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Abstract. In a two-echelon supply chain consisting of a manufacturer and a retailer, the carbon
emission reduction model is established for the scenario where manufacturer invests R&D for
carbon emission reduction, retailer shares R&D cost, government implements carbon cap-and-trade
policy, and consumers have a low-carbon-preference. This research compares the optimal profits,
the total carbon emission reduction level (TCRL) in supply chain and product sales volume, and
discusses the impact of stakeholder behavior on carbon emission reduction in supply chain.

Introduction

In the 21st century, a series of environmental problems have become increasingly prominent. To
control the negative impact of economic activity on the climate and environment, governments
around the world are exploring effective scientific policies, regulations and measures. Among them,
the carbon cap-and-trade policy, as a market-based policy, has the most significant effect!Yl. Many
scholars have studied supply chain operation under a carbon cap-and-trade policy. Drake et al.
(2016) investigated the influence of government behavior on supply chain operation problems
where the firm makes the decision regarding the technology and production capacity. They found
that, under the cap-and-trade policy, the expected profits of enterprise are greater, and the expected
emissions of product are lower!?l. On this basis, Lin et al. (2018) studied production and technology
choices under government emission regulation. They found that firms may produce more even
though they do not use more green technology under a more stringent regulation (fewer
allowances)Bl. Kartick et al. (2018) discussed the joint impact of manufacturer’s behavior and
retailer’s behavior in two-period supply chain frameworks. They found that procurement decision
of retailer is a key factor in green supply chain®l. Chen et al. (2017) used a random auction
experiment and a questionnaire to examine consumers behavior. They found that how consumers’
willingness to pay is influenced by carbon labelst®. Going step further, Wang et al. (2016) focused
on dyadic supply chain carbon emission reduction issues in an environment where consumers were
assumed to be environmentally aware. They found that the cost-sharing contract can achieve the
goal of reducing carbon emissions!®l.

In the existing literature, the study of the carbon emission reduction decision in the supply chain
often involves the behavior of two or three players. In reality, the enterprises in supply chain, as
well as the external government and consumers, influence the carbon emission reduction decision.
In this paper, we consider the behavior of four players at the same time, which makes the model
more similar to the actual situation, and the conclusion is more valuable.

Model Description, Assumptions and Notations

The manufacturer sells products through an independent retailer in a ‘low-carbon’ sensitive market.
The manufacturer is subjected to carbon cap-and-trade policy. The manufacturer should buy carbon
allowances to offset the quota gap from the carbon market if their emission volume is larger than
the allowance allocated by the government. In contrast, the manufacturer can sell its surplus quotas.
In supply chain, any player can influence the total carbon emission reduction level (TCRL) of the
supply chain by affecting the level of carbon emission reduction of the unit product and product
quantity. The manufacturer’s low-carbon behavior is mainly reflected in investment in carbon R&D.
The retailer’s low-carbon behavior is mainly reflected in a promise to the manufacturer to share a
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part of carbon R&D cost. The government’s low-carbon behavior is mainly reflected in a carbon
allowance provided to the manufacturer that is based on historical data of carbon emissions and the
trading price of each unit of carbon. The consumers’ low-carbon behavior is mainly reflected in
their low-carbon-preferences. To formulate analytical models, the following assumptions are made.
Assumption 1 Product quantity is measured as a linear decrease in the retail price and an increase
in the carbon emission reduction level of the unit product. The functional form of product quantity is
given as: D=a-Bp+ye Where « represents the potential product quantity, g reflects consumers’

sensitivity to retail price, » characterizes the consumers’ sensitivity to the level of carbon emission

reduction of the unit product and e represents the carbon emission reduction level of unit product.
The product quantity function of such a form appears in [7-8].

Assumption 2 The carbon R&D cost are measured as a quadratic increase in the level of carbon
emission reduction of unit product. The functional form of carbon R&D cost is given as: ke?, wherek
represents sensitivity to the carbon emission reduction investment. This form of the carbon R&D
cost function appears in [9-10].

