbon economy. Future research may
consider more practical factors like contract coordination,
multicycle, and other factors.
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