Assumption 3 The cost of the unit product is measured as a linear increase in the level of carbon
emission reduction of the unit product. In addition to bulk investment in improving level of carbon
emission reduction, during product packaging and handing, the manufacturer must pay additional
costs to be compliant with environmental regulation. Therefore, the cost of the unit product is given
as:c+Je,wherecis the fixed cost, 4 is a positive parameter indicating the efficiency of carbon
emission reduction technology. Such a form of the unit product’s cost function is referenced in [4].

The meanings of the remaining parameters discussed in this chapter are shown in Tablel.

Table 1. The Meanings of the Parameters Used In the Model

The proportion of carbon R&D
cost shared by the retailer
The trade price of unit carbon k_ The carbon allowance allocated by

emission ¢ the government

7, Profit of the manufacturer & E  The TCRL of the supply chain

. Profit of the retailer P,

7, Profit of the supply chain

Model Establishment and Solution

In a supply chain where manufacturer is dominant player, firstly the manufacturer makes it’s optimal
decisions regarding the level of carbon emission reduction of unit product € and wholesale price W .
Then, based on the optimal decision of manufacturer, the retailer makes it’s optimal decision
regarding the retail price p . The objective function of manufacturer and retailer are expressed as

follows.

max 7z, (w,e) =(w-c—4e) D—P, (e,D-E-K, | —(1-5)ke’ Q)

max 7, (p)=(p—w)D—5ke” 2
Propositionl. The optimal level of carbon emission reductione”, wholesale pricew’, retail price p*
are: . _(a-p(c+Re))(r=A(2-R)) . _(a(2-R)-7(c+Pe&))(r-B(A-R))+4k(1-5)(a+/(c+ Pe,))

Bk (1-0)~(r - p(2-P)) BpK(1-0)~(r - (2R
(a(A=R)-r(c+Pg))(r-B(A-PR))+2k(1-5)(3a+ B(c+Pg,)))
Bk (1-0)~(r~A(2-R))
Proof of Propositionl. Backward induction is used to find a perfect solution of the
manufacturer-Stackelberg game. The first-order differential equation and the second-order

differential equation of (2) with respect to p are dd_?:a”eJrﬂW_zﬁp and Zz—:z':—zﬁ’@' The

p'=
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existence of only the optimal retail price allows the retailer to maximize profit. The necessary

condition 97 _ yyields:
dp

s_oatyet LW 3
P 3
Then, the objective function faced by the manufacturer becomes as follows.

max 7, (w,e) :%(w—c—/le— P.(e, —€))(a +ye— pw)+PK, — (1-5)ke? 4)

By using the second-order differential equations of (4) with respect to the wholesale price w and
level of carbon emission reductione, we can obtain the Hessian matrix of the manufacturer as

follows:
o*n, O°rm, B y+p(A-P)
_| owr owae |_ 2
o’r,. o'z y+B(A-P,)
m m ) _y(A-P)-2(1-5)k
Soow 26t 5 y(A-P.)-2(1-9)

We observed that the first-order main sub-formula of the Hessian matrix is|H,|=-p<o0, the

second-order main sub-formula of the Hessian matrix is),, ‘:Zﬁk(l_a)_(%ﬂ(ﬂfﬂ))z. In view of the
2 4

existence of the optimal solution in actual production, this paper assumes that
84k (1-5)>(y - p(4-P,)) - The manufacturer’s profit function is a joint concave function of the

level of carbon emission reduction and wholesale price.

Oy 07y _ 0 yields:
ow e

Using (4), the necessary conditions —opand

%zé(‘“ﬂ(ﬂ Re))=2fw+(r+p(2-F))e)=0

a@% =%(—a(/1— P.)—7(c+Pe)+(r+A(A-P)W-2(y(2~P,)e+2(1-5))ke) =0

The optimal level of carbon emission reduction e®and wholesale price w are obtained as:

(a-B(c+Pe))(r-B(A-P))  _(#(A=R)=7(c+Re&))(r~A(A-R))+4k(1-5)(a+S(c+Re))
84Kk (1-0)~(r - B(2-P.))’ 84K(1-0)~(7~B(2-R))’
By substitute the optimal level of carbon emission reductione®and wholesale pricew'into (3), we
can obtain the optimal retail price p* as: (@(A-PR)-7(c+Pe))(r-B(A-PR.))+2k(1-5)(3a+ B(c+Pe,)).
8pk(1-8)~(r-B(A-P))
Further, substituting the optimal outcomes into (1) and (2), we can obtain the following outcomes:

L k(1-68)(a-B(c+Pe,)) L PK *_k(a—ﬂ(c+Peeo))z(4ﬂk(1—5)z—5(7-!7(1—&))2)
84k(1-5)-(y-B(2-P.)) e (8oK(1-0)-(r-p(2-R)))

L k(a-p(c+Pe,)) (128K (16 ~(7-A(2-R)) ] ipK g 2PKA-0)(r=B(A-R))(a-B(crPe))

(8ok@-0)-(r-p(2-R))) (86K (1-0)~(r-p(A-R)))
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Analysis of the Stakeholder Behavior Impact
Impact of Manufacturer’s Behavior

To analysis the impact of manufacturer’s behavior, we should derive the optimal results in the
scenario that the manufacturer doesn’t invest in carbon R&D. By substituting different conditions
into (1) and (2), respectively. We can obtain the objective functions of retailer and manufacturer.
Table 2provides the equilibrium outcomes. The detailed derivations are similar to those in previous
section, and hence omitted. Where A=a-p(c+Pe,), B=y-p(2-R); M =8pk(1-5).

Proposition 2 Due to investment in carbon R&D, the optimal equilibrium satisfy:

1) z,(6=0,e0) 1, (6=0,6=0)>02) 7 (§=0,e0)—7 (5=0,e=0)>03) 7, (6=0,6£0) -7, (6=0,6=0)>0

4) E (5=0,e#0)-E (6=0,6=0>05) D'(5=0+0)-D'(6=0,e=0>0

Proof of Proposition 2. In the absence of manufacturer investment, the difference between the

profit of manufacturer is ”;(5:0’e¢0)”:“(520‘620):8&(:;?: Bz)>0.Similarly, the difference between

A'B*(16pk—B") _ . The difference between the
163(84k - B2)’
AB’(32pk-38%) _ . The difference between
165(8k - B?)
2PKBA - The difference between sales
(8pk—B2)’
s (50 8BKSA+AB? .
D'(6=0e%0)-D (5_0'6_0)_74(8ﬂk—82) >
Proposition 2 implies that manufacturer’s behavior is always beneficial for carbon emission
reduction in supply chain. Investing in carbon R&D can increase profits of supply chain and players.
At the same time, investing in carbon R&D can also increase the TCRL of supply chain and sales
volume. That is, investing in carbon R&D can provide more low-carbon products to the market.
Therefore, the manufacturer plays a key role in carbon emission reduction decisions, and it’s
low-carbon behavior is always beneficial for reducing the TCRL of the supply chain.

the profit of the retailer IS;z-f(&:O,e;t0)—;:f(5:0,e=0):

profit of the supply chain is 7 (5206 %0)—r: (50,6 —0) -

TCRL of the supply chain is £ (5=0,640)—E'(5=0,60)=

volumes of products is

Table 2. Equilibrium solutions without the manufacturer’s behavior

zr; x ., E D’
R 48K*A? kAZ(lzﬁk—BZ)+PK 2pkBA® 25KA
o=0ex0 gy TpT e (88k-B2) (pk-Bt) ' (8pk-87) 8/k - B?
A? A? 3A? A
0=0:e=0 ﬁ*Png 165 16ﬂ+Png 0 Z
2 48K?A? kA? (4 5k — B? 2 kBA?
5—0 kA oy B i (48 2)+Png B i 2/KA_
8pk-B* ¢ (88k-B?) (8K -B?) (88k-B?) 8k - B
N2 o 2 2 2 _ 2
o k(1-5)A2 ek kA2(4ﬁk(1—b)2—sz) KA (12ﬁk(17<>2 -C )+F;Kg _2pk(1 52)(§A 25K (1-5) A
M-C? e (M-B?) (M-c?) (M -c?) M-C?
K(1-5)A? kA*(4pKk(1-8) -6B?)  KkA®(12pk(1-5) -B?)  2pk(1-5)BA’ 28K (1- 5) A
K,=0'P, %0 —_ 2 2 2\ e
g ¢ M-B (M -B?) (M -B?) (M-B?) M -B
op ) e F) R
K,=0'P.=0 ——— — — " Ty RS
g e M—F (Min) (Msz) (M—F) M - F

Impact of Retailer’s Behavior
Proposition 3 Comparing the scenario where the retailer shares the carbon emission reduction R&D
cost and doesn't share, the optimal equilibrium satisfies:

D7, 7,(620)>00) 7 7 (6020 5 . BB B) 370z (520)20 5 2BAK-E)
48k (16 8k - B?) 328k — 3B?

4 E -E(6=0>05D-D(6=0>0
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Proof of Proposition 3. When the retailer doesn't share the carbon emission reduction R&D cost,

the difference between the manufacturer’s profit is . . 520 kS A2B? . Similarly, the
T =7 (6= )(M—Bz)(Sﬂk—Bz)

difference between retailer’s profit is ”*_”*(azo)zk&Asz(BZ(Sﬁk—Bz)—4ﬂk§(16,Bk—Bz)), and when
o (M-B?) (8pk—B?)

_ B(8pk-8%) ,  z-zg(5=020 . The difference between the supply-chain’s profit is
" 4pk(16pk-B?)

_ koA'BY(B (8K —B")-4ka(166<—B°))  and when ;_2(8%-B) ;. (5-0)>0. The difference

(M—Bz)z(Sﬂk—Bz)z 32k —3B°

between the TCRL of supply chain is 2ﬂk58A2(64ﬂ2k2—B“)>0. The difference between
(M -B?)" (8K -B?)

T — T, (5=0)

sc bsc

E'—E'(6=0)=

8kS AB?
(M -B?)(88k-B?)

Proposition 3 implies that the retailer’s behavior is not always beneficial for the carbon emission
reduction decision. The TCRL of supply chain and product sales volume are affected when
manufacturer and retailer are willing to share the carbon emission reduction R&D costs. That is, the
retailer’s low-carbon behavior can lead to more low-carbon products. When the manufacturer and
retailer are willing to share the carbon emission reduction R&D costs, the profit of the manufacturer
can increase, but it does not necessarily increase the retailer’s profit and supply chain’s profit.
Therefore, the retailer should formulate a reasonable carbon emission reduction R&D cost share
ratio.

sales volume is . . (5=0)=

Impact of Consumers’ Behavior

Proposition 4 Comparing the equilibrium solution of the scenario where the consumers are
low-carbon-preference and that of the scenario where the consumers are absence of
low-carbon-preference, we can obtain:
1) %, ~%,(y=0)20, Vy 2 2C2) 7 -7 (=020, Vy > 2C and v6<1/23) 7, —7,(y=0)>0 , Vy>2C andvs<2/3
4)E’—E’(y=0)>05D-D(y=020,vy>2C
Proof of Proposition4.When the consumers do not have a low-carbon-preference, the difference
between the manufacturer’s profit is o) k(1=0) R (7-2) When >, z, -7 (y=0)>0. Similarly, the
S VeSS
difference between the retailer’s profit is A%B((M ~C?)(M (1-26) - 6C*)+ B(4pk (1-6) ~sc*)) . When
7 - (y=0)=
r f(}/ ) (M—BZ)Z(M_CZ)Z
y22c and  §<1/2 , z-z(y=0)>0 . The difference between the supply-chain’s profit is
kAZB(M(M —CZ)(2—35)+yB(lZﬂk(l—5)z—CZ)). Whenyzzcando“sz/s,;z;—ﬂ;(y:o)zo.The difference

e~ (r=0)= (M-B7)(M -C?)

between the TCRL of the supply chain is 2ﬂk(1—5)Az(B(M—CZ)Z+C(M—BZ)Z) .The difference
E-E (7:0): (M—BZ)Q(M—CZ)Z >0

between the sales volume is . (y:O):Zﬂk;/A(l—b‘)(y—ZC). When >, DD (y=0)30-

(M-87](M-C]

Proposition 4 shows that the impact of consumers’ behavior on the carbon emission reduction
decisions in supply chain is influenced by retailer’s behavior. Consumers with
low-carbon-preference are always beneficial for the TCRL of supply chain. When the consumers’
preferences regarding the level of carbon emission reduction are greater than a certain threshold, the
profit of the manufacturer and the sales volume are increasing with respect to the consumers’
low-carbon-preference. The impact of consumer behavior on the supply-chain’s profit and retailer’s
profit is affected by consumers’ behavior and retailer’s behavior.
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Impact of Government’s Behavior

Proposition 5 Comparing the impact of the government’s carbon cap-and-trade policy, the optimal
equilibrium satisfies:
1) 5 (K, =0~ (R -0K, =0)20r g, 5 ZE (B (M "F)EF)2) 1 g (a0 NS (M-F){(E-72)F)
T (B +el(M-F?)) ’ B(N*+€(M-F?))
Proof of Proposition 5. In the absence of government policy, the difference between the
(E°+&5(M-F?))
k(l—é)/}Fg
~2(e,(M-F*)-EF)| . When
(M-B*)(M-F?)

manufacturer’s profit is 2E (e, (M—F*)-EF)
B(E*+&(M-F?))

7, (K, =0)-7; (P, =0,K, =0)>0 - Similarly, the difference between the supply-chain’s profit is

(K, =0)-7; (R =0,K, =0)= P>

" J)ﬂp{(NZJreg(M_Fz))ﬂPe ]
cly N e fo v | -2N(e (M -F?)-NF) -Whenp>2N(e§(M‘F2)‘NF)a 7, (Ky =0)-7, (P, =0,K,=0)>0"
”%(Kg_o)_”%(l:’e—o'Kg_o)_ Rz 2 e~ 2, 2(\_ 2 e eue ¢
(M=B?)(M-F?) ,B(N +e(M F))

As retailer’s profit and the TCRL of supply chain are complex, this paper provides numerical
illustrations for discussions. The results are shown in Table 3.

Table 3. Equilibrium solutions without the government’s behavior

@=400, p=1) y=3 1¢=2, A=01,e,=10, §=02,k=200,K -0

A 0 6 12 18 24 30
D 100.38 92.10 90.41 100.00 120.41 160.14
E 90.91 295.65 329.20 447.05 694.16 2589.81
T, 9998.68 7862.29 6496.98 5676.90 5923.53 14539.05

The model analysis and numerical illustration imply that initiating a carbon cap-and-trade policy
can increase the TCRL of supply chain, but it doesn’t necessarily increase the sales volume and the
manufacturer’s profit, retailer’s profit and supply-chain’s profit. When the carbon trade price is more
than a certain threshold, the manufacturer’s profit, retailer’s profit and supply-chain’s profit are
increasing with respect to the carbon trade price. Therefore, a reasonable carbon trading price is
critical. It can improve the enthusiasm of enterprises in supply chain, provide more low-carbon
products to the market, reduce the total carbon emission level in supply chain.

Conclusions

This paper discusses the impact of the internal and external stakeholders on the carbon emission
reduction in a two-echelon supply chain. Through the calculation of the model and the analysis of
the examples, we find the following conclusions. The manufacturer’s low-carbon behaviors always
beneficial for carbon emission reduction, while the retailer’s low-carbon behavior, the consumers’
low-carbon behavior, and the government’s low-carbon behavior are not always beneficial for
carbon emission reduction. Through the calculations, this paper finds the favorable boundary
conditions. The impact of the consumers’ behavior on carbon emission reduction decisions is
influenced by the retailer’s behavior. When the retailer is willing to share a portion of carbon
emission reduction R&D cost, the retailer’s profit and supply-chain’s profit would decrease with
respect to retailer’s behavior and consumers’ behavior.
